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Editorial
Editorial for Special Issue “Microbial Safety and Beneficial
Microorganisms in Foods”

Theodoros Varzakas

Department of Food Science and Technology, University of the Peloponnese, 24100 Antikalamos, Greece;
t.varzakas@uop.gr

The role of microorganisms in food was first acknowledged a long time ago. Detrimen-
tal effects on food systems have been reported from pathogenic microorganisms, such as
Salmonella and Escherichia coli causing severe foodborne illnesses. On the other hand, bene-
ficial microorganisms have been shown to enhance food stability, safety, and nutritional
value, and they are particularly found in fermented foods and biopreservation.

This Special Issue provides a platform for researchers to enrich their knowledge on
microbial safety and the beneficial use of microorganisms in food. In this Special Issue, six
research contributions have been included, along with four review papers.

In the first contribution, we addressed antimicrobial resistance (AMR) and the role of
artisanal dairy fermentations (Tyrovolia—Kopanisti) in enriching resistance phenotypes and
serving as sensitive sentinels of AMR dynamics.

In the second contribution, it was shown that the fermentative performance of ama-
ranth seeds improved through sprouting and probiotic fermentation, incorporating poten-
tial health-promoting properties.

The safety profile of Lentilactobacillus buchneri, which has neuroprotective effects, needs
to be evaluated through both phenotypic and genotypic analyses for suitability in probiotic
applications, as discussed by Kim et al. (contribution 3).

A rapid, robust, and scalable tool for precise probiotic strain tracking and accurate
quantification of Bifidobacterium animalis subsp. lactis has been addressed, enabling critical
quality control and meeting regulatory compliance needs (contribution 4).

Waste bread (WB) as a novel, cost-effective, and nutrient-rich substrate for microbial
growth has been highlighted in contribution 5. It acts as a fermentation substrate to enhance
amylase production, offering sustainable development.

The last research contribution (contribution 6) deals with fucoidan as a natural an-
tibacterial agent for controlling Salmonella enterica subsp. Enterica Serovar Typhimurium
biofilms in seafood processing. Nowadays, enhancement of food safety and minimization
of contamination are essential strategies to improve quality of life.

The first review (contribution 7) deals with probiotics selection and precise strain
selection, novel encapsulation technologies for viability, and strict safety assessments as
described by EFSA and the United States FDA. Unlocking next-generation probiotics
depends on omics technologies, synthetic biology, and more detailed microbiome-host
interaction studies.

Contribution 8 examines the One Health framework, in terms of the drivers of AMR
across sectors, focusing on surveillance systems and regulatory policies aiming at ensuring
the microbiological safety of food systems.

Elbehiry et al. (contribution 9) discussed cutting-edge control strategies, such as
natural antifungal agents, essential oils, biocontrol methods, and non-thermal technologies

Microorganisms 2026, 14, 1032 https:/ /doi.org/10.3390/microorganisms14051032



Microorganisms 2026, 14, 1032

like cold plasma and UV-C treatment, along with safe microbial control approaches in
fresh produce.

Finally, contribution 10 provided an overview of post-harvest food decontamination
methods against some of the most important bacterial foodborne pathogens, focusing on
the advantages and challenges of phages and phage-added packaging materials.

Acknowledgments: We would like to thank all authors and reviewers for their excellent contributions
to this Special Issue. We are also grateful to all members of the Microorganisms Editorial Office for
providing us with this opportunity and for their continuous support.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract

Antimicrobial resistance (AMR) emerges and circulates across interconnected human, an-
imal, food, and environmental reservoirs; however, food fermentation systems remain
underexplored as indicators of local AMR pressure, even though artisanal dairy fermen-
tations may function as natural sentinels of AMR. In this study, we used an artisanal
dairy fermentation chain as a One Health model to investigate whether environmentally
exposed lactobacilli can reflect stage-associated shifts in resistance. A total of 1.085 isolates
representing 16 Lactobacillus species were recovered from the same artisanal dairy matrix at
two fermentation stages: day 5 (“Tyrovolia”; n = 518) and day 30 (“Kopanisti”; n = 567).
Susceptibility to 14 antibiotics was evaluated by broth micro-dilution, and L. acidophilus
was further screened for selected resistance genes. Overall resistance increased significantly
from 69.88% (362/518) at day 5 to 77.25% (438/567) at day 30 (p = 0.0059), while multidrug
resistance rose from 37.57% to 60.73% of resistant isolates (p < 0.001). Across the 224 species—
antibiotic combinations examined, 129 (57.58%) showed an increased upper MIC limit at
day 30, and resistance increased significantly for 9 of the 14 antibiotics tested, with the
largest rises observed for metronidazole (RR = 7.67), chloramphenicol (RR = 5.74), quin-
upristin/dalfopristin (RR = 4.11), vancomycin (RR = 2.78), and trimethoprim (RR = 2.43). In
contrast, erythromycin and oxytetracycline resistance declined significantly at the ripened
stage. In L. acidophilus, 21 resistance genes were detected in 14/70 day-5 isolates and
19 genes in 13/71 day-30 isolates, but marked genotype-phenotype discordance was
observed, including matrix-dependent expression patterns for tetM, ermB, and blaTEM. Col-
lectively, these findings show that environmentally exposed artisanal dairy fermentations
can enrich resistance phenotypes and may serve as sensitive sentinels of AMR dynamics at
the human-animal-environment interface.

Keywords: Lactobacillus; AMR; “Tyrovolia”; “Kopanisti”; tetM; tetK; ermB; blaTEM; cat
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1. Introduction

Antimicrobial resistance (AMR) is widely recognized as one of the major global health
challenges of the Anthropocene, undermining the prevention and treatment of bacterial
infections in humans and animals and threatening the safety and sustainability of food
systems. Resistance has increased worldwide, particularly among clinically important
bacterial pathogens, leading to rising morbidity, mortality, and economic burden. Current
projections suggest that, without effective mitigation, the global annual economic losses
attributable to AMR may increase substantially by 2050, from hundreds of billions of
USD today to over one trillion USD [1-3]. At the same time, AMR-associated mortality is
expected to rise markedly, with estimates suggesting that annual deaths may reach several
million worldwide by mid-century [4-6].

AMR is not limited to pathogenic bacteria. Resistance determinants are also found in
commensal and environmental microorganisms, including members of the indigenous mi-
crobiota of humans, animals, and diverse environmental niches. Among these, lactobacilli
are of particular interest because they are abundant in food-associated ecosystems and may
contribute to the persistence and dissemination of resistance genes under both selective
and non-selective pressures [7,8]. Although the taxonomy of this group has been substan-
tially revised in recent years, lactobacilli remain ecologically versatile and widespread in
plant-associated environments, animal-associated habitats, and a broad range of fermented
foods [9-12].

AMR in lactobacilli has been investigated in isolates from fermented dairy products as
well as from human, animal, and environmental microbiomes. However, important gaps
remain. Much of the available evidence comes either from industrially produced fermented
foods, where controlled starter cultures and standardized hygienic conditions may limit
environmental influence, or from artisanal products examined only at the final edible stage.
As a result, earlier fermentation stages, which may better reflect dynamic environmental
inputs during processing and handling, have been insufficiently studied. Consequently,
the extent to which fermentation stage and open-environment exposure shape the AMR
phenotype of lactobacilli in artisanal dairy systems remains unclear.

Within the One Health framework, AMR emergence and dissemination are driven
by interconnected reservoirs and transmission pathways linking humans, animals, food,
and the environment [13-15]. Artisanal fermented dairy products provide a particularly
relevant system for examining these interactions, because production often takes place in
rural household settings with close environmental connectivity. Milk processing may occur
in cellars, storerooms, or nearby livestock-associated spaces, where contact with household
members, farm workers, animals, and airborne dust may facilitate microbial exchange.
In such settings, stage-based sampling may help reveal whether resistance profiles shift
during fermentation and handling, consistent with the acquisition, enrichment, or selection
of resistance traits.

In the present study, we use a two-stage artisanal fermentation system, “Tyrovolia” (an
intermediate fermented dairy matrix) transitioning to “Kopanisti” (the ripened product),
as a model to test the hypothesis that artisanal fermentation stages can function as sensitive
“sensors” of environmental AMR pressure. Specifically, we investigate (i) how lactobacilli
populations are modified across the intermediate-to-ripened transition and (ii) whether
their antimicrobial susceptibility profiles shift across stages when tested against a broad
panel of antibiotics. By integrating process-stage sampling with a One Health perspective,
this work aims to improve understanding of how artisanal dairy environments may influ-
ence AMR dynamics in food-associated lactobacilli and, by extension, contribute to AMR
circulation across connected human-animal-environment interfaces.

4 https://doi.org/10.3390 /microorganisms14030712
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2. Materials and Methods

In order to assess environmentally induced antimicrobial resistance (AMR), a total of
120 samples of the traditional artisanal cheese “Tyrovolia” (5-7-day curd) and 120 samples
of the traditional artisanal Greek cheese “Kopanisti” (>30-day curd) were collected from
local producers directly at their facilities on the island of Mykonos, Greece. Although these
cheeses are considered culinarily distinct, they originate from the same curd sampled at
different time points during fermentation. “Tyrovolia” is a fresh product represented by a
5-7-day curd, whereas “Kopanisti” is produced from the remaining portion of the same
curd, which is further fermented for at least 30 days with the addition of salt. In both
products, according to artisanal practice, milk is not heated to pasteurization temperatures
but rather to substantially lower temperatures. The two sampling points were selected
to represent two distinct stages of the same artisanal fermentation process. “Tyrovolia”
(5-7-day curd) corresponds to an early fermentation stage, during which the microbiota
is expected to more closely reflect the original milk microbiota and animal-associated
microbial inputs. In contrast, “Kopanisti” (>30-day curd) represents a later stage, after
prolonged fermentation, salt addition, and greater exposure to artisanal environmental
conditions. Comparison of these two stages allowed an initial evaluation of whether
antimicrobial resistance profiles change over the course of fermentation. The selected
time points were defined empirically, as similar stage-based studies on these traditional
products are not currently available. Under normal sampling conditions, samples were
immediately placed in sterile polyethylene bags, sealed, and transported to the laboratory in
ice-packed cooler boxes. Upon arrival, samples were stored at 2-4 °C and maintained under
refrigeration until analysis. Note: Samples corresponding to the “Kopanisti” stage have been
partially described in a previous publication [16]. In the present study, they are re-examined
as part of an expanded dataset designed to allow comparative evaluation across production
stages within a unified analytical framework. The current work therefore does not merely
reproduce earlier findings but broadens the study by including additional samples and
newly integrated analyses conducted under the same overall experimental design.

2.1. Phenotypic Identification Presumptive Lactobacilli Isolates

To isolate lactic acid bacteria (LAB), the rind of each curd was aseptically removed.
From the remaining portion, 10 g was weighed and homogenized for 2 min in pre-warmed
(40 °C) peptone water (10 g L~! casein peptone, 5 g L~! NaCl, 20 g L ™! trisodium citrate
dihydrate; pH 7.0) using a stomacher blender. The homogenate was serially diluted and
cultivated on (i) modified decarboxylating agar supplemented with histidine (MDAH)
and (ii) MRS medium (de Man, Rogosa and Sharpe). After anaerobic incubation at 37 °C
for 24 h, 20 uL (0.02 mL) of the appropriate dilutions were spread-plated on MRS agar
and incubated anaerobically for an additional 48 h. Well-isolated colonies were selected
and preliminarily screened by Gram staining and standard phenotypic assays (catalase,
oxidase, and motility). Isolates meeting the criteria for presumptive LAB were subsequently
subjected to species-level identification using matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS).

Morphologically distinct, well-separated colonies were selected from each sample and
subcultured by successive streaking on fresh MRS agar plates until purity was confirmed.
Pure isolates were cryopreserved by suspending cells in MRS broth supplemented with
10% (v/v) sterile glycerol and stored at —80 °C for subsequent analyses.

2.2. Species Identification

Presumptive lactobacilli were re-streaked onto MRS agar and incubated for 24 h prior
to identification. Isolates were identified by MALDI-TOF MS using the Bruker Biotyper

5 https://doi.org/10.3390 /microorganisms14030712
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Microflex platform (Bruker Daltonik, Bremen, Germany). Spectra were acquired according
to the manufacturer’s recommendations, processed with MBT Compass software (v4.1),
and matched against the Bruker reference library (BDAL, Rev. 11; 10,833 entries). For
each isolate, the ten highest-ranking matches and their log(score) values (0.00-3.00) were
recorded. Identification reliability was interpreted using Bruker criteria: log(score) < 1.70,
unreliable; 1.70-1.99, genus-level; 2.00-2.29, probable species-level (highly probable genus-
level); and >2.30, highly probable species-level identification. Results were confirmed in
two independent experiments [17-19].

2.3. Phenotypic Antimicrobial Susceptibility Testing (AST)—Determination of Minimal
Inhibitory Concentration

All 1085 isolates were included in the antimicrobial susceptibility /resistance testing,
and no specific selection process was applied. Lactobacilli were not selected from a broader
pool of isolates; instead, they constituted the target group of microorganisms in this study,
and all recovered isolates were subjected to phenotypic susceptibility testing. This approach
was based on the ecological ubiquity of lactobacilli (see Supplementary Table S7), which
makes them highly relevant as potential indicators of environmental influence on the
artisanal dairy matrix, including the possible carriage of resistance genes.

Minimum inhibitory concentrations (MICs) were determined by broth microdilution
using 96-well microtiter plates [20-22]. All antimicrobial powders were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Test inocula were prepared from fresh cultures
suspended in sterile 0.9% NaCl. The standardized suspension was subsequently diluted
1:500 in LSM broth (containing 90% Iso-sensitest broth and 10% MRS.

MICs were assessed for the following antimicrobial agents (final concentration ranges):
ampicillin (0.03-64 ng mL™1), ampicillin/sulbactam (0.03-32 ng mL™1), teicoplanin
(0.03-32 pg mL 1), clindamycin (0.03-8 pg mL™!), erythromycin (0.03-64 pug mL™1),
gentamicin (0.03-500 ug mL™1), streptomycin (0.03-500 pg mL™1), chloramphenicol
(0.03-256 ug mL™1), oxytetracycline (0.03-256 ug mL 1), fusidic acid (0.03-256 ug mL~1),
metronidazole (0.25-500 pg mL™1), trimethoprim (0.03-500 pg mL™1), quinupristin/
dalfopristin (0.03-16 pg mL~1!), and vancomycin (0.03-256 ug mL~!). The concentra-
tion ranges of the antimicrobial agents were selected individually for each compound,
taking into account their expected inhibitory ranges and, where applicable, generally ac-
cepted CLSI breakpoint frameworks. However, standardized CLSI/EUCAST interpretive
criteria are not consistently available for environmental and non-clinical lactobacilli.

For each well, 50 uL of the diluted inoculum was combined with 50 uL of the cor-
responding antimicrobial dilution (prepared in LSM), yielding the final concentration
ranges stated above. Plates were incubated anaerobically at 37 °C for 48 h, after which
MIC endpoints were read as the lowest antimicrobial concentration preventing visible
growth. Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 25923 were included
as quality-control strains.

Interpretation of MIC data for lactobacilli remains challenging because widely used
EUCAST clinical breakpoints and CLSI interpretive criteria are not consistently available
and are not always fully compatible with the growth requirements and testing conditions of
all Lactobacillus spp. Therefore, susceptibility categorization was based on a population-based
interpretation of MIC distributions within each species, in order to distinguish the predom-
inant wild-type (WT) population from isolates showing evidence of reduced susceptibility.
Accordingly, isolates were classified as non-wild-type (NWT), indicative of acquired resistance
and hereafter considered putatively resistant, when their MIC values formed a distinct sub-
population separated from the main WT cluster. Evidence for an NWT subpopulation was
inferred from two distributional patterns: (i) discontinuous MIC distributions, in which one or
more isolates grew only at higher MIC dilutions that were not contiguous with the modal WT

6 https://doi.org/10.3390 /microorganisms14030712
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range, suggesting a discrete less-susceptible group; and (ii) bimodal or shouldered distributions,
in which growth was observed across consecutive MIC dilutions, but the number of isolates
increased again at the upper end of the MIC range, suggesting the emergence of a second, less-
susceptible cluster rather than simple tailing of the WT distribution. Because the strains were
isolated from artisanal matrices exposed to environmental influences, this subpopulation-based
approach was considered more appropriate than reliance on reference values developed mainly
for clinical or industrial strains.

2.4. PCR Analysis—Detection of Antibiotic Resistance Genes

From the isolate collection, strains affiliated with the Lactobacillus acidophilus species
group were prioritized for downstream screening of acquired antimicrobial-resistance
(AMR) determinants. This group was selected because it was consistently recovered among
the LAB isolates and represents a relevant lineage for assessing the potential carriage of
transferable resistance genes within dairy-associated microbiota. Genotypic screening
was performed using simplex PCR assays to detect resistance genes associated with four
major antimicrobial classes: tetracyclines, 3-lactams, chloramphenicol, and macrolides
(erythromycin). These targets were chosen for three complementary reasons. First, the
corresponding agents (or related compounds) are widely used in both human and veteri-
nary practice, creating opportunities for the selection and maintenance of resistance traits
across connected ecosystems. Second, these antimicrobial classes include drugs that are
clinically important for human health, making the detection of resistance determinants
relevant from a public-health perspective. Third, resistance genes linked to these classes are
frequently located on mobile genetic elements and therefore have an increased likelihood
of horizontal transfer between bacterial hosts. In the context of fermented dairy products,
identifying such determinants is also informative for evaluating whether resistance signa-
tures reflect environmental or production-chain inputs (e.g., farm, processing environment,
or raw-material microbiota) rather than intrinsic properties of the LAB themselves.

PCR assays were performed to detect selected antimicrobial resistance genes asso-
ciated with the phenotypes under investigation. For tetracycline resistance, two com-
plementary genetic mechanisms were examined: ribosomal protection and active efflux.
Ribosomal protection was initially screened using a universal primer set targeting riboso-
mal protection determinants and, in positive isolates, was further verified by amplification
with tetM-specific primers in order to identify the determinant at the gene level. Ac-
tive efflux was assessed by detection of the tetK gene, which encodes a major facilitator
superfamily (MFS)-type tetracycline efflux pump. In addition, the presence of blaTEM,
cat, and ermB was investigated as markers of resistance to 3-lactams, chloramphenicol,
and macrolides, respectively. More specifically, blaTEM encodes a 3-lactamase capable of
hydrolyzing (3-lactam antibiotics, cat encodes chloramphenicol acetyltransferase respon-
sible for enzymatic drug inactivation, and ermB encodes a 23S rRNA methyltransferase
that mediates target-site modification and is commonly associated with the MLSg-type
resistance phenotype. Primer sequences, expected amplicon sizes, and PCR cycling and
annealing conditions, together with the corresponding methodological references [23-30],
are presented in Supplementary Table S1.

Genomic DNA was prepared from freshly grown colonies to minimize DNA degra-
dation and to ensure consistent template quality. Briefly, a single well-isolated colony
from each isolate was harvested and processed using the DNeasy® UltraClean® Microbial
Kit (QIAGEN) according to the manufacturer’s instructions. Purified DNA was eluted as
provided by the kit protocol and stored at —20 °C until further analysis. A no-template
control (NTC; RNase-free water in place of DNA) was included in every run to control
for reagent contamination and carry-over during reaction setup. Amplification was per-
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formed on a CFX96™ thermocycler (Bio-Rad, Hercules, CA, USA). PCR products were
separated on 2% (w/v) agarose gels at 100 V, stained, and visualized, and fragment sizes
were estimated by comparison with an appropriate DNA molecular weight marker. The
PCR cycling conditions consisted of an initial denaturation at 94 °C for 5 min, followed by
35 cycles of denaturation at 94 °C for 30 s, annealing at the primer-specific temperature
(Supplementary Table S1) for 30 s, and extension at 72 °C for 45 s. A final extension step at
72 °C for 7 min completed the protocol.

2.5. Questionnaire Survey on Farm Antimicrobial Use

Prior to sampling, the attending veterinarian administered a brief structured question-
naire to the participating producers in order to document routine antimicrobial use in their
sheep flocks. The survey recorded the most common clinical indications for treatment, the
estimated frequency of antimicrobial administration, and the antibiotic agents and routes
of administration most commonly used for therapeutic purposes.

2.6. Statistical Analysis Section

Chi square test of independence was used to evaluate changes in the number of resis-
tant strains during fermentation. The Pearsons correlation coefficient test was used to assess
various correlations (e.g., the number of AMR strains to MDR strains and others). Relative
Risk of AMR was calculated for each antibiotic as well as for every species (wherever
possible). Fischer’s exact test was used for the assessment of the combined analysis of phe-
notypic resistance and corresponding resistance genes in L. acidophilus isolates. Multilinear
regression was used to determine predictors for AMR and MDR. In all tests significance
was considered for p < 0.05.

3. Results

Table 1 summarizes the antimicrobial panel used in this study, organized by antibi-
otic class, primary cellular target/mode of action, and the major resistance mechanisms
typically associated with each compound. This framework is used throughout the Re-
sults to support interpretation of the susceptibility profiles observed in lactobacilli isolates
across the “Tyrovolia”-to-“Kopanisti” transition. In particular, grouping antibiotics by
shared targets (cell-wall synthesis, protein synthesis, nucleic-acid integrity, and folate
metabolism) allows the resistance phenotypes presented in the subsequent tables to be read
not merely as isolate-by-isolate outcomes, but as mechanistically coherent patterns—for
example, phenotypes consistent with (3-lactamase activity or altered penicillin-binding
proteins (3-lactams), target-site modification and efflux (macrolides/lincosamides), efflux-
and ribosomal protection—-associated tetracycline resistance, aminoglycoside-modifying
enzymes, or glycopeptide-associated peptidoglycan precursor remodeling. Accordingly,
Table 1 serves as a reference map for the stage-dependent shifts in antimicrobial suscep-
tibility reported below and helps contextualize potential routes of resistance acquisition,
enrichment, or selection within an artisanal, environmentally exposed fermentation system.

Table 1. Antimicrobial agents included in the susceptibility testing panel of the present study,
grouped according to antimicrobial class, principal mode of action, and major reported resistance
mechanisms.

Substance Class Mode of Action Mechanisms of Resistance

Binds to enzymes involved in -B-lactamases inactivate the

Ampicillin [-lactams peptidoglycan synthesis, ir}llt;?:o;cm cell wall protein
inhibiting cell wall formation & p
enzymes
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Table 1. Cont.

Substance Class Mode of Action Mechanisms of Resistance
Sulbactam [-lactamase inhibitor ~ Inhibits the 3-lactamase enzymes Extended spectrum B-lactamases
(classes A-D)
Binds to the 235 rRNA molecule _(2r8¢t site modification by
of the 50S ribosomal subunit and methyla}tlon of a specific
blocks protein synthesis by nuclec))tlde of the 23S rRNA (erm
Erythromycin Macrolides inhibiting the senes
transpeptidation/translocation —a;:rt:;e) drug efflux (mef A, mef £
step and also by inhibiting the & . .
assembly of the 505 subunit -cross resistance via the MSLB
phenotype
-target modification:
_prevents peptide bond (i) mutation in the 23S rRNA (ii)
formation by binding to the 23S rlsr?::)mal methylations (erm
. . . . rRNA molecule of the 50S sen
Clindamycin Lincosamides . o -active efflux
ribosomal subunit. It impedes . .
the assembly of the subunit as target protection by specific
well as the translation process. proteins o s
-antibiotic inactivation by specific
enzymes
Binds to the 30S ribosomal Inducible efflux
Oxytetracycline Tetracyclines subunit and interferes with T
amino acid transfer -binding site change
-Enzymatic inactivation:
(i) CATs: chloramphenicol
. . acetyltransferases
Binds to the L16 protein of the . .
50S ribosomal sulP;unit and (if) CPTs: chloramphenicol
Chloramphenicol ~ Phenicols inhibits the elongation of peptide i?f(])lslih(ﬁfﬁnzferases
chains by suppressing the PP .
peptidyl transferase -permeability barriers by
' alterations in outer membrane
proteins
-target site mutations
Binds to the 30S ribosomal
subunit causing misread of code  -Phosphorylation
Gentamycin and thus disrupting membrane  -Adenylation
permeability and the production -Acetylation
of mistranslation of proteins
-Enzymatic inactivation (genes
Aminoglycosides encoding such enzymes are strA
Inhibition of protein synthesis at and strB)
the aminoacyl transfer site of the -mutations in genes encoding
Streptomyein 16S part of the 30S ribosomal ribosomal proteins lead to

subunit. It binds the formyl
-methionyl-tRNA to the 30S
subunit.

alterations in the ribosomal
subunit (rpsL and rrs genes)
-changes in membrane
permeability

-efflux pumps
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Table 1. Cont.

Substance Class Mode of Action Mechanisms of Resistance
Modification of the bacterial cell
wall’s peptidoglycan structure: the
terminal Alanine is replaced by

Vancomycin other dipeptides Serine or Lactate:
D-Ala-D-Ser or D-Ala-D-Lac (vanA

Bind to the D-Ala-D-Ala and vanB gene clusters and VanC
Glycopeptides terminus of peptidf)glycan protein)

precursors preventing cellwall ¢ vancomycin above

synthesis. -mutations in the genes encoding

Toi . D-Ala-D-Ala ligase

eicoplanin

-Van] novel protein of the bacterial
cell wall reduces the affinity of the
drug to its target

Fusidic acid

Tetracyclic steroid

Binds to the elongation factor G
(EF-G) on the ribosome
preventing the translocation of

-mutation in the fusA gene which
encodes EF-G and/or mutation in
the fusE gene which encodes the
ribosomal protein L6

(fusidanes) the peptide chain inhibiting thus -efflux pumps
the protein synthesis. -enzymatic inactivation
-altered drug permeability
-reduced uptake or increased
efflux
After intracellular reduction of -increased DNA repair .
. ) -altered pyruvate metabolism
its molecule, metronidazole (necessary to the anaerobic
Metronidazole Nitroimidazoles interacts with DNA causing ary
. reduction of the drug)
strand rupture, helix L .
e -mutation in genes like rdxA
destabilization and cell death - . .
encoding proteins involved in the
activation pathways of
metronidazole
-bind on different sites of the 50S -enzymatic 1nact1vat1op, ©8
. . o acetyltransferases can inactivate
ribosomal subunit: Dalfopristin o
. - R Dalfopristin (genes vatA, vatB and
Quinupristin/ . inhibits the early phase of
. Streptogramins . : . vatC).
dalfopristin protein synthesis while .
. ST -active efflux (genes vgaA and
Quinupristin inhibits the late 0gaB)
phase. -target modification
Inhibits dihydrofolate reductase
(DHFR), an enzyme necessary -mutations in DHFR genes
Trimethoprim Diaminopyridine for folic acid synthesis in the (dfr)leads to synthesis of altered

bacterial cell. Folic acid is crucial
to bacterial DNA and protein
synthesis.

DHEFR molecule resistant to
trimethoprim.

Table 2 summarizes the producers’ responses regarding routine therapeutic antibiotic

use in their sheep flocks, including the most frequently reported infection categories, their

estimated prevalence, and the antimicrobial agents commonly administered. Respiratory

infections were reported as the most frequent condition (4-5%), typically treated with tetra-

cycline via subcutaneous (SC) or intramuscular (IM) administration. Udder, post-partum,

and traumatic infections were reported at lower frequencies (1-3%) and were consistently

managed with a penicillin/dihydrostreptomycin combination administered intramuscu-
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larly. Overall, the interview data indicate that the on-farm therapeutic antimicrobial expo-
sure relevant to this study was dominated by tetracyclines and f3-lactam /aminoglycoside
combination therapy, providing contextual background for the susceptibility profiles of
lactobacilli isolates presented in the subsequent sections.

Table 2. Results of interviews with farm owners regarding the use of antibiotics for common infections
in livestock.

Antibiotics Used Systematically for

Most Common Infections Prevalence Rate (%) Therapeutic Purposes
Respiratory 4-5 Tetracycline SC or IM
Udder 1-2 Penicillin/Dihydrostreptomycin IM
Post partum 2-3 Penicillin/Dihydrostreptomycin IM
Traumatic 1-2 Penicillin/Dihydrostreptomycin IM

Abbreviations: SC, subcutaneous; IM, intramuscular.

Table 3 provides an overview of the lactobacilli isolated from the two fermentation
stages examined in this study and summarizes, by species, the frequency of resistant
phenotypes and multidrug resistance. In total, 518 isolates were recovered from the 5-
day curd (“Tyrovolia”) and 567 isolates from the 30-day curd (“Kopanisti”), comprising
16 species. Resistance phenotypes were detected across the antimicrobial panel; however,
resistance was not uniformly distributed among species. Notably, all L. johnsonii and L. casei
subsp. pseudoplantarum isolates from the 5-day curd were susceptible to all tested antibiotics,
and the same complete susceptibility was observed for L. casei subsp. pseudoplantarum
isolates recovered from the 30-day curd. Overall, the proportion of resistant isolates was
significantly higher in the 30-day curd (438/567; 77.25%) than in the 5-day curd (362/518;
69.88%) (x2 = 7.58, p = 0.0059). In addition, multidrug-resistant (MDR) isolates (resistance
to >2 antibiotic classes) were detected at a significantly higher frequency in the 30-day curd
(266/438; 60.73% of resistant isolates) compared with the 5-day curd (138/362; 37.57%)
(x? = 40.53, p < 0.001). Together, these findings indicate a stage-associated increase in both
overall resistance and MDR phenotypes during the transition from the intermediate curd
to the ripened product.

Table 4 breaks down multidrug resistance (MDR) at the species level and shows which
exact antibiotics each MDR isolate resisted. In contrast to Table 3, which summarizes MDR
counts, Table 4 lists the specific resistance combinations observed within each Lactobacillus
species and indicates how many distinct MDR phenotypes occurred per species. This
format allows a direct comparison between the 5-day and 30-day curds to determine
whether the higher MDR frequency at day 30 is driven by (i) more MDR isolates within the
same species, (ii) a broader range of MDR profiles within species, or (iii) different species
contributing disproportionately to MDR.

Table 5 summarizes, for each of the 14 antibiotics tested, the number (and percentage)
of resistant lactobacilli isolates recovered from the 5-day and 30-day curds and quantifies
stage-associated change using relative risk (RR) with 95% confidence intervals (CI). No
significant stage effect was observed for clindamycin, gentamicin, or fusidic acid, as the RR
values were close to unity and the corresponding Cls included 1. In contrast, resistance
to erythromycin, and oxytetracycline decreased significantly in the 30-day curd (RR < 1),
indicating a lower probability of detecting resistant isolates at the ripened stage. For the
remaining nine antibiotics, resistance increased significantly during the transition from
the 5-day to the 30-day curd (RR > 1), consistent with stage-associated enrichment and/or
acquisition of resistance phenotypes under artisanal, environmentally exposed conditions.
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The strongest increases were observed for metronidazole and chloramphenicol, followed
by quinupristin/dalfopristin, which exhibited the highest RR values and narrow Cls that
did not overlap 1.

Table 3. Species-level distribution of lactobacilli isolates and antimicrobial resistance outcomes across
fermentation stages (5-7-day “Tyrovolia” curd vs. >30-day “Kopanisti” curd).

5th Day Curd 30th Day Curd
Species
n? R A/B¢ PwWTY MDR® () R A/B PWT MDR
L. helveticus 19 13 0 0 0 31 27 4 3 7
L. acidophilus 70 48 6 6 36 71 66 6 7 43
L. sakei 43 33 4 3 15 24 19 5 4 7
L. paraplantarum 48 48 8 10 35 48 43 8 8 37
L. brevis 12 7 3 2 5 30 11 2 2 0
k deél; ’lgfl‘;’z;i”bs” 58 47 7 8 17 84 80 7 11 54
L. johnsonii 19 0 0 0 0 49 26 4 3 19
L. curvatus 36 30 3 3 0 42 33 7 6 30
L. salivarius 19 11 1 1 0 12 12 5 3 0
L. plantarum 36 18 2 1 0 54 47 6 6 36
L. rhamnosus 38 19 1 1 0 30 24 6 4 13
L. delbrueckii subsp lactis 48 39 5 6 12 36 18 4 3 6
L. fermentum 24 17 6 3 6 36 19 3 3 7
L. pentosus 29 24 8 4 12 25 7 3 1 7
L. casei subsp casei 13 8 2 2 0 12 1 1 0
pevdpiontann 60000 s 0 0 0 o
Total 518 362 - - 138 567 438 - - 266

a: n, number of isolates; °: R, number of resistant isolates; ¢: A/B, number of antibiotic classes in which resistance
was recorded for the isolates of each species, indicating the range of antimicrobial categories involved; d. Ph/T,
number of distinct resistance phenotypes observed within each species, defined as different combinations of sus-
ceptibility /resistance profiles among the isolates; ©: MDR, multidrug-resistant isolates (resistance to >2 antibiotic
classes). Totals refer to all isolates recovered from the 5-day (“Tyrovolia”) and 30-day (“Kopanisti”) curds.

Table 4. Species-specific multidrug-resistant (MDR) phenotypes of lactobacilli recovered from the
5-day “Tyrovolia” curd and the >30-day “Kopanisti” curd.

Species 5-Day Curd 30-Day Curd
6 x Chlor-Met-Q/D-Oxy (4) @
L. helveticus 0 strains 1 x Chlor-Met-Q/D (3)

7 strains(22.58%)/2 phenotypes/4 antibiotics

12 x Amp-Ery-Oxy-Gen-Met (5)

17 x Amp-Ery-Oxy (3) 12 x Amp-Sulb/Amp-Chlor-Van-Met-Tri (5)
L. acidophilus 6 x Amp-Ery-Oxy-Gen-Met (5) 24 x Amp-Sulb/Amp-Van-Met-Tri (4)
‘ 1 x Amp-Ery-Oxy-Gen (4) 7 x Amp-Sulb/Amp-Met-Tri (3)
36 strains (51.43%) P/4 phenotypes/6 43 strains(60.56%)/3 phenotypes/6 antibiotics
antibiotics
15 x Amp-Clin-Chlor (3) 5 x Chlor-Tri-Pen-Fus-Amp (5)
L. sakei 15 strains (34.88%)/1 phenotype/3 2 x Chlor-Tri-Amp (3)
antibiotics 7 strains(29.17%)/2 phenotypes/5 antibiotics
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Table 4. Cont.

Species

5-Day Curd

30-Day Curd

L. paraplantarum

6 x Amp-Ery-Tri-Fus (4)

6 x Amp-Sulb/Amp-Ery-Tri-Fus (4)
1 x Clin-Ery-Tri (3)

3 x Clin-Ery-Amp (3)

2 x Clin-Ery-Amp-Sulb/Amp (3)
17 x Clin-Ery-Chlor (3)

35 strains (72.91%)/6 phenotypes/8
antibiotics

17 x Ery-Clin-Chlor-Str-Van-Tei-Met-Fus (7)

3 x Ery-Clin-Chlor-Str-Van-Tei-Met (6)

9 x Ery-Clin-Chlor-Str-Van-Tei (5)

6 x Ery-Clin-Van-Tei (4)

1 x Ery-Fus-Van-Chlor (4)

1 x Clin-Str-Tei-Met (4)

37 strains (77.08%)/6 phenotypes/7 antibiotics

L. brevis

5 x Str-Fus-Tri (3)
5 strains (41.67%)/1 phenotype/3 antibiotics

0 strains

L. delbrueckii
subsp. bulgaricus

10 x Amp-Ery-Oxy-Q/D (4)

6 x Amp-Ery-Oxy-Tri-Q/D (5)

1 x Amp-Ery-Oxy-Q/D (4)

17 strains (29.31%)/3 phenotypes/5
antibiotics

23 x Amp-Chlor-Gen-Van-Met-Q/D (6)

1 x Amp-Chlor-Van-Q/D (4)

1 x Amp-Gen-Met (3)

11 x Chlor-Van-Q/D (3)

7 x Amp-Chlor-Gen-Van-Q/D (5)

5 x Amp-Chlor-Gen-Van-Q/D (5)

6 x Chlor-Van-Gen-Q/D (4)

54 strains (64.29%)/7 phenotypes/7 antibiotics

L. johnsonii

0 strains

19 x Amp-Chlor-Str-Met (4)
19 strains (38.78%)/ 1 phenotype/4 antibiotics

L. curvatus

0 strains

10 x Oxy-Met-Amp-Van (4)

2 x Oxy-Met-Amp-Q/D (4)

7 x Oxy-Met-Amp (3)

11 x Amp-Oxy-Met (3)

30 strains (71.43%)/4 phenotypes/5 antibiotics

L. salivarius

0 strains

0 strains

L. plantarum

0 strains

30 x Amp-Clin-Tei-Met-Fus-Q/D (6)

3 x Amp-Tei-Met-Fus-Q/D (5)

1 x Tei-Met-Fus-Q/D (4)

2 x Tei-Met-Fus (30

36 strains (66.67%)/4 phenotypes/6 antibiotics

L. rhamnosus

0 strains

6 x Amp-Sulb/Amp-Clin-Chlor-Gen-Van-Met
(6)

6 x Amp-Sulb/ Amp-Clin-Chlor-Gen (4)

1 x Amp-Sulb/Amp-Chlor-Gen

13 strains(43.33%)/3 phenotypes/6 antibiotics

L. delbrueckii
subsp.
lactis

6 x Amp-Sulb/Amp-Oxy-Gen-Fus (4)
6 x Amp-Sulb/Amp-Gen-Fus (3)

12 strains (25.00%)/2 phenotypes/5
antibiotics

6 x Amp-Oxy-Gen-Met (4)
6 strains (16.67%)/ 1 phenotype/4 antibiotics

L. fermentum

6 X Amp-Sulb/Amp-Str-Van-Fus (4)
6 strains (25.00%)/1 phenotype/6 antibiotics

7 x Oxy-5Str-Q/D (3)
7 strains (28.00%)/1 phenotype/3 antibiotics

L. pentosus

9 x

Amp-Sulb/ Amp-Ery-Clin-Oxy-Str-Van-Tri (7)
1 x Amp-Sulb/ Amp-Ery-Clin-Oxy-Van-Tri (6)
2 x Amp-Sulb/Amp-Ery-Oxy-Van-Tri (5)

12 strains (33.33%)/3 phenotypes/8
antibiotics

7 x Chlor-Tri-Met (3)
7 strains (28.00%)/1 phenotype/3 antibiotics
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Table 4. Cont.

Species 5-Day Curd 30-Day Curd
L. casei subsp. 0 strains 0 strains
casei
L. casei subsp. 0 strains 0 strains

pseudoplantarum

Notes: ?: indicates the number of isolates expressing each MDR phenotype x the corresponding phenotype,
with the number in parentheses indicating the number of antibiotic classes involved; °: indicates the percentage
of MDR isolates relative to the total number of isolates of the corresponding species at that fermentation stage;
Abbreviations (antibiotics): Amp, ampicillin; Sulb/ Amp, sulbactam /ampicillin; Ery, erythromycin; Clin, clin-
damycin; Oxy, oxytet-racycline; Chlor, chloramphenicol; Gen, gentamicin; Str, streptomycin; Van, vancomycin;
Tei, teicoplanin; Fus, fusidic acid; Met, metronidazole; Q/D, quinupristin/dalfopristin; Tri, trimethoprim; MDR,
multidrug-resistant.

Table 5. Antibiotic-specific resistance frequencies in lactobacilli at the early and ripened fermentation
stages (5—7-day “Tyrovolia” curd vs. >30-day “Kopanisti” curd), and relative risk (RR) of resistance
at the ripened stage.

(n) of Resistant Strains (n) of Resistant Strains

Antibiotic 5-Day Curd 2 30-Day Curd (RR) P CI € 95%
Ampicillin 190 (36.68%) 318 (55.99%) 1.82 1.62-2.10
?ﬁ;ﬁﬁlﬁ/ 53 (10.23%) 91 (16.05%) 1.57 1.14-2.15
Erythromycin 125 (24.13%) 42 (7.41%) 0.31 0.22-0.42
Clindamycin 73 (14.09%) 84 (14.81%) 1.05 0.79-1.41
Oxytetracycline 112 (21.62%) 60 (10.58%) 0.49 0.37-0.65
Chloramphenicol 35 (6.76%) 220 (38.80%) 5.74 4.10-8.04
Gentamycin 78 (15.06%) 72 (12.69%) 0.84 0.63-1.14
Streptomycin 31 (5.98%) 74 (13.05%) 2.18 1.46-3.26
Vancomycin 48 (9.27%) 146 (25.74%) 2.78 2.05-3.76
Teicoplanin 35 (6.76%) 84 (14.81%) 2.19 1.51-3.19
Fusidic acid 69 (13.32%) 66 (11.64%) 0.87 0.64-1.19
Metronidazole 30 (5.79%) 252 (44.45%) 7.67 5.36-10.99
Qg;ﬁ‘;gﬁzﬁﬁ/ 30 (5.79%) 135 (23.81%) 411 282-5.99
Trimethoprim 32 (6.18%) 85 (14.99%) 243 1.65-3.58
Total (*) 362 438

Notes: ?: Values are given as n (%) resistant isolates for each fermentation stage. Percentages are calculated
relative to the total isolates recovered from each stage (5-day curd: n = 518; 30-day curd: n = 567); (*): The total
does not refer to the product of the addition of the resistant strains of this table because many of them are MDR
and would be counted more than once. °: RR was calculated as the proportion resistant at day 30 divided by the
proportion resistant at day 5 (RR > 1 indicates increased resistance at day 30; RR < 1 indicates decreased resistance
at day 30); ©: CI, 95% confidence interval for RR. Differences were considered statistically significant when the
95% CI did not include 1.

Table 6 presents the range of MIC values, the MIC50 and MIC 90 values as well as the
experimental cut-off values of L. acidophilus isolates from the 5th and the 30th day matrix.
In general, most values of MIC 50 and MIC90 increased under the environmental impact.

In Table 7 the detected genes are depicted with the relevant phenotypes. There
is a distinct difference between the expression of these genes between the 5th and the
30th day matrixes.
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Table 6. MIC distributions and experimental cut-off values (mg/L) for L. acidophilus isolates recovered
from the 5-7-day “Tyrovolia” curd and the >30-day “Kopanisti” curd.

5th Day Curd 30th Day Curd
Antibiotic Rl\:rllge MICsy MIy  Cut Off R“:rllge MICsy MICyy Cut Off

Ampicillin 0.03-1 0.5 0.5 0.12 0.12-1 0.5 1 -

Sulbactam/Ampicillin 0.12-0.5 0.12 0.5 - 0.06-2 0.5 1 0.12
Erythromycin 0.03-0.25 0.06 0.25 0.12 0.03-0.5 0.12 0.5 -
Clindamycin 0.12-0.5 0.25 0.5 - 0.12-0.5 0.12 0.25 -
Oxytetracycline 0.12-1 0.5 1 0.25 0.25-16 2 8 -
Chloramphenicol 0.12-0.5 0.25 0.5 - 0.12-8 0.5 2 2
Gentamycin 0.12-0.5 0.25 0.5 0.25 0.25-2 1 2 -
Streptomycin 1-8 4 8 - 0.5-32 4 16 -
Vancomycin 0.12-0.5 0.5 0.5 - 0.25-1 1 1 0.5
Teicoplanin 128-256 256 256 - 16-128 64 128 -
Fusidic acid 16-64 32 64 - 16-64 2 16 -
Metronidazole 32-500 64 256 128 64->500 >500 >500 -
Trimethoprim 0.25-1 0.5 1 - 2-256 16 256 4
Qﬂﬁgﬁﬁ;&ﬂ/ 0.12-0.5  0.12 0.5 - 00605 012 05 -

Notes: MIC, minimum inhibitory concentration; MICs, concentration inhibiting 50% of isolates; MICg, concen-
tration inhibiting 90% of isolates.

Table 7. Detected resistance genes and corresponding phenotypes in L. acidophilus isolates recovered
from the 5-7-day and >30-day curd matrices.

5th Day Matrix 30th Day Matrix
G
ene n Phenotype n Phenotype
o/ % 9 resistant to o/ % 5 susceptible to
fetM 9 (12.86%) oxytetracycline 5 (7.04%) oxytetracycline
5 resistant + 1
tetK 6 (8.57%) susceptible to 0 -
oxytetracycline
o 2 resistant + 2 susceptible to
cat 0 ) 4 (5.63%) chloramphenicol
6 resistant to Ampicillin and
All 3: Sulbactam/Ampicillin
blaTEM 3 (4.29%) Ampicillin resistant 7 (9.86%) &
’ Sulbactam/Ampicillin ) 1 Ampicillin susceptible and
susceptible Sulbactam /Ampicillin
resistant
o 3 resistant to o . .
ermB 3 (4.29%) erythromycin 3 (4.22%) 3 susceptible to erythromycin
Total 21 - 19 -

(*): Percentage of the total L. acidophilus isolates recovered from the corresponding matrix. Abbreviations:
blaTEM, gene encoding a beta-lactamase; ermB, gene encoding a 23S rRNA methyltransferase; tetM, gene
encoding a ribosomal protection protein; tetK, gene encoding a tetracycline efflux pump; cat, gene encoding
chloramphenicol acetyltransferase.
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The combined analysis of antimicrobial susceptibility and PCR-based gene detection
in L. acidophilus revealed only partial agreement between phenotypic resistance and the in-
vestigated resistance determinants (Table 8). While phenotypic resistance was observed for
multiple antibiotics, the corresponding genes were not uniformly detected among resistant
isolates. More specifically, the genes blaTEM, ermB, tetM, tetK, and cat were present in only
a proportion of isolates exhibiting resistance to the related antibiotic classes, indicating
incomplete genotype—phenotype correspondence. This pattern may reflect the involvement
of additional, non-investigated resistance genes, mutations affecting target sites, regulatory
effects on gene expression, or other intrinsic and acquired resistance mechanisms. There-
fore, the molecular screening performed herein supports the phenotypic findings only in
part and highlights the complexity of antimicrobial resistance in L. acidophilus isolates.

Table 8. Combined analysis of phenotypic resistance and corresponding resistance genes in Lacto-
bacillus acidophilus isolates (n = 141).

Determining Phenotvpicall Gene- Resistant and P(C);seirtlifz-e
Resistance to Resistance . yp y Positive Gene- Fisher’s Exact
ey e g Resistant, .. Among

Antibiotic Gene o Isolates, Positive, . p-Value

n/N (%) o o Resistant,

Phenotype n/N (%) n/N (%) (%)

Ampicillin blaTEM 104/141 (73.8) 10/141 (7.1) 9/141 (6.4) 9/104 (8.7) 0.455

Sulbactam/

Ampicillin blaTEM 43/141 (30.5) 10/141 (7.1) 6/141 (4.3) 6/43 (14.0) 0.067
Erythromycin ermB 36/141 (25.5) 6/141 (4.3) 3/141 (2.1) 3/36 (8.3) 0.174
Oxytetracycline tetM 36/141 (25.5) 14/141 (9.9) 9/141 (6.4) 9/36 (25.0) 0.001
Oxytetracycline tetK 36/141 (25.5) 6/141 (4.3) 5/141 (3.5) 5/36 (13.9) 0.004
Chloramphenicol cat 12/141 (8.5) 4/141 (2.8) 2/141 (1.4) 2/12 (16.7) 0.036

Abbreviations: blaTEM, beta-lactamase gene; ermB, 235 rRNA methyltransferase gene; tetM, ribosomal protection
gene; tetK, tetracycline efflux pump gene; cat, chloramphenicol acetyltransferase gene. Footnotes: Gene-positive
indicates PCR detection of the corresponding resistance determinant. Phenotypically resistant indicates isolates
scored as resistant in the binary dataset. Associations between phenotype and genotype were evaluated using
Fisher’s exact test. p-values < 0.05 were considered statistically significant. For oxytetracycline resistance, both
tetM and tetK were evaluated separately because they represent distinct resistance mechanisms.

To further substantiate the findings of the present study, the detailed antimicrobial
susceptibility data are provided in the Supplementary Materials, where they provide a more
granular view of the resistance patterns observed among the isolated Lactobacillus strains.
Specifically, Tables S2 and S3 report the MIC ranges and the corresponding experimental
cut-off values for isolates recovered on the 5th and 30th day, respectively, thus allowing
direct evaluation of how susceptibility profiles shifted across the two fermentation stages.
Building on this comparison, Table 54 summarizes changes in the upper limits of the MIC
ranges between day 5 and day 30, thereby highlighting the direction and extent of these
shifts and facilitating the identification of antibiotics for which resistance trends became
more pronounced during ripening. In parallel, Table S5 presents the EFSA (2018) cut-off
values for the relevant Lactobacillus groups and species, providing the regulatory benchmark
against which the present data can be interpreted [31]. Finally, Table S6 compares the
number of resistant strains classified according to EFSA breakpoints with those classified
using the experimental cut-off values established in this study, thereby illustrating the
degree to which resistance estimates depend on the interpretive framework applied. Taken
together, these supplementary tables do not merely provide additional raw data but
substantively reinforce the main results by documenting the stage-dependent dynamics of
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antimicrobial susceptibility and by showing that the apparent prevalence of resistance may
vary according to the criteria used for classification.

4. Discussion

A central premise of the present work is that artisanal, open-environment dairy fermen-
tations operate at a One Health interface, where microorganisms can be exchanged among
livestock, humans, companion animals, and surrounding environmental niches during
routine handling and ripening. Accordingly, interpretation of stage-dependent shifts in the
lactobacilli community—and in associated antimicrobial resistance phenotypes—should
consider not only “starter-like” dairy-adapted taxa, but also taxa plausibly introduced
from, or selectively enriched by, the broader production environment. To support this
ecological interpretation, Table 6 compiles the lactobacilli taxa isolated in the present study
and summarizes their reported occurrence across potential reservoirs described in the
literature, including livestock-associated sites (gastrointestinal tract, oral cavity, udder,
skin, vagina, nasal cavity), human-associated niches (skin, oral cavity, gastrointestinal tract,
nasal cavity), companion animals, and abiotic matrices such as vegetation/rhizosphere and
soil. This synthesis is not intended to attribute a definitive origin to any isolate, because
species-level occurrence across multiple niches limits source inference based on taxonomy
alone, but rather to provide a biologically plausible framework for understanding how
environmental exposure during the “Tyrovolia”-to-“Kopanisti” transition could reshape
microbial load and community composition, and thereby influence the resistance landscape
through introduction, persistence, and/or selective enrichment of specific taxa. In this
context, Supplementary Table S7 serves as an interpretive “road map”, helping to contextu-
alize the observed stage-dependent patterns in microbial composition and antimicrobial
resistance within a realistic One Health framework.

Resistance of lactobacilli to antibiotics has been widely investigated owing to the
genus’s ubiquitous presence in nature and, above all, its extensive application as a pro-
biotic in animal and human nutrition [32-35]. Intrinsic, or innate, resistance is generally
attributed to chromosomal determinants, as demonstrated in glycopeptide resistance,
including vancomyecin resistance, in L. sakei, L. plantarum, and L. rhamnosus [36,37]. By
contrast, acquired resistance is typically linked to mobile genetic elements, such as plas-
mids and transposons, whose horizontal transfer can give rise to resistant strains and
promote the further spread of resistance [38]. Intrinsic resistance in lactobacilli has also
been documented for trimethoprim [8], aminoglycosides (gentamicin and streptomycin),
metronidazole, and fluoroquinolones [21,39—41].

However, a notable gap in the scientific literature is the investigation of environmen-
tally exposed lactobacilli and their capacity to adapt to environmental conditions that may
favor increased antimicrobial resistance. Intensive farming represents a typical environ-
ment of this kind because of its extensive use of antibiotics, although it is by no means
the only one. Artisan production may also provide prolonged environmental exposure, as
these products interact more directly with their surroundings, unlike industrial production,
where fermentation processes are generally carried out under controlled conditions. In
artisanal settings, products may be exposed to humans (visitors or residents), roaming
pets or farm poultry, and fluctuations in weather conditions. Temporary overcrowding
within a limited area may likewise contribute to the dissemination of resistance, particularly
when combined with heavy foot traffic in animal-rearing or artisanal production premises.
Collectively, these factors may increase the likelihood that lactobacilli acquire resistance
determinants or adapt through elevated minimum inhibitory concentrations (MICs).

Our findings suggest that environmental exposure significantly affects the resistance
profiles of lactobacilli. As shown in Tables S1 and S2, the upper limits of the MIC ranges

17 https://doi.org/10.3390 /microorganisms14030712



Microorganisms 2026, 14, 712

increased significantly from day 5 to day 30, regardless of whether discrete subpopulations
were present or emerged within a species. Of the 224 possible combinations of Lactobacillus
species and antibiotics (16 species x 14 antibiotics), 129 (57.58%) showed an increase in the
upper limit of the MIC range at day 30, 33 (14.73%) showed a decrease, and 58 (25.89%)
remained unchanged. This overall trend is clearly presented in Table S3. The effect was
not uniform across species (p < 0.001). For example, L. helveticus and L. curvatus showed
increases in the upper limit of the day-30 MIC range for 12 of the 14 antibiotics tested,
whereas L. pentosus showed decreases for 6 antibiotics, no change for 2, and increases for
the remaining 6. Likewise, the effect varied significantly among antibiotics (p < 0.001).
Vancomycin, for instance, showed an increase in the upper limit of the MIC range in 15
of the 16 Lactobacillus species, whereas penicillin G showed a decrease in 7 species and an
increase in 8 species. These observations underline the existence of a species—antibiotic-
specific relationship. To some extent, this relationship appeared to extend beyond the
phenomenon of innate resistance. Even in the case of vancomycin, which is classically
associated with intrinsic resistance in certain Lactobacillus species, the upper limit of the
MIC range still increased in the day-30 matrix for those species. In Tables 3 and 4 the
relation between the resistant strains, the multiresistant ones, the phenotypes and the
classes of antibiotics against which resistance was recorded, can be seen. This relationship
proved to be strongly positive (R > 0.774, p < 0.001) for the various combinations of these
variables. Multilinear analysis however showed that the only significant predictor for MDR
strains in the 5th day matrix was the number of phenotypes (R = 0.857, p < 0.001) while for
MDR in the 30th day matrix was the number of resistant strains (R = 0.954, p < 0.001). As a
matter of fact, 38.12% of the resistant strains of the 5th day matrix were found MDR, while
60.73% of the 30th day matrix were found MDR (OR = 2.51, CI 95% 1.886-3.341, p < 0.001)
which practically means that every resistant strain isolated from the 30th day matrix has
2.51 more chances to be MDR than the ones of the 5th day matrix and this finding implies
strong impact of the environmental exposure.

Interestingly, resistance was not universal among the lactobacilli examined. A sub-
stantial proportion of isolates remained susceptible to all antibiotics tested, accounting for
30.12% of isolates recovered from the day-5 matrix and 22.75% of those recovered from
the day-30 matrix. As this difference was not statistically significant, these findings may
indicate the persistence of a baseline susceptible subpopulation throughout the experimen-
tal period. One possible explanation is the existence of competitive interactions among
resistant phenotypes, whereby strains resistant to one antimicrobial may be outcompeted
by strains carrying resistance to another. This interpretation may also help explain why
five antibiotics yielded a relative risk (RR) below 1. For example, lactobacilli resistant to
ampicillin may have been outcompeted by strains resistant to the sulbactam/ampicillin
combination, while gentamicin-resistant isolates may have been displaced by streptomycin-
resistant counterparts. Although this hypothesis requires further investigation, it suggests
that shifts in resistance prevalence may not depend solely on direct selection pressure, but
also on ecological interactions and fitness trade-offs within the lactobacillus community.

In the present study, strains were classified as resistant when they formed a clearly
distinct subpopulation within isolates of the same species, whereas the highest MIC value
observed for the susceptible subpopulation was taken as the experimental cutoff. The
results of this classification approach are presented in Table 3 and Tables S2 and S3. In 2018,
EFSA established breakpoint values for Lactobacillus species for nine antibiotics, eight of
which were included in the present study (Table S5) [31]. Because the EFSA breakpoints
are higher than the experimental cutoffs derived here, applying the EFSA criteria to our
dataset results in substantially fewer strains being categorized as resistant (Table S6).
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Nevertheless, even under the EFSA breakpoint framework, the number of resistant
strains recovered from the day-30 matrix remained higher than that isolated from the day-5
matrix, further supporting the conclusion that environmental exposure promotes the emer-
gence or enrichment of resistant phenotypes. This observation is particularly important, as
it indicates that the environmental effect identified in the present study is robust and does
not depend solely on the stricter classification criteria adopted here. In other words, al-
though our experimental cutoffs were more conservative than the currently accepted EFSA
thresholds, the same overall pattern remained evident when the official breakpoints were
applied. EFSA breakpoints were developed primarily for practical and regulatory purposes,
including the safety assessment of probiotic strains intended for animal feed and human
consumption. Although some authors have suggested that current EFSA microbiological
cutoffs should be re-examined upward for certain Lactobacillus species—antibiotic combina-
tions, our findings point in the opposite direction. Specifically, the present data suggests
that higher breakpoint values may underestimate the proportion of strains with reduced
susceptibility and may therefore obscure early shifts in MIC distributions associated with
environmental exposure. From this perspective, lower or more sensitive microbiological
cutoffs may better capture the adaptive dynamics of lactobacilli under environmentally
relevant conditions [8,31,42,43].

L. acidophilus was selected for molecular analysis of resistance determinants because
it was the most prevalent species among the isolates, representing 70 isolates (13.51%) in
the day-5 matrix and 71 isolates (12.52%) in the day-30 matrix. In addition, the number
of resistant strains was strongly correlated with the total number of isolates (R = 0.95,
p <0.0001 for the day-5 matrix; R = 0.949, p < 0.001 for the day-30 matrix), indicating that
this species provided the greatest likelihood of detecting resistance genes. The frequencies
of the detected genes are presented in Tables 7 and 8. A total of 21 genes were detected in
14 strains from the day-5 matrix, whereas 19 genes were detected in 13 strains from the
day-30 matrix. More importantly, clear genotype—phenotype discordance was observed
between the two matrices. The tetM gene was associated with oxytetracycline resistance
in strains from the day-5 matrix, but with phenotypic susceptibility in strains from the
day-30 matrix. A similar pattern was found for ermB, which corresponded to erythromycin
resistance in the day-5 matrix but to susceptibility in the day-30 matrix. Likewise, blaTEM
was associated in the day-5 matrix with resistance only to ampicillin, whereas in the
day-30 matrix it was associated with resistance to all three 3-lactam antibiotics tested.
These findings indicate that environmental exposure may affect not only the occurrence
of resistance determinants but also their expression. The presence of a resistance gene
did not consistently translate into phenotypic resistance, and this relationship appeared
to depend on the environmental matrix. Similar genotype—phenotype discordance has
been reported previously. Hiitt et al. (2018) identified tetM and tetK in lactobacilli that
remained susceptible to oxytetracycline [44], while Anisimova et al. (2019) described
strains carrying tetK and ermB despite showing susceptible phenotypes [37]. Such evidence
suggests that molecular detection alone is insufficient for reliable prediction of resistance
expression. Several mechanisms may explain this discrepancy. Resistance genes may
be transcriptionally silent, altered by mutations in regulatory regions, or inactivated by
premature stop codons, insertions, or deletions [45,46]. Even so, non-expressed genes may
still remain epidemiologically relevant because they can retain the potential for horizontal
transfer [47]. This is particularly important in environmentally exposed systems, where
opportunities for gene exchange may be enhanced even in the absence of immediate
phenotypic expression.

The detected genes also differed in function and mobility. tetM encodes a riboso-
mal protection protein and may be located on either chromosomes or plasmids, whereas
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tetK encodes an efflux pump and is most often plasmid-borne, increasing its transfer
potential [8,38]. ermB encodes an rRNA methylase targeting the 23S ribosomal subunit
and is generally chromosomal, although it remains a key determinant of macrolide resis-
tance [29,48]. The cat genes encode chloramphenicol acetyltransferases and are frequently
associated with mobile genetic elements such as plasmids, supporting their transferabil-
ity [49]. Finally, blaTEM genes are well known for their high horizontal mobility within
bacterial communities [50]. Taken together, these results suggest that environmental ex-
posure may shape antimicrobial resistance in lactobacilli through mechanisms extending
beyond simple gene acquisition. In addition to selecting resistance determinants, environ-
mental conditions may influence whether such genes are phenotypically expressed. This
highlights the complexity of resistance ecology in lactobacilli and underscores the need
to interpret molecular findings alongside phenotypic susceptibility data. The observed
changes in resistance patterns do not, by themselves, identify the exact mechanism respon-
sible for these shifts. Although environmental exposure is considered an important factor,
especially under artisanal production conditions with limited protection from external
microbial inputs, other explanations should also be taken into account. These include
microbial competition, ecological selection during fermentation and ripening, and possible
horizontal transfer of resistance determinants within bacterial communities. Therefore,
the term environmental pressure should be interpreted broadly, encompassing not only
direct exposure to environmental microbiota, but also the selective and interactive pro-
cesses operating during fermentation. Given the open and dynamic nature of artisanal
production environments, the observed AMR shifts are likely to reflect the combined effects
of environmental exposure, microbial interactions, and fermentation-associated selection
rather than a single causal mechanism [51,52].

5. Limitations of This Study

A limitation of the present study lies in the selection of only two fermentation stages
to assess antimicrobial resistance dynamics during artisanal cheese production. These time
points were chosen to represent two distinct phases of the process and to allow an initial
evaluation of resistance patterns over time in relation to environmental exposure. The
selection was empirical, as closely comparable stage-based studies were not available. In
this context, the 5-7-day curd may still reflect, to a considerable extent, the original milk
microbiota and animal-associated inputs, whereas the >30-day curd is more likely to reflect
the cumulative effects of fermentation, handling, and environmental exposure. Neverthe-
less, inclusion of additional intermediate sampling points would provide a more refined
view of the temporal evolution of AMR during fermentation and should be considered in
future investigations.

This consideration also relates to a broader interpretive constraint of the study. Com-
parisons with previous reports should be made with caution, since differences in artisanal
production practices, fermentation stage, microbial ecology, and analytical methodology
may substantially influence the AMR patterns observed in lactobacilli. Accordingly, al-
though the present findings offer useful insight into the possible dynamics of resistance
in artisanal dairy systems, they should be interpreted within the specific ecological and
technological context of the production system examined here.

6. Conclusions

The present study demonstrates that artisanal dairy matrices sampled at different fer-
mentation stages provide a useful model for investigating antimicrobial resistance (AMR)
in environmentally exposed lactobacilli. The novelty of the present research does not rely
upon the isolation of resistant bacteria from artisan products but on the recording of this re-
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sistance in two different time frames and thus proving that resistance is a dynamic not static
effect and -particularly for artisan products- reflects the environmental impact. In that sense
artisan products can be used as a sentinel system for assessing the environmental burden of
AMR. In industrial scale fermentations, the environment in which these fermentations take
place is highly monitored by systems checking the air, the circulation of personnel, etc., and
thus its impact is minimal as it should be otherwise the fermented products could end with
different properties in every lot, depending on the circumstances. Resistance increased
overall from day 5 to day 30 across most Lactobacillus species and for most antibiotics tested,
while molecular analysis revealed the presence of resistance determinants, including genes
with transfer potential, as well as genotype-phenotype discordance. These findings suggest
that prolonged environmental exposure during artisanal fermentation may contribute not
only to the selection or enrichment of resistant phenotypes, but also to variation in the ex-
pression of resistance genes. From a One Health perspective, artisanal dairy fermentations
may therefore serve as practical indicators of local AMR pressure at the interface of food,
animals, humans, and the environment. Further studies integrating phenotypic, genomic,
and source-tracking approaches are needed to clarify the mechanisms underlying these
shifts and their epidemiological significance.

In this study we propose a paradigm: monitoring the artisan matrix for resistant lacto-
bacilli in two different time frames and assessing the observed difference, to conclude on
environmental burden of resistance genes. This paradigm can work in any artisan environ-
ment, since in artisan production the controls of industrial production are not applicable.
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Abstract

This study aims to investigate the functional and biochemical characteristics of sprouted
and unsprouted red and black amaranth flours by fermentation with four probiotic strains
(Lactiplantibacillus plantarum MIUG BL21, Lactiplantibacillus pentosus MIUG BL24, Lacticas-
eibacillus rhamnosus MIUG BL38, and Lactiplantibacillus paraplantarum MIUG BL74). Aque-
ous extracts from freeze-dried fermented products derived from sprouted and raw seed of
two Amaranthus species (Amaranthus cruentus—red amaranth and Amaranthus hypochon-
driacus—black amaranth) were characterised for their acidification and phytochemical
profiles by titrimetric, spectrophotometric and chromatographic methods, and their an-
tioxidant activities by ABTS and DPPH assays. Water-soluble proteins were evaluated by
SDS-PAGE analysis. Nine phenolic acids (gallic acid, protocathechic acid, syringic acid,
ellagic acid, ferulic acid, cinnamic acid, caffeic acid, p-coumaric acid, and chlorogenic
acid) and twelve flavonoids (epicatechin gallate, hesperitin, quercetin, apigenin, luteolin,
naringenin, quercetin 3-glucoside, isorhamnetin, peonidin 3-O rutinoside, epicatechin,
keracyanin, and rutin trihydrate) were identified in the extracts of amaranth samples. The
titratable acidity ranged from 0.59 to 5.50 mL of 0.1 N NaOH. Total flavonoid content (TFC)
varied from 1.09 to 4.67 mg CE/g DW; whereas, total phenolic content (TPC) fluctuated
from 1.99 to 5.76 mg GAE/g DW. The spectrum of ABTS and DPPH values was from
17.49 to 56.82% and 0.60 to 35.50%, respectively. More biologically active compounds
were found in red amaranth-based samples, both sprouted and unsprouted, compared
to black amaranth-based samples. There was a moderate correlation between the TPC
and the antioxidant activity. The fermentation of red amaranth with L. rhamnosus MIUG
BL38 led to a global increase in the protein background intensity, consistent with protein
hydrolysis. Overall, sprouting and probiotics fermentation improved the fermentative
performance of the amaranth seeds, enabling their effective use as a nutritive food with
potential health-promoting properties.

Keywords: red amaranth; Amaranthus cruentus; black amaranth; Amaranthus hypochondriacus;
sprouting; fermentation; Lactiplantibacillus spp.; Lacticaseibacillus spp.; gluten-free flour

1. Introduction

Amaranth (Amaranthus spp.) is an age-old pseudocereal cultivated by the Aztec, Inca,
and Mayan civilisations and is now recognised for its distinctive nutritional and functional
qualities [1]. Unlike traditional cereals, amaranth is gluten-free, making it a valuable
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alternative for individuals with celiac disease or gluten sensitivity [2]. Its seeds are rich in
high-quality protein (15-18%), containing a high level of lysine, the limiting amino acid in
most cereals, as well as dietary fibre, unsaturated fatty acids, and essential minerals such
as iron, calcium, and magnesium [3-5].

Amaranth is a nutrient-rich, easily cultivated, and underutilised pseudocereal that can
enhance climate change mitigation and food and nutritional security in Africa [6]. Instead,
in Europe, amaranth seed production has rapidly increased, where it is considered a niche
of pseudocereals market development. Germany is the primary consumer market for the
seeds. Still, its popularity is growing in other countries such as the United Kingdom, the
Netherlands, Belgium, Sweden, France, and Romania due to its valuable nutritional and
functional benefits [7,8].

The complex biochemical profile of amaranth also includes bioactive compounds
such as polyphenols, flavonoids, phytosterols, squalene, and antioxidant peptides, which
help reduce oxidative stress and prevent cardiovascular, metabolic, and inflammatory
diseases [1,2]. Because of these properties, amaranth is regarded as a new generation
functional food with both nutritional and therapeutic potential [2,5]. Recently, the food
industry has increasingly utilised the potential of this pseudocereal in gluten-free products
and fortified nutritional formulas, including bread, biscuits, pasta, fermented drinks, sports
products, and dietary formulas for patients with metabolic disorders [4]. At the same time,
the high adaptability of amaranth plants to various climatic conditions and their agronomic
benefits make it a strategic crop for global food security [3,4].

The importance of protein hydrolysates has grown owing to their bioactive proper-
ties and health benefits. They are an essential source of bioactive peptides which exhibit
antibacterial, antihypertensive [9], anticoagulant, hypocholesterolemic, anti-diabetic [10],
immunomodulatory, anti-inflammatory [11], anticancer, and antioxidant properties [5]. In
summary, proteins and peptides derived from amaranth have shown potential as ingredi-
ents in functional foods and nutraceuticals, offering health benefits in the prevention of
metabolic diseases.

The germination process is one of the most effective natural biotransformation meth-
ods for enhancing the nutritional and functional value of pseudocereals. During germi-
nation, the activation of endogenous enzymes leads to the breakdown of antinutritional
compounds (phytic acid, tannins) and the production of bioactive metabolites, such as
phenolic compounds, flavonoids, and antioxidant peptides [12-14].

Many studies have shown that germinating amaranth seeds significantly increases
antioxidant activity, amino acid bioavailability, and the digestibility of protein and
starch [12,13,15]. Additionally, bacterial fermentation, especially when performed with pro-
biotic strains of lactic acid bacteria, is a biotechnological process that can further improve
the functional properties of amaranth flour. During fermentation, microorganisms convert
the plant substrate into bioactive compounds, decrease the levels of antinutrients, and
release peptides with antioxidant, anti-inflammatory, and hypoglycaemic effects [14,16].
Recent research indicates that fermenting germinated amaranth with Lactiplantibacillus
plantarum results in higher antioxidant activity and a more favourable phenolic profile
compared to unfermented products [15,17].

Therefore, combining germination and fermentation offers a promising synergistic
approach to creating functional foods with high biological value. In the current climate
of growing interest in sustainable, gluten-free products with proven nutritional benefits,
amaranth presents a significant opportunity for developing innovative ingredients aimed
at maintaining health and preventing diseases related to oxidative stress [3,17].

This study aimed to evaluate the effect of probiotic lactic acid bacteria fermentation,
using four LAB strains, on the functional and biochemical properties of red and black
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amaranth flours, both germinated and ungerminated. The research is expected to identify
the optimal combination of lactic acid bacteria strain and amaranth type, in order to obtain
a fermented food ingredient with functional potential, intended to promote a healthy diet.

2. Materials and Methods
2.1. Plant Seeds and Amaranth Flour

The seeds of black amaranth (BA) (Amaranthus hypochondriacus) were collected from
the rural commune of Ditinn, Dalaba prefecture (Guinea), in 2024 [18]. The seeds were
divided into 500 g batches, vacuum-packed, and kept at room temperature in the dark [19].

The red amaranth (RA) seeds ‘Garnet Red” (Amaranthus cruentus) were purchased from
a commercial distributor S.C. XTREME ANG MARKETING S.R.L., Bucharest, Romania.

Red amaranth seeds (RA), Amaranthus caudatus L. var. Red Garnet, purchased from a
local commercial distributor (Bucharest, Romania), was selected due to its high content of
phenolic compounds, promoters of the antioxidant activity [20]. Meanwhile, black ama-
ranth seeds (BA) (Amaranthus hypochondriacus), an invasive weed, collected from the rural
commune of Ditinn, Dalaba prefecture (Guinea), were chosen based on their dietary miner-
als, vitamins, proteins, and bioactive compounds with potential health benefits [18,21].

Seed germination was performed using the EasyGreen EGL 55 automated germinator
(Biovie Co., Langlade, France), following the method described by Ghinea et al. (2021),
with modifications [22]. In brief, to prevent microbial contamination, seeds were exposed
to UV radiation in a safety cabinet (SafeFAST Elite 209 S, Cornaredo, Italy) for 15 min,
followed by washing with 2% sodium hypochlorite solution for 10 min and rinsing with
distilled water for 20 min. Amaranth seeds (BA and RA) were allowed to germinate for
70 hat 23 £ 1 °C in semi-dark conditions. A high relative humidity (~90-95%) was ensured
by spraying the seeds with water for 15 min every 4 h. Then, the seeds were dried at 40 °C
for 24 h in an incubator (Stericell Typ 111, Munich, Germany).

Sprouting efficiency (%) was determined as the ratio between the number of
germinated seeds and the total number of incubated seeds [23], calculated by the
following equation:

Sprouting efficiency (%) = Number of sprouted seeds/Total number of seeds x 100 (1)

For red amaranth seeds, the sprouting efficiency was 82.83 &+ 0.45%, while for black
amaranth, it was 72.53 £ 0.72%.

To obtain the flour from unsprouted amaranth seeds (BA and RA), the same disin-
fecting, washing, and drying steps as described above were carried out. Using an electric
grinder (Heiner HCG150SS, Bucharest, Romania), the dried seeds and sprouts were ground,
and the resulting flours were stored at 4 °C [18,19].

2.2. Reagents and Chemicals

The following reagents were purchased from Sigma-Aldrich (Hamburg, Germany):
DPPH (2,2-Diphenyl-1-picrylhydrazyl), ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid)), aluminium chloride (AlCl3), sodium carbonate (Na;COj3), sodium nitrite
(NaNOy), potassium chloride (KCl), sodium acetate (CH3COONa), calcium carbonate
(CaCO0:;3), Folin—Ciocalteau and Bradford reagents. Merck Millipore (Darmstadt, Germany)
provided culture media, including De Man, Rogosa, and Sharpe (MRS) broth and agar.
Ethanol and methanol, which were HPLC-grade solvents, were acquired from Scharlau
(Barcelona, Spain).
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2.3. Lactic Acid Bacteria Reactivation and Fermentation

Four probiotic strains, Lactiplantibacillus plantarum MIUG BL21, Lactiplantibacillus
pentosus MIUG BL24, Lacticaseibacillus rhamnosus MIUG BL38, and Lactiplantibacillus para-
plantarum MIUG BL74, from the Microorganisms Collection (abbreviated MIUG) at the
Integrated Centre for Research, Expertise and Technological Transfer in Food Industry
(BioAliment-TehnIA), “Dunarea de Jos” University of Galati, Galati, Romania, were exam-
ined (Table 1) [21]. Two of these strains, Lp. plantarum MIUG BL21 (LMG P-33745) and
Lp. paraplantarum MIUG BL74 (LMG P-33746) were deposited at the Belgian Coordinated
Collections of Microorganisms (BCCM), Gent, Belgium.

Table 1. Sources of probiotic strain isolation.

Probiotic Strains Isolation Source Accession No.
Lp. plantarum MIUG BL21 Soil MW617265.1
Lp. pentosus MIUG BL24 Whey 0OK325938.1
Lc. rhamnosus MIUG BL38 Chickpea MT463821.1
Lp. paraplantarum MIUG BL74 Pickles MT604712.1

Several factors, including technological, functional, and safety-related properties, were
considered when the probiotic strains were chosen. All strains were selected based on
their previously demonstrated resistance to simulated gastric juice (low pH and bile salt
tolerance) and adhesion to intestinal epithelial cells. Additionally, the selected strains
showed no antibiotic resistance, no hemolytic activity, and antibacterial activity against
common foodborne pathogens [21].

A volume of 2 mL of stock culture was transferred into 9 mL of MRS broth (Merck,
Darmstadt, Germany) and cultivated for 48 h at 37 °C, using an incubator (Binder BF4000,
Tuttlingen, Germany) to reactivate the stock cultures, which had been preserved in 40%
(w/w) glycerol solution at a temperature of —80 °C.

A sterile loop was used to streak 1.0 uL of the reactivated culture onto MRS agar
medium (Merck, Darmstadt, Germany) supplemented with 30 g/L CaCOj to obtain single
colonies [9].

The LAB inoculum was obtained by transferring a single colony onto 50 mL of MRS
broth and incubating it stationary, for 48 h at 37 °C. A spectrophotometer (Biochrom,
Libra 22, Holliston, MA, USA) was then used to measure and adjust the optical density at
600 nm (OD 600) to a value of about 2.0 (using fresh MRS broth), which indicates a cell
concentration of 1 x 108 CFU/mL solution [24].

The fermentation media were previously autoclaved at 121 °C for 15 min, in an au-
toclave (Panasonic, MLS-3751L, Watertown, MA, USA). A 2% (v/v) LAB inoculum was
added to the fermentation medium, which contained 5% (w/w) black and red amaranth
seed flour, both sprouted and unsprouted in distilled water. Then, the mixture was incu-
bated for 48 h at 37 °C and 100 rpm in an orbital shaker (Lab Companion SI-300, GMI,
Minneapolis, MN, USA) [25]. Control samples were obtained using both red and black
amaranth flour, including sprouted and unsprouted variants. Following fermentation,
the fermented products were freeze-dried with a freeze-drier (Christ Alpha 1-4 LD plus,
Osterode am Harz, Germany), at —42 °C and 0.10 mbar. Then, the moisture content was
analysed with a moisture analyser (KERN, DAB 100-3, Balingen, Germany).

2.4. pH and Total Titratable Acidity (TTA) Measurement

The pH and the total titratable acidity of the fermented samples were measured with a
pH metre (FiveEasy Plus FP20, Mettler Toledo, Greifensee, Switzerland) and an automatic
titrator (TitroLine Easy, Schott Instruments, Mainz, Germany). To summarise, for the total
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titratable acidity, a mixture of 10 g of fermented products and 90 mL of distilled water was
titrated to an endpoint of 8.50 [26]. The TTA was assessed in millilitres of 0.1 N NaOH [21].

2.5. Antioxidant Activity (AA)

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2’-azino-bis(3-ethylbenzothiazoline-
6-sulfonate) (ABTS) radicals were used to evaluate the antioxidant activity of the freeze-
dried samples [27,28].

Water extracts 1:10 (w/v) of the freeze-dried fermented products were prepared. After
vortexing for 5 s, the mixture was incubated overnight at room temperature with shaking
at 200 rpm. It was then sonicated for 30 min at 40 °C in an ultrasonic water bath (DU-32;
ARGOLAB, Capri, Italy). The supernatant was separated by centrifuging at 7000 rpm for
10 min at 4 °C (Hettich Universal 320R, Tuttlingen, Germany). These aqueous extracts
were globally characterised regarding antioxidant activity, total flavonoid content, total
polyphenolic content and water-soluble proteins.

In short, 3900 pL of 0.004% (w/v) DPPH (in methanol HPLC) combined with 100 pL
of the extract was incubated for 90 min in the dark, and then the absorbance was measured
at 515 nm.

To perform the ABTS assay, 20 uL of the extract was mixed with 1980 uL of ABTS
solution (which had a 0.7 absorbance at OD734), homogenised, and after 15 min in the
dark, the mix’s absorbance at 734 nm was measured.

According to Equation (2) [28], the antioxidant activity was calculated as the radical
scavenging activity (RSA, %):

RSA (%) = Acontrol/ Asample x 100 2)

where
Aontrol—the absorbance of the control sample.
Asample—the absorbance of the analysed sample.

2.6. Total Flavonoid Content (TFC)

The aluminium chloride colorimetric assay was employed to determine the total
flavonoid content. In summary, a mixture of 250 uL of the extracts, 1250 pL of distilled
water and 75 pL of a 5% (w/v) sodium nitrite solution was homogenised and kept at room
temperature for 5 min. In addition, 150 pL of a 10% (w/v) aluminium chloride solution was
added to the samples, and after 6 min of incubation, 500 uL of 1.0 M sodium hydroxide and
distilled water were added, up to a total volume of 3000 pL [29]. Using a spectrophotometer
(Libra S22 UV-VIS, Biochrom, Cambridge, UK), the mixes” absorbance was measured at
510 nm.

Using a calibration curve (y = 1.856x — 0.0201, R? = 0.9951), TFC was calculated as mg
catechin equivalents per gram of dry weight (CE)/g DW.

2.7. Total Polyphenolic Content (TPC)

The total polyphenolic content in the samples was evaluated with the modified Folin—
Ciocalteu method. Briefly, 500 uL of Folin—Ciocalteu reagent was mixed with 200 pL of the
extracts that had been diluted in 7900 pL of distilled water. After 5 min, 500 uL of a 20%
(w/v) sodium carbonate solution was added, and the samples were left to stand in the dark
for 60 min. Then the absorbance at a wavelength of 765 nm was evaluated [29].

Using a gallic acid standard curve (y = 1.3612x — 0.0205, R? = 0.9838), TPC was
considered as mg gallic acid equivalents per gram dry weight (GAE)/g DW.
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2.8. Soluble Protein Content (SPC)

The soluble protein content of samples was assessed by the Bradford method. Briefly,
900 pL of Bradford reagent was mixed with quantities of 30 pL of the extracts. After 30 min
of dark incubation at room temperature, the absorbance at 595 nm was measured. Using
a bovine serum albumin calibration curve (y = 0.4382x + 0.0127, R? = 0.9933), the protein
content was measured and expressed as mg/g DW [30].

2.9. Probiotic Cell Counting

The viability of lactic acid bacteria in fermented sprouted and unsprouted amaranth
products was established using the classical method by counting the colonies on Man,
Rogosa and Sharpe (MRS) agar medium, supplemented with calcium carbonate [18]. Briefly,
one gram of freeze-dried fermented products was aseptically homogenised with 9 mL of
sterile 0.9% saline solution. Decimal dilutions (10~'~10~7) were made, and 1 mL of each
dilution was distributed and homogenised with MRS agar containing 3% (w/v) CaCOs.
The mixtures were cultivated at 37 °C for 4872 h in aerophilic conditions and distinct
colonies were enumerated in plates containing between 30 and 300 colonies and then
expressed as CFU/gram of sample.

2.10. Reverse-Phase High-Performance Liquid Chromatography (HPLC) Analysis of
Phenolic Compounds

The identification of phenolic compounds followed the method outlined by Mértiri
etal. [27], using an Agilent 1200 HPLC system (Agilent Technologies, Santa Clara, CA, USA)
that includes a degasser, quaternary pump, autosampler, column, and multi-wavelength
detector. Separation was carried out on a BDS Hypersil C18 column (150 mm X 4.6 mm,
5 um) with the following settings: 30 °C temperature, 10 uL injection volume, 1 mL/min
flow rate. The mobile phases consisted of 100% methanol (solvent A) and 10% formic acid
(solvent B). The gradient programme was as follows: 0-20 min, 9% A-91% B; 20-30 min,
35% A-65% B; 30—40 min, 50% A-50% B; 40-45 min, 9% A-91% B. Results are calculated as
mean values == STDEV for duplicate runs, in ng/uL, based on peak area and calibration
curves with standard references.

2.11. SDS-PAGE Analysis

The SDS-PAGE assay was performed according to Laemmli [31]. For protein elec-
trophoresis, all the samples were diluted with ultrapure water (1:2), mixed with Laemmli
buffer containing beta-mercaptoethanol, and treated for 5 min at 95 °C [32]. The electrophore-
sis was carried out at 100 V for 120 min. Further, the protein gels were fixed for 90 min, stained
with Coomassie Brilliant blue G-250, and destained in 10% acetic acid for 40 min.

2.12. Statistical Analysis

Minitab V19.1 (Minitab LLL, State College, PA, USA) was used to evaluate the data.
The one-way ANOVA method was used to analyse the results, which were presented as
mean =+ standard deviation of three replicates. At a 95% confidence level, the data were
examined for homogeneity of variances (Bartlett’s test) and normal distribution (Ryan-
Joiner test), and then either the Tukey test (p < 0.05) or the Games—-Howell test (p < 0.05).
The data was assessed using linear multiple regression and Pearson correlation.

3. Results and Discussion
3.1. pH and Total Titratable Acidity (TTA) of the Amaranth Fermented Products

The RA-fermented products exhibited pH values ranging from 3.16 £ 0.04 to
4.35 + 0.69, with no significant differences (p < 0.05) among them. However, the low-
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est pH values were observed in fermented products (FPs) with sprouted RA seeds, as
shown in Figure 1. While the BA-fermented products displayed pH values ranging from
3.07 £ 0.10 to 4.89 £ 0.04, with significant differences (p < 0.05) between them. Visibly,
the probiotics fermentation of sprouted RA flour produced the lowest pH value when
compared with the fermentation substrates. Castro-Alba et al. [19] shown that using Lacto-
bacillus plantarum 299v® for fermenting unsprouted amaranth flour resulted in a pH drop
above 4.0 after 48 h of fermentation.
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Figure 1. Fermented RA products pH (M) and TTA (M) after 48 h of fermentation. Means that do
not share a letter are significantly different based on Tukey test (p < 0.05). RC—ungerminated RA
control (unfermented), R 21, R 24, R 38, and R 74—ungerminated RA fermented with Lp. plantarum
MIUG BL21, Lp. pentosus MIUG BL24, Lc. rhamnosus MIUG BL38, and Lp. paraplantarum MIUG BL74.
RGC—germinated RA control (unfermented), RG 21, RG 24, RG 38, and RG 74—germinated RA
fermented with the strains listed above. The lowercase letters are used to compare the pH values,
while the uppercase letters are used to compare the TTA values for red amaranth FPs.

Alternatively, sprouted RA fermented products with Lp. pentosus MIUG BL24, Lp.
plantarum MIUG BL21, and Lp. paraplantarum MIUG BL74 showed the highest TTA values
(5.28 £ 0.22 to0 5.50 £ 0.11 mL of 0.1 N NaOH), with no significant differences (p < 0.05)
among them (Figure 1).

Similarly, sprouted BA fermented products with Lp. pentosus MIUG BL24 and Lp.
plantarum MIUG BL21 showed the highest TTA values (4.03 = 0.08 to 4.18 £ 0.01 mL of
0.1 N NaOH), with no significant differences (p < 0.05) among them (Figure 2).

Further, the FPs derived from unsprouted seeds listed lower values for the total
titratable acidity.

The results are in accordance with Owheruo et al. [33], who reported that the sesame
seed flour during sprouting exhibits a decrease in pH with a simultaneous increase in TTA
during sprouting, due to naturally occurring microorganisms that convert carbohydrates
into an acidic medium through a metabolic mechanism. In a comparable study, employing
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sprouted and fermented Phalaris canariensis seeds, when compared to unsprouted seeds,
resulted in a greater TTA value when fermented beverages were prepared [34].
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Figure 2. Fermented BA products pH (M) and TTA (M) after 48 h of fermentation. Means that do
not share a letter are significantly different based on Tukey test (p < 0.05). BC—ungerminated BA
control (unfermented), B 21, B 24, B 38, and B 74—ungerminated BA fermented with Lp. plantarum
MIUG BL21, Lp. pentosus MIUG BL24, Lc. rhamnosus MIUG BL38, and Lp. paraplantarum MIUG BL74.
BGC—germinated BA control (unfermented), BG 21, BG 24, BG 38, BG 74—germinated BA fermented
with the strains listed above. The lowercase letters are used to compare the pH values, while the
uppercase letters are used to compare the TTA values for black amaranth FPs.

Similarly, unsprouted BA dough fermented with Lp. pentosus MIUG BL24 demon-
strated the highest TTA value of 12.33 £ 0.35 mL of 0.1 N NaOH, according to a recent
study by Souare et al. [18].

Venturi et al. [35] reported that in the amaranth-based sourdough fermentation, the
pH decreased from 6.20 to 4.35-4.60, while TTA reached higher values (6.45-6.90 mL NaOH
0.1 N), highlighting the differences between fermentations with monoculture of lactic acid
bacteria and those with co-culture of lactic acid bacteria and yeast.

Overall, the results confirm that germination increases the availability of fermentable
carbohydrates, which in turn increases acidity by stimulating the metabolism of lactic acid
bacteria. The main role of LAB is to ferment carbohydrates into organic acids, mainly lactic
acid, which increases the acidity and reduces the pH of the end product. Since pH and
TTA are related to the antibacterial and antifungal properties that are derived from the
organic acid content of fermented products, they are key indicators in food preservation,
processing, and protection [36].

3.2. Antioxidant Activity (AA) of the Amaranth Fermented Products

The DPPH and ABTS radical-scavenging methods were used to assess the substantial
changes in the fermented amaranth samples” antioxidant activity. The results showed that the
DPPH values ranged from 0.60 £ 0.60% to 26.28 &= 0.18% and the ABTS radical scavenging
values for red amaranth FPs ranged from 17.49 4 1.83% to 56.82 £ 5.21% (Figure 3). While the
DPPH values ranged from 11.17 4= 2.13% to 35.67 + 2.05%, the ABTS values for the fermented
black amaranth products ranged from 33.03 & 6.70% to 55.09 &= 9.97% (Figure 4).
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The antioxidant potential of black amaranth FPs was greater than that of red amaranth
FPs. Furthermore, compared to unsprouted seeds, seed germination leads to an increased
antioxidant potential for both amaranth species [20].

The results are in accordance with Souare et al., who reported that black amaranth
doughs fermented with the Lp. pentosus MIUG BL24 strain and the Lc. rhamnosus MIUG
BL38 strain exhibited the highest inhibition of the ABTS radical (58.00 £+ 1.81% and
58.92 + 6.05%), nearly 2.2 times higher than the control [18].

Additionally, red amaranth leaves had the highest total antioxidant capacity (TAC)
(ABTS+) concentration (34.72 TEAC ng/g DW) compared to green amaranth leaves
(25.27 TEAC ng/g DW), according to a recent study [37].

RA fermented products exhibited lower antioxidant activity values when compared
to germinated and non-germinated controls. The germinated control had the maximum
antioxidant potential such as 56.82 & 5.21% (ABTS) and 33.08 + 0.84% (DPPH), respectively
(p <0.05). Fermented products coded RG 24, RG 38, R38, and R24 demonstrated comparable
RSA values (ABTS assay), with no statistically significant differences among them (p < 0.05).

Conversely, the germinated and ungerminated BA controls exhibited the lowest antioxi-
dant potential, as measured by the DPPH assay. The germinated FPs based on black amaranth
seed flour fermented with Lc. rhamnosus MIUG BL38 (coded BG 38) strain showed the highest
antioxidant activity at a value of 55.09 & 9.97%, by ABTS assay. Additionally, germinated FPs
fermented with Lc. rhamnosus MIUG BL38, Lp. pentosus MIUG BL24, and Lp. paraplantarum
MIUG BL74 (coded BG 38, BG 24, and BG 74) strains registered similar values of antioxidant
potential by DPPH method (35.67 & 2.05%, 35.50 & 0.82%, and 35.04 & 1.30%, DPPH), with
no significant statistical differences among them (p < 0.05).
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Figure 3. Fermented RA products ABTS (M) and DPPH (M) scavenging activity. Means that do not
share a letter are significantly different based on the Tukey test (p < 0.05). RC—ungerminated RA
control (unfermented), R 21, R 24, R 38, and R 74—ungerminated RA fermented with Lp. plantarum
MIUG BL21, Lp. pentosus MIUG BL24, Lc. rhamnosus MIUG BL38, and Lp. paraplantarum MIUG
BL74. RGC—germinated RA control (unfermented), RG 21, RG 24, RG 38, RG 74—germinated RA
fermented with the strains listed above. The lowercase letters are used to compare the ABTS values,
while the uppercase letters are used to compare the DPPH values for red amaranth FPs.
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Figure 4. Fermented BA products ABTS (M) and DPPH (M) scavenging activity. Means that do not
share a letter are significantly different based on the Tukey test (p < 0.05). BC—ungerminated BA
control (unfermented), B 21, B 24, B 38, and B 74—ungerminated BA fermented with Lp. plantarum
MIUG BL21, Lp. pentosus MIUG BL24, Lc. rhamnosus MIUG BL38, and Lp. paraplantarum MIUG BL74.
BGC—germinated BA control (unfermented), BG 21, BG 24, BG 38, BG 74—germinated BA fermented
with the strains listed above. The lowercase letters are used to compare the ABTS values, while the
uppercase letters are used to compare the DPPH values for black amaranth FPs.

The data align with those of Chauhan et al., who showed that optimised sprouted
amaranth flour had more antioxidant compounds than raw flour [12]. Additionally, Vento
et al. [20] noticed that germination increased antioxidant activity in quinoa and amaranth
seeds (13.07% and 9.06%, respectively), as shown by the DPPH approach. Compared
to non-germinated seeds, germination and fermentation may improve the antioxidant
potential of amaranth seeds, enhancing their health benefits [20].

In a recent study, raw, cooked and fermented seeds and germinated seeds of
Chenopodium quinoa Willd. var. Tunkahuan and Amaranthus caudatus L. var. Alegria
were compared regarding the total antioxidant capacity. After 48 h without sterilisation,
fermentation of germinated seeds inoculated with Lactobacillus plantarum demonstrated the
maximum antioxidant capacity (55.3 + 2.03%) compared to the control (9.06 £ 1.25%). In
contrast, antioxidant activity dropped significantly up to 8.45 £ 1.1% when germinated
seeds were first sterilised and then fermented with L. plantarum for 48 h at 30 °C, compared
to the control (9.06 £ 1.25%). Overall, the results showed that both species” antioxidant
activity decreased after sterilisation when compared to unsterilized samples [20].

Rich in bioactive substances, amaranth may strengthen the body’s defences against
free radicals, preserving and enhancing the body’s functions [4]. It has been demonstrated
that phenolic antioxidants reduce oxidative stress and inflammation, which may help
prevent chronic illnesses like diabetes, cancer, and heart disease [3].

Given that DPPH activity supposed electron transfer, while ABTS activity included
hydrogen atom transfer, there may be a variation in antioxidant processes [9]. Additionally,
various bacterial strains may have different antioxidant processes [38].
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Overall, fermentation and sprouting are promising approaches for enhancing or
generating antioxidant compounds and improving their bioaccessibility [39].

3.3. Global Characterisation of Amaranth Fermented Products
3.3.1. Soluble Protein Content (SPC) of Amaranth Samples

Soluble protein contents ranging from 26.15 + 0.47 to 41.97 &+ 8.81 mg/g DW were
obtained from RA fermented products, with no significant differences upon them (p < 0.05)
(Table 2). However, ungerminated BA flour fermented with Lp. plantarum MIUG BL21 and
Lp. pentosus MIUG BL24 (coded B 21 and B 24), showed a higher content of water-soluble
proteins, reaching 50.82 £ 1.03 and 48.47 £ 4.44 mg/g DW, respectively.

Table 2. The global characterisation of the RA samples.

Sample SPC, TPC, TFC,
mg/g DW mg GAE/g DW mg CE/g DW
RC 26.15 4+ 0.47 2 1.99 + 0.02 P 1.09 + 0.03 4
R 21 32.39 +6.392 3.72 +0.94 ab 2.29 + .30 bed
R 24 33.84 + 8.852 3.85+0.312 2.99 + .29 abe
R 38 41.97 +8.812 398 +0.132 424 +0512
R 74 29.23 + 6.64 2 3.24 + 0.63 2 3.56 + 1.07 2b
RGC 29.28 4+ 0.36 2 3.83 +0.03 2P 251 + 0.13 be
RG 21 35.68 + 1.632 3.78 + 0.90 2P 3.52 +0.19 2
RG 24 35.34 + 3.36 2 425+ 0.112 3.51 4+ 0.59 @b
RG 38 27.24 4+ 2.082 3.84 + 0.55 P 2.02 £0.19 <
RG 74 30.38 +0.342 402 +0.28°2 2.67 + 0.54 be

Means that do not share a letter, in the same column, are significantly different based on the Tukey test (p < 0.05).
RC—ungerminated RA control (unfermented), R 21, R 24, R 38, and R 74—ungerminated RA fermented with Lp.
plantarum MIUG BL21, Lp. pentosus MIUG BL24, Lc. rhamnosus MIUG BL38, and Lp. paraplantarum MIUG BL74.
RGC—germinated RA control (unfermented), RG 21, RG 24, RG 38, and RG 74—germinated RA fermented with
the strains listed above.

The results displayed in Tables 2 and 3 showed that, when compared to the unfer-
mented control, the soluble protein content improves by fermenting the flour based on
ungerminated black and red amaranth seeds. Rather, by fermenting the sprouted red and
black amaranth seeds, their soluble protein content is comparable to that of the control
samples and does not differ significantly (p < 0.05).

Similarly, the doughs fermented with Lp. pentosus MIUG BL24 strain and Lc. rham-
nosus MIUG BL38 strain showed comparable effects on protein hydrolysis during the
fermentation of BA flour in a previous research. Although it was lower than the control
(1.23 £ 0.03 mg/g DW), the dough fermented with the Lc. rhamnosus MIUG BL38 strain
had the highest protein content (1.18 £ 0.06 mg/g DW) [18].

The results obtained are consistent with Cruz-Casas et al. [9], who concluded that
releasing protein hydrolysates through fermentation is a strain-dependent method. The
data, especially in the case of red amaranth, agree with Maldonado-Alvarado et al., who
found that germination increased protein content in three types of quinoa (white, red, and
black) [40].

Lactic acid fermentation is a relatively underexplored technique for obtaining protein
hydrolysates from amaranth. Owing to their unique proteolytic system, which consists of
intracellular peptidases, transport mechanisms, and cell-envelope proteinases, lactic acid
bacteria are crucial for fermentation-based production of protein hydrolysates and bioactive
peptides. They contain GRAS-classified genera and easily adapt to plant substrates. Even
within the same species, there is a great variation in LAB proteolytic activity due to strain
dependence [9].
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Table 3. The global characterisation of the BA samples.

Sample SPC, TPC, TFC,
mg/g DW mg GAE/g DW mg CE/g DW
BC 23.20 + 0.67 © 210 +£0.22f 119 +0.114
B 21 48.47 + 4.44 %P 5.76 +0.12 2 5.28 + 0.44 2
B 24 50.82 4+ 1.03 2 437 +0.27b 4.67 +0.62 2P
B 38 32.16 + 0.97 bc 3.08+0.11°¢ 2.16 +0.27 <
B 74 38.72 + 3.96 abc 3.86 4+ 0.22 be 3.25 + 0.98 be
BGC 2257 4+ 0.69 © 254 +0.13f 1.66 +0.12 4
BG 21 32.33 + 6.41 abe 3.48 + (.18 cde 2.38 + 0.80 <d
BG 24 27.44 + 5.14 abe 3.65 + 0.28 <d 245 +0.11<
BG 38 24.07 +£1.22°¢ 3.42 + 0.09 cde 2.28 +0.45 <
BG 74 21.46 +£0.17 ¢ 3.14 + 0.03 de 139 +0214

Means that do not share a letter, in the same column, are significantly different based on the Tukey test (p < 0.05).
BC—ungerminated BA control (unfermented), B 21, B 24, B 38, and B 74—ungerminated BA fermented with Lp.
plantarum MIUG BL21, Lp. pentosus MIUG BL24, Lc. rhamnosus MIUG BL38, and Lp. paraplantarum MIUG BL74.
BGC—germinated BA control (unfermented), BG 21, BG 24, BG 38, and BG 74—germinated BA fermented with
the strains listed above.

The literature highlighted that amaranth proteins have lower quantities of prolamins
(about 0-13%) than albumins (11-51%), globulins (16-51%), and glutelins (7-36%). In
particular, compared to typical grains like wheat, barley, and maize, amaranth has a greater
amount of albumins and globulins and lower levels of prolamins and glutelins [10].

3.3.2. Total Polyphenol Content (TPC) of Amaranth Samples

There were notable differences in total phenolic content (TPC) between RA fermented
products (Table 2). The FPs coded R 24, R 38, RG 24, and RG 74 had higher TPC values
ranging from 3.85 =+ 0.31 to 4.25 £ 0.11 mg GAE/g DW, with no significant differences
between them (p < 0.05). The control sample (RC) had the lowest TPC (1.99 £ 0.02 mg
GAE/g DW).

Furthermore, TPC varied considerably amongst the BA variants (Table 3). Ungermi-
nated BA fermented with Lp. plantarum MIUG BL21 (coded B 21) showed the highest TPC
(56.76 £ 0.12 mg GAE/g DW), followed by B 24 (4.37 + 0.27 mg GAE /g DW), which were
statistically different (p < 0.05). The control samples (BC and BGC) had the lowest values,
2.10 + 0.22 and 2.54 £ 0.13 mg GAE/g DW, respectively. The phenolic compounds concen-
tration of BA samples was generally positively impacted by fermentation and germination.

Recently, Souare et al. [18] reported that fermentation with selected probiotic bac-
teria reduced the TPC in the doughs when compared to the control. BA ungerminated
dough fermented with Lc. rhamnosus MIUG BL38 had the highest TPC (2.33 &+ 0.20 mg
GAE/g DW), suggesting that both the strain and fermentation system have an impact on
polyphenol content.

The results obtained are in agreement with those of Vento et al., who found that
by fermenting sterilised, ungerminated amaranth seeds with Lactobacillus plantarum, a
significantly higher total phenolic content (8.55 £ 0.49 mg QE/g DW) than the unfermented
control (2.35 £ 0.33 mg QE/g DW) occurred. On the other hand, fermentation of germinated
seeds with the same strain resulted in a lower TPC value (5.58 &= 0.54 mg QE/g DW), after
48 h. Overall, these findings indicate that lactic acid fermentation led to a higher content
of phenolic compounds in ungerminated amaranth seeds compared with germinated
ones [20].

The increased phenolic content observed in fermented ungerminated amaranth seed
samples may be attributed to the release of phenolic compounds that are originally bound
to the seed cell wall matrix [41]. The enzymatic activity of lactic acid bacteria, combined
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with the acidic conditions generated during fermentation, likely enhances the release of
these bound phenolics into soluble free phenols [42]. Additionally, endogenous enzymes
produced during sprouting promote the release of phenolic compounds [43]. Overall, fer-
mentation and germination increased the total phenolic content and improved nutritional
value of amaranth through activation of endogenous enzymes. By changing the bioactivity
and digestibility of foods, fermentation modulates their nutritional and anti-nutritional
properties. Particularly, polyphenols are mostly found in bound forms, coupled with pro-
teins, lipids, or sugars, in unfermented cereals. These compounds can be released into free
forms during bioprocessing stages, which increases their bioavailability and antioxidant
potential. However, free phenolic content may also drop as a result of degradation or
interactions with other elements of the food matrix, depending on the type of bioprocess
and biocatalyst properties [20].

During germination, procyanidins and catechins are among the phenolic chemicals
whose concentration decreases as a result of condensation and polymerisation, which are
aided by enzymes such as polyphenol oxidases. On the other hand, hydrolytic enzymes
linked to total phenolic content, such as cellulases, amylases, hemicellulases, glucanases,
and polyphenol oxidases, become more active and support the polymerisation and mod-
ification of phenolic compounds. Furthermore, germination increases the availability of
free phenolic chemicals by breaking cell wall polymers. Additionally, germination triggers
secondary metabolic processes, including those linked to phenolic metabolism, such as
the oxidative pentose phosphate route, glycolysis, acetate/malonate pathway, shikimate
pathway, and phenylpropanoid pathway. This activation increases the content of phenolic
compounds and their antioxidant activity in germinated seeds, as does the creation of
enzymes such as phenylalanine ammonia-lyase [43].

Through fermentation, due to the breakdown of bonds with grain cell wall compo-
nents, activities of enzymes such as -glucosidase, decarboxylases, esterases, hydrolases,
and reductases, as well as the metabolic activity of fermenting microorganisms, bound
phenolic compounds are converted from their linked or conjugated forms to free ones [44].
The released free aglycones can increase antioxidative activity, and phenolic compounds are
more bioaccessible in their free form. On the other hand, because free phenolic compounds
can associate with other molecules in the food matrix, either hydrolysed by particular
microbial strains, or broken down by microbial enzymes, a decrease in their amount may
occur during fermentation [45]. Overall, the combined application of germination and
fermentation leads to increased availability and transformation of phenolic acids and
flavonoids, contributing to enhanced antioxidant potential.

3.3.3. Total Flavonoid Content (TFC) of the Amaranth Samples

Total flavonoid content (TFC) varied among the RA fermented products. The control
sample (RC) showed the lowest TFC (1.09 £ 0.03 mg CE/g DW), while higher values were
generally observed in coded samples R 38, R 74, RG 21, and RG 24, which were obtained
from germinated and non-germinated RA, fermented with Lp. plantarum MIUG BL21, Lp.
pentosus MIUG BL24, Lc. rhamnosus MIUG BL38, and Lp. paraplantarum MIUG BL74 strains,
indicating that fermentation and sprouting enhanced flavonoid levels, with no significant
differences among them (p < 0.05).

TFC variations were more noticeable in BA samples. Coded samples B 21 and B 24
exhibited the highest flavonoid content (5.28 &+ 0.44 and 4.67 £ 0.62 mg CE/g DW, respec-
tively), whereas the control samples (BC and BGC) had the lowest values. In summary,
the amount of flavonoids in BA samples was positively impacted by both fermentation
and germination.
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A recent study stated that the total flavonoid content of black amaranth dough, based
on ungerminated seed flour, fermented with Lc. paracasei MIUG BL4 strain, Lc. paracasei
MIUG BL13 strain, and Lp. pentosus MIUG BL24 strain was higher than that of the control,
with no statistical difference among them (p < 0.01) [18].

Total flavonoid content was found to be similar in raw and cooked amaranth seeds
(1.8 mg QE/g DW) but sprouting significantly increased it to 5.0 mg QE/g DW. Most fer-
mentation variants further increased TFC, although decreases were seen after fermentation
with S. cerevisiae alone and in combination with L. plantarum. The highest levels of TFC
were obtained through spontaneous fermentation in both ungerminated seeds (6.1 mg
QE/g DW) and germinated seeds (9.41 mg QE/g DW), corresponding to increases of nearly
2.6- and 1.9-fold when compared to the controls [20].

Studies show that germination significantly improves total phenolics, total flavonoids,
and antioxidant activity in a variety of grains, with nutritional benefits. Soaking, ultrasound,
and thermo-alkaline hydrolysis are recommended pre-germination treatments that modify
the structure of grains to influence germination outcomes, promoting the accumulation of
flavonoids and phenolic acids during germination and increasing antioxidant activity [43].

Increased levels of phenolic compounds and flavonoids as a result of microbial hy-
drolysis are primarily responsible for the improvement of antioxidant activity during
fermentation [38] and germination [43].

Particularly, for RA fermented products, TFC had a strong and moderate, respectively,
positive correlation with SPC (r = 0.632, p < 0.05) and TPC (r = 0.435, p < 0.05), suggesting
that total flavonoid content increased with soluble protein content, as an effect of biopro-
cessing modification of vegetal structure. TPC showed moderate positive correlations with
DPPH (r = 0.376, p < 0.05), indicating that phenolics may contribute to the increment of the
antioxidant activity (Figure 5).
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Figure 5. Heatmap indicating the Pearson’s correlation coefficient of TFC, TPC, SPC, DPPH, and
ABTS for the RA fermented products. The correlation (r) was considered as follows: +0.8 to +1.0:

strong, +0.50 to £0.79: moderate, +0.30 to £0.49: weak, £0.00 to +0.29: no correlation; *—p-values
that represent statistical significance (p < 0.05).
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A strong negative correlation was observed between antioxidant activity (ABTS) and
water-soluble proteins (r = —0.386, p < 0.05), in the case of black amaranth FPs. Other strong
correlations, such as those between SPC and TFC or TPC (r = 0.881, p < 0.05, r = 0.819,
p < 0.05 were statistically significant (Figure 6).
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Figure 6. Heatmap indicating the Pearson’s correlation coefficient of TFC, TPC, SPC, DPPH, and
ABTS for the BA fermented products. The correlation (r) was considered as follows: +0.8 to +1.0:
strong, +0.50 to £0.79: moderate, £0.30 to £0.49: weak, £0.00 to £0.29: no correlation; *—p-values
that represent statistical significance (p < 0.05).

According to regression analysis, soluble proteins significantly affected ABTS activity
(p = 0.037), while total phenolic content was the main factor influencing DPPH activity
(p = 0.015). These findings demonstrate various antioxidant response patterns (Table 4).

Table 4. Regression analysis of ABTS and DPPH versus TFC, TPC, and PC, for BA samples.

Source DF Adj SS Adj MS F-Value p-Value
Regression/ABTS 3 582.70 194.23 3.34 0.035
SPC 1 280.85 280.85 4.83 0.037
Error 26 1513.18 58.20
Total 29 2095.98
Regression/DPPH 3 943.87 314.62 4.20 0.015
TPC 1 838.18 838.18 11.19 0.003
Error 26 1946.99 74.88
Total 29 2890.87

DF = degrees of freedom, SS = sums of squares, MS = mean square, F = variance ratio, p = probability.

3.4. The Probiotic Cell Enumeration of the Amaranth Samples

The statistical analysis revealed significant differences (p < 0.05) between the mean
values of probiotic viability (log CFU/g) from FPs based on red and black amaranth,
germinated and ungerminated. With values ranging from 7.68 + 0.11 to 8.15 £ 0.49
log CFU/g, the samples fermented with unsprouted RA coded R21, R24, and R74 had
the highest cell concentrations; there were no significant differences between them (p <
0.05). When compared to the other samples, ungerminated BA seeds fermented with the
Lp. paraplantarum MIUG BL74 strain had the highest cell concentration (8.84 & 0.06 log
CFU/g), which was statistically significant. The fermented products based on sprouted
red and black amaranth seeds exhibited significantly lower cell concentrations, up to 3.11
+ 0.04 and 5.60 £ 0.24 log CFU/g, respectively (Table 5). Instead, among the sprouted
FPs, those based on black and red amaranth (RG 38 and BG 38) exhibited the greatest
probiotic viability.

Probiotic viability in FPs derived from ungerminated amaranth fell within ranges
previously reported for amaranth- and pseudocereal-based fermentations, with cell counts
of 2.60-8.54 log CFU/g in spontaneously fermented amaranth sourdough [46] and approxi-
mately 8 log CFU/g in amaranth-based purees [47]. According to these results, unsprouted
amaranth flour might be a suitable substrate for the growth of lactic acid bacteria under
optimal fermentation conditions [48].
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Table 5. Probiotic cell counting (log CFU/g) in fermented products based on red and black amaranth
flour, sprouted and unsprouted.

Sample Log CFU/g Sample Log CFU/g
R 21 7.68 +0.112 B 21 8.38 4 0.18 AB
R 24 8.15 + 0.492 B 24 8.00 £0.12B
R 38 6.87 £0.16 P B 38 7.95 + 0.05 BC
R 74 815+ 0.142 B 74 8.84 +0.06 A

RG 21 3.11 + 0.04 BG 21 5.87 +0.18 P
RG 24 3.18 +0.12°¢ BG 24 5.60 &+ 0.24 P
RG 38 6.20 +0.19 ¢ BG 38 7.52 +0.24 €
RG 74 3.93 +£0.09 4 BG 74 5.89 +0.02P

Mean values that do not share the same letter, in the same column, are statistically different at p < 0.05, based
on posthoc Tukey test. The lowercase letters are used to compare red amaranth FPs, while the uppercase letters
are used to compare black amaranth FPs. Coded samples B 21, B 24, B 38, and B 74/R 21, R 24, R 38, and R
74—ungerminated BA/RA fermented with Lp. plantarum MIUG BL21, Lp. pentosus MIUG BL24, Lc. rhamnosus
MIUG BL38, and Lp. paraplantarum MIUG BL74 strains. BG 21, BG 24, BG 38, BG 74/RG 21, RG 24, RG 38, and RG
74—germinated BA/RA fermented with the strains listed above.

Additionally, the biochemical changes that occur in amaranth seeds during germi-
nation impacted the resilience of probiotic lactic acid bacteria. Similar results regarding
the effect of pretreatment (including sprouting) and substrate type on probiotic viability
have been reported by Nkhata et al. [49] and Petrova and Petrov [50], who agreed that both
the characteristics of the probiotic strain and the degree of processing of the pseudocereal
influence the probiotic’s survivability following fermentation.

3.5. RP-HPLC Characterisation of Amaranth Samples

For subsequent analyses, fermented products from both sprouted and unsprouted red
and black amaranth with the strain Lc. rhamnosus MIUG BL38 were chosen, along with the
controls. The selection criteria included balanced acidification, enhanced ABTS and DPPH
antioxidant activity, high total phenolic and flavonoid contents, and a probiotic threshold
of at least 6 log CFU/g.

In the analysed RA fermented products, the nine phenolic acids that were identified
were four hydroxybenzoic acids (gallic acid, protocathechic acid, syringic acid, ellagic
acid), and five hydroxycinnamic acids (ferulic acid, cinnamic acid, caffeic acid, p-coumaric
acid, chlorogenic acid), as described in Tables 6 and 7. The fermentation and germination
processes revealed twelve flavonoids, as follows, epicatechin gallate, hesperitin, quercetin,
apigenin, luteolin, naringenin, quercetin 3-glucoside, isorhamnetin, peonidin 3-O ruti-
noside, epicatechin, keracyanin, and rutin trihydrate.

The amount of phenolic acids and flavonoids in the examined samples varied signif-
icantly. More biological active compounds were found in red amaranth-based samples,
both germinated and ungerminated, than in black amaranth-based samples.

The current findings are supported by Sarker and Oba [51], who reported abundant
phenolic acids such as salicylic acid, vanillic acid, protocatechuic acid, gallic acid, gentisic
acid, 3-resorcylic acid, p-hydroxybenzoic acid, syringic acid, ellagic acid, sinapic acids,
chlorogenic acid, trans-cinnamic acid, m-coumaric acid, caffeic acid, p-coumaric acid, and
ferulic acid, as well as flavonoids like rutin, hyperoside, isoquercetin, myricetin, quercetin,
apigenin, kaempferol, and catechin in the red-coloured amaranth leaves, which were much
higher compared to the green-coloured amaranth.

Both the germinated and ungerminated RA-controls displayed a variety of phenolic
compounds, with the maximum quantity of epicatechin (4518.68 + 15.86 ng/uL) and
protocatechuic acid (2000.3 & 2.38 ng/uL) in the germinated control (RGC). Gallic acid
was the most prevalent, with the highest concentration of 833.08 + 1.23 ng/uL in the
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germinated RA sample fermented with Lc. rhamnosus MIUG BL38 strain (coded sample
RG38), followed by chlorogenic acid (110.67 £ 3.28 ng/uL). However, the FPs included
small amounts of phenolic acids such as syringic, protocatechuic, and chlorogenic acids.

Instead, only in controls, ferulic, cinnamic, and caffeic acids, quercetin, and apigenin were

identified (Table 6).

Table 6. RP-HPLC characterisation of red amaranth samples, both germinated and non-germinated,
fermented with probiotic Lc. rhamnosus MIUG BL38 strain.

Identified Compounds, ng/uL RC R 38 RGC RG 38
Phenolic acids
Gallic acid 4237 + 0594 135.85 + 1.012 nd 833.08 +1.232
Syringic acid 35.55 + 0.37 © 6.46 + 157 ¢ 29140 +4.19°¢ 18.19 + 0.84 ¢
p-Cumaric acid 6.25 +2.04 1 nd
Protocatechuic acid nd 36.94 +3.254 2000.3 +2.38 P 56.01 + 5.86 4
Chlorogenic acid 145.12 +0.202 50.26 4 0.97 € nd 110.67 + 3.28 b
Ferulic acid 6.95 =+ 0.78 hi nd 6.66 + 0.69 & nd
Cinnamic acid 42040201 nd 487 +0.53™ nd
Caffeic acid 55.19 + 0.86 ¢ nd 57.07 +£3.73f nd
Ellagic acid 33.79 £ 0.37 ¢ nd nd nd
Flavonoids
Epicatechin gallate 89.93 +0.19° nd nd nd
Hesperitin 28.46 +0.32f 69.80 £ 6.19 P 195.25 +2.99 4 75.80 £ 8.06 ¢
Quercetin 10.88 £0.30 8 nd 1195 +1.181 nd
Apigenin 7.08 4 0.14 M nd 9.57 +£3.991 nd
Luteolin 951 +0.19 8h nd nd nd
Naringenin nd nd 60.02 +4.02 ¢ nd
Quercetin 3-glucoside nd nd 16.08 +3.62 8 nd
Isorhamnetin 561 +1.561 nd 5.18 + 0.42! nd
Peonidin 3-O rutinoside nd nd 285+ 046" nd
Epicatechin nd 37.04 +£1.104 4518.68 + 15.86 2 103.38 & 1.08 P
Keracyanin nd nd nd 17.50 £ 0.59 €
Rutin trihydrate 10.77 £+ 0.38 8 nd 7.07 £0.13] nd

nd—Not detected; Mean values that do not share the same letter, in the same column, are statistically different
at p < 0.05, based on Tukey and Games-Howell tests. RC—ungerminated RA control (unfermented), R 38—
ungerminated RA fermented with Lc. rhamnosus MIUG BL38, RGC—germinated RA control (unfermented), RG
38—germinated BA fermented with the strain listed above.

Table 7. RP-HPLC characterisation of black amaranth samples, both germinated and non-germinated,

fermented with probiotic Lc. rhamnosus MIUG BL38 strain.

Identified Compounds, ng/uL BC B 38 BGC BG 38
Phenolic acids
Gallic acid 38.57 £ 0.14 ¢ 97.16 £ 0.69 47.92 4+ 0.06 P 288.45 +2.18b
Protocatechuic acid 42.77 +£0.93 ¢ 2431+ 0254 4963 +035P nd
Syringic acid 12.26 +0.58 4 5.17 +0.04 40.73 + 0.78 11.25 +£0.27 4
p-Cumaric acid 509 +0.17°¢ 4.80 +0.25 ©f 472 40174 6.00 & 0.08 ¢
Chlorogenic acid nd 53.55 + 2.83 cdef 189.07 +4.352 73.15+230°¢
Flavonoids
Quercetin 3-glucoside 70.99 +0.84 b nd nd nd
Luteolin 998 +0.114 nd nd nd
Epicatechin nd 177.03 £ 1.16" nd 619.86 &+ 11.622
Epigalocatechin 511.64 +0.98 2 1349.76 £3.14 2 nd nd

nd—Not detected; Mean values that do not share the same letter, in the same column, are statistically different
at p < 0.05, based on Tukey and Games-Howell tests. BC—ungerminated BA control (unfermented), B 38—
ungerminated BA fermented with Lc. rhamnosus MIUG BL38, BGC—germinated BA control (unfermented), BG
38—germinated BA fermented with the strain listed above.
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Gallic acid levels in the FPs derived from germinated seed were significantly higher
in BG38 (288.45 £ 2.18 ng/uL) than in control, coded BGC (47.92 &+ 0.06 ng/uL). Fer-
mented products based on ungerminated BA seed showed the same pattern, as seen in
coded sample B38, which had a concentration of 97.16 £ 0.69 ng/uL compared to the
control’s concentration of 38.57 £ 0.14 ng/uL. The main flavonoid in coded sample B38
was epigallocatechin (1349.76 £ 3.14 ng/uL), but epicatechin was mostly found in BG38
(619.86 £ 11.62 ng/uL), suggesting that the distribution of flavonoid compounds varies
depending on the sample (Table 7). Overall, the HPLC data showed notable qualitative
and quantitative variations in the phenolic acid and flavonoid content of the examined
FPs, indicating that the phytochemical profile is significantly influenced by processing
(fermentation and germination).

Studies comparing the leaves of red genotypes of A. tricolour and the green genotypes
of A. lividus show that the red genotypes are richer in flavonoids and phenolic acids. In
particular, phenolic contents in red accessions ranged from 85 to 312 pg/g DW, which was
higher than the range of 71 to 220 ug/g DW in green accessions. Gallic acid, vanillic acid,
salicylic acid, protocatechin, caffeic acid, p-coumaric acid, ferulic acid, and trans-cinnamic
acids constituted the majority of these compounds. Additionally, red accessions were rich
in flavonoids such as rutin, quercetin, myricetin, and kaempferol [51,52].

According to a recent study by Suoare et al. [18], black amaranth fermented doughs
had higher contents of flavonoids than phenolic acids, with epigallocatechin being the
most prevalent, followed by epicatechin and catechin. The levels of epigallocatechin were
7789.88 = 17.00 ng/uL in the control, 6942.47 £ 5.63 ng/uL in the dough fermented with
Lc. rhamnosus MIUG BL38, and 4983.16 + 7.29 ng/uL in the dough fermented with Lp.
pentosus MIUG BL24. Only the control had minor phenolic acids, such as p-coumaric and
4-hydroxybenzoic acids.

Assessing other plant parts (leaves, stalks, seeds, and flowers), sprouts contained the
fewest identifiable phenolic chemicals; only gallic acid, protocatechuic acid, and rutin were
quantified [53]. Cinnamic acid derivatives (ferulic and chlorogenic acid) were less common
and generally at lower concentrations in sprouts of A. caudatus.

Phenolic compounds, including flavonoids, hydroxycinnamic acids (ferulic acid, cin-
namic acid, caffeic acid, p-coumaric acid, chlorogenic acid), and hydroxybenzoic acids (gal-
lic acid, protocathechic acid, syringic acid), are commonly found in Amaranthus species [54].

Sprouting (germination) induced nutritionally favourable changes, making amaranth
sprouted seeds nutritionally superior compared to non-sprouted seeds. Consequently,
they represent promising ingredients for developing foods with enhanced nutrient and
antioxidant properties.

3.6. SDS-PAGE of the FPs Extract Analysis

The SDS-PAGE evaluation of water-soluble proteins extracted from black and red ama-
ranth FPs highlighted a few distinct protein bands between the germinated, ungerminated
and fermented samples, respectively (Figure 7).

More precisely, in the ungerminated black amaranth control (BC), a pronounced
background smear of molecular weight proteins smaller than 15 kDa were observed,
which was reduced in the germinated control (BGC). In addition, two distinct protein
bands of ~35 kDa and ~27 kDa were maintained across all the samples, including the
red amaranth controls. The ~35 kDa band may correspond to the acidic subunits of
11S globulin [55,56], one of the major storage proteins found in amaranth seeds, while
the ~27 kDa band represents a smaller globulin fraction, both of which were resistant to
germination process and remained visible after germination. Moreover, the germination
process led to a reduction in the intensity of proteins bands having a molecular weight
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between 10 and 15 kDa and a decrease in the background smear, suggesting a partial
hydrolysis of storage proteins. Different electrophoretic profiles have been documented
in the literature, highlighting variations in amaranth genetic diversity, extraction solvents
and processing conditions. For instance, Bojorquez-Veldzque et al. [57] showed that the
hydrophilic protein fraction of the seeds contains a wide range of proteins, with major
bands at ~33 kDa, 37 kDa, and 52 kDa, while the hydrophobic fractions have different
bands which can be clustered in three regions (20-24 kDa, 32-35 kDa and 50-70 kDa), with
clear species-dependent differences in band presence. Making a comparative proteomic
analysis of amaranth seeds, Bojérquez-Veldzque et al. [56] found that the hydrophilic
fraction contained abundant small- and medium-molecular-weight proteins of 10-15 kDa
and 25-40 kDa, respectively. The main proteins from the high-variation region were the
11S globulin, granule-bound starch synthase I and the Vicilin-like seed storage proteins,
respectively [56].

Figure 7. The SDS-PAGE profile of water-soluble proteins from the following samples: lines 1 and 2—unge-
rminated and germinated black amaranth, BC and BGC (controls); lines 3 and 4—ungerminated
and germinated red amaranth, RC and RGC (controls); lines 5 and 6—ungerminated and ger-
minated black amaranth FPs fermented with L. rhamnosus MIUG BL38 (B38 and BG38); lines
7 and 8—ungerminated and germinated red amaranth flours fermented with L. rhamnosus MIUG
BL38 (R38 and RG38); M—Precision Plus Proteins Dual Xtra Prestained Marker (kDa).

Additionally, the fermentation process with L. rhamnosus MIUG BL38 probiotic strain
further changed the protein’s background. In ungerminated black amaranth (B38, line 5),
two clear bands of 15 kDa and 50 kDa were emphasised, along with a faint one of 75 kDa.
In contrast, when the germinated black amaranth was used as substrate in the fermentation,
the protein background became uniform, with no sharp protein bands visible, suggesting
that an extensive hydrolysis occurred (line 6). Further, in red ungerminated amaranth,
the fermentation with L. rhamnosus MIUG BL38 (R38—Tline 7) led to an overall increase in
the protein background intensity, indicating the presence of a greater number of soluble
proteins. This pattern suggests that the fermentation process generates a range of polypep-
tides and peptides through partial proteolysis, rather than complete protein degradation.
Furthermore, the fermentation of germinated red amaranth produced a proteins profile
similar to that of fermented germinated black amaranth, indicating an extensive hydrolysis
of storage proteins in both varieties.
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4. Conclusions

The current investigation shows that the functional and biochemical properties of red
and black amaranth seeds are effectively improved by the combined use of sprouting and
probiotic fermentation. Acidifying potential, antioxidant activity, phenolic and flavonoid
profiles, water-soluble protein content and probiotic viability were all greatly influenced
by sprouting and fermentation processing. The results are highly strain- and amaranth
variety-dependent. Black amaranth-derived fermented products demonstrated stronger
antioxidant activity but sprouted and unsprouted red amaranth generally showed higher
levels of bioactive compounds. Lacticaseibacillus rhamnosus MIUG BL38 had the most bal-
anced technological and functional performance among the strains studied, promoting
favourable acidification, increased soluble protein release, improved antioxidant potential,
and proper probiotic viability. Overall, the results indicate that red amaranth, Amaran-
thus cruentus sprouts fermented with Lc. rhamnosus MIUG BL38 represents a promising
gluten-free functional food ingredient with numerous potential health benefits, suitable for
incorporation into innovative probiotic and nutraceutical food formulations.

Author Contributions: Conceptualisation, M.C. and M.A.V,; methodology, M.C., M.A.V. and L.G.-G.;
software, N.B.; validation, M.C., M.A.V. and G.E.B.; formal analysis, M.A.V. and N.B.; investiga-
tion, M.C. and L.G.-G.; resources, M.A.V.; data curation, M.C. and M.A.V.; writing—original draft
preparation, M.A.V. and M.C.; writing—review and editing, M.C., M.A.V,, L.G.-G. and G.E.B.; visu-
alisation, M.C., M.A.V,, L.G.-G. and G.E.B.; supervision, G.E.B.; project administration, M.A.V. and
G.E.B,; funding acquisition, M.A.V. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the “Dunarea de Jos” University of Galati, contract no. IG
7971/2025, which benefited the first author, Mihaela Aida Vasile.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Acknowledgments: The Integrated Centre for Research, Expertise and Technological Transfer in Food
Industry (BioAliment-TehnIA), Dunarea de Jos University of Galati, Romania is acknowledged for
providing technical support. The support regarding the probiotic strains offered by MIUG Collection
affiliated with the Microbial Resource Research Infrastructure (MIRRI) is gratefully acknowledged.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

Baraniak, J.; Kania-Dobrowolska, M. The Dual Nature of Amaranth—Functional Food and Potential Medicine. Foods 2022, 11,
618. [CrossRef]

Park, S.-J.; Sharma, A.; Lee, H.-]. A Review of Recent Studies on the Antioxidant Activities of a Third-Millennium Food:
Amaranthus spp. Antioxidants 2020, 9, 1236. [CrossRef] [PubMed]

Osei, E.D.; Afedzi, A.EK.; Amotoe-Bondzie, A.; Ivanisové, E.; Encina-Zelada, C.R.; Czaplicki, S.; Citova, L; Janco, I.; Galik,
B.; Afoakwah, N.A. Nutritional and Bioactive Characterization of Amaranthaceae Seeds from Peru, Slovakia, and Poland: A
Comparative Study. Food Sci. Nutr. 2025, 13, €70901. [CrossRef]

Toimbayeva, D.; Saduakhasova, S.; Kamanova, S.; Kiykbay, A.; Tazhina, S.; Temirova, I.; Muratkhan, M.; Shaimenova, B.; Murat,
L.; Khamitova, D.; et al. Prospects for the Use of Amaranth Grain in the Production of Functional and Specialized Food Products.
Foods 2025, 14, 1603. [CrossRef]

Lopez-Martinez, ].M.; Ahmad, I. Amaranth Seeds: A Promising Functional Ingredient for Gastronomy—A Review. Sarhad |.
Agric. 2024, 40, 39-53. [CrossRef]

46 https://doi.org/10.3390 /microorganisms14020340



Microorganisms 2026, 14, 340

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Alemayehu, FR.; Bendevis, M.A.; Jacobsen, S.-E. The Potential for Utilizing the Seed Crop Amaranth (Amaranthus spp.) in East
Africa as an Alternative Crop to Support Food Security and Climate Change Mitigation. J. Agron. Crop Sci. 2015, 201, 321-329.
[CrossRef]

Aderibigbe, O.R.; Ezekiel, O.0.; Owolade, S.0.; Korese, ] K.; Sturm, B.; Hensel, O. Exploring the Potentials of Underutilized Grain
Amaranth (Amaranthus spp.) along the Value Chain for Food and Nutrition Security: A Review. Crit. Rev. Food Sci. Nutr. 2022, 62,
656-669. [CrossRef] [PubMed]

Maties, A.; Negrusier, C.; Rosca Mare, O.; Mintas, O.S.; Zanc Savan, G.; Odagiu, A.C.M.; Andronie, L.; Pacurar, I. Characterization
of Nutritional Potential of Amaranthus sp. Grain Production. Agronomy 2024, 14, 630. [CrossRef]

Cruz-Casas, D.E.; Aguilar, C.N.; Ascacio-Valdés, ].A.; Rodriguez-Herrera, R.; Chavez-Gonzélez, M.L.; Flores-Gallegos, A.C.
Bioactive Protein Hydrolysates Obtained from Amaranth by Fermentation with Lactic Acid Bacteria and Bacillus Species. Heliyon
2023, 9, €13491. [CrossRef]

Zhu, F. Amaranth Proteins and Peptides: Biological Properties and Food Uses. Food Res. Int. 2023, 164, 112405. [CrossRef]
Rizzello, C.G.; Lorusso, A.; Russo, V.; Pinto, D.; Marzani, B.; Gobbetti, M. Improving the Antioxidant Properties of Quinoa Flour
through Fermentation with Selected Autochthonous Lactic Acid Bacteria. Int. |. Food Microbiol. 2017, 241, 252-261. [CrossRef]
Chauhan, A.; Kumari, N.; Saxena, D.C.; Singh, S. Effect of Germination on Fatty Acid Profile, Amino Acid Profile and Minerals of
Amaranth (Amaranthus spp.) Grain. |. Food Meas. Charact. 2022, 16, 1777-1786. [CrossRef]

Aguilar-Felices, E.J.; Romero-Viacava, M.; Enciso-Roca, E.; Herrera-Calderon, O.; Comtn-Ventura, P; Yuli-Posadas, R.; Chacaltana-
Ramos, L.; Pari-Olarte, B. Antioxidant Activity of the Germinated Seed of Four Varieties of Amaranthus caudatus L. from Peru.
Pharmacogn. J. 2019, 11, 588-593. [CrossRef]

Valadez-Vega, C.; Lugo-Magana, O.; Figueroa-Hernadndez, C.; Bautista, M.; Betanzos-Cabrera, G.; Bernardino-Nicanor, A.;
Gonzélez-Amaro, R.M.; Alonso-Villegas, R.; Morales-Gonzalez, ].A.; Gonzalez-Cruz, L. Effects of Germination and Popping on
the Anti-Nutritional Compounds and the Digestibility of Amaranthus hypochondriacus Seeds. Foods 2022, 11, 2075. [CrossRef]
Janmohammadi, H.; Hosseintabar-Ghasemabad, B.; Oliyai, M.; Alijani, S.; Gorlov, L.E.; Slozhenkina, M.I.; Mosolov, A.A.; Suarez
Ramirez, L.; Seidavi, A.; Laudadio, V.; et al. Effect of Dietary Amaranth (Amaranthus hybridus chlorostachys) Supplemented with
Enzyme Blend on Egg Quality, Serum Biochemistry and Antioxidant Status in Laying Hens. Antioxidants 2023, 12, 456. [CrossRef]
Garcia-Vicente, E.J.; Martin, M.; Rey-Casero, I.; Pérez, A.; Martinez, R.; Bravo, M.; Alonso, ].M.; Risco, D. Effect of Feed
Supplementation with Probiotics and Postbiotics on Strength and Health Status of Honey Bee (Apis mellifera) Hives during Late
Spring. Res. Vet. Sci. 2023, 159, 237-243. [CrossRef]

Hernandez-Garcia, Y.; Melgar-Lalanne, G.; Téllez-Medina, D.I.; Ruiz-May, E.; Salgado-Cruz, M.d.L.P.; Andrade-Velasquez, A.;
Dorantes-Alvarez, L.; Lépez-Hernéndez, D.; Santiago Gémez, M.P. Scavenging Peptides, Antioxidant Activity, and Hypoglycemic
Activity of a Germinated Amaranth (Amaranthus hypochondriacus L.) Beverage Fermented by Lactiplantibacillus Plantarum. J.
Food Biochem. 2022, 46, €14139. [CrossRef]

Souare, M.L.; Diallo, A.O.S.; Balan, N.; Vasile, M.A.; Traore, L.; Bahrim, G.E.; Cotéarlet, M.; Dumitru, C.N. An Assessment
of the Functional Properties of Black Amaranth Flour During Fermentation with Probiotic Lactic Acid Bacteria. Fermentation
2025, 11, 414. [CrossRef]

Castro-Alba, V.; Lazarte, C.E.; Perez-Rea, D.; Carlsson, N.; Almgren, A.; Bergenstahl, B.; Granfeldt, Y. Fermentation of Pseudocere-
als Quinoa, Canihua, and Amaranth to Improve Mineral Accessibility through Degradation of Phytate. ]. Sci. Food Agric. 2019, 99,
5239-5248. [CrossRef]

Vento, M.; Della Croce, C.M.; Bellani, L.; Tassi, E.L.; Echeverria, M.C.; Giorgetti, L. Effect of Sprouting, Fermentation and Cooking
on Antioxidant Content and Total Antioxidant Activity in Quinoa and Amaranth. Int. J. Mol. Sci. 2024, 25, 10972. [CrossRef]
Cotarlet, M.; Pihurov, M.; Pacularu-Burada, B.; Vasile, A.M.; Bahrim, G.E.; Grigore-Gurgu, L. Selection of New Lactobacilli Strains
with Potentially Probiotic Properties. Ann. Univ. Dunarea Jos Galati Fascicle VI—Food Technol. 2023, 47, 27-50. [CrossRef]
Ghinea, I.O.; Ionica Mihaila, M.D.; Blaga (Costea), G.-V.; Avramescu, S.M.; Cudalbeanu, M.; Isticioaia, S.-F.; Dinica, R.M.; Furdui,
B. HPLC-DAD Polyphenolic Profiling and Antioxidant Activities of Sorghum Bicolor during Germination. Agronomy 2021,
11, 417. [CrossRef]

Busqueére, A.; Lefebvre, D.; Galaup, P; Tricoulet, L.; Musset, C.; Lacroux, E.; Merah, O. Osmopriming Increases Seed Germination
of Amaranthus cruentus (L.). Seeds 2025, 4, 37. [CrossRef]

Kamal, H.; Mudgil, P.; Bhaskar, B.; Fisayo, A.F; Gan, C.-Y.; Magsood, S. Amaranth Proteins as Potential Source of Bioactive
Peptides with Enhanced Inhibition of Enzymatic Markers Linked with Hypertension and Diabetes. ]. Cereal Sci. 2021, 101, 103308.
[CrossRef]

Li, J.; Zhao, W.; Pan, X,; Lao, E; Liao, X.; Shi, Y.; Wu, ]. Improvement of Antioxidant Properties of Jujube Puree by Biotransformation
of Polyphenols via Streptococcus thermophilus Fermentation. Food Chem. X 2022, 13, 100214. [CrossRef]

Nionelli, L.; Wang, Y.; Pontonio, E.; Immonen, M.; Rizzello, C.G.; Maina, H.N.; Katina, K.; Coda, R. Antifungal Effect of
Bioprocessed Surplus Bread as Ingredient for Bread-Making: Identification of Active Compounds and Impact on Shelf-Life. Food
Control 2020, 118, 107437. [CrossRef]

47 https://doi.org/10.3390 /microorganisms14020340



Microorganisms 2026, 14, 340

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Meértiri, I.; Coman, G.; Cotarlet, M.; Turturica, M.; Balan, N.; Rédpeanu, G.; Stanciuc, N.; Mihalcea, L. Phytochemical Profile
Screening and Selected Bioactivity of Myrtus Communis Berries Extracts Obtained from Ultrasound-Assisted and Supercritical
Fluid Extraction. Separations 2025, 12, 8. [CrossRef]

Gavril (Ratu), R.N.; Constantin, O.E.; Enachi, E.; Stoica, F,; Lipsa, E.D.; Stanciuc, N.; Aprodu, I.; Rdpeanu, G. Optimization of the
Parameters Influencing the Antioxidant Activity and Concentration of Carotenoids Extracted from Pumpkin Peel Using a Central
Composite Design. Plants 2024, 13, 1447. [CrossRef]

Bayoi, ].R.; Rdpeanu, G.; Stanciuc, N.; Cotarlet, M.; Constantin, O.E.; Etoa, F.-X. In Vitro Antioxidant Potential and Antimicrobial
Activity of Some Cameroonian Plant Extracts. Ann. Univ. Dunarea de Jos Galati Fascicle VI Food Technol. 2021, 45, 96-116. [CrossRef]
Bradford, M.M. A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein Utilizing the Principle of
Protein-Dye Binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef] [PubMed]

Laemmli, U.K. Cleavage of Structural Proteins during the Assembly of the Head of Bacteriophage T4. Nature 1970, 227, 680—685.
[CrossRef]

Meértiri, I.; Mihalcea, L.; Aprodu, L; Cioromila, A.C.; Turturica, M.; Rapeanu, G.; Stanciuc, N.; Grigore-Gurgu, L. Phytochemical
Profile and Antilisterial Activity of Salvia Officinalis Supercritical Fluid Extract. Appl. Food Res. 2025, 5, 101379. [CrossRef]
Owheruo, J.O.; Akpoghelie, P.O.; Edo, G.I; Yousif, E.; Jikah, A.N.; Onyibe, PN.; Ugbune, U.; Isoje, E.F; Igbuku, U.A.; Ekokotu,
H.A,; et al. Influence of Spouting Period on Microbiological and Nutritional Attribute of Sesame Seed Flour. Discov. Food 2025,
5, 3. [CrossRef]

Juarez-Trujillo, N.; Gonzalez-Avila, C.; Beristain-Guevara, C.I.; Mendoza-Lépez, M.R.; Pascual-Pineda, L.A.; Jiménez-Ferndndez,
M. Nutritional, Physicochemical and Antioxidant Properties of Sprouted and Fermented Beverages Made from Phalaris canariensis
Seed. Int. |. Food Sci. Technol. 2023, 58, 5299-5310. [CrossRef]

Venturi, M.; Galli, V.; Pini, N.; Guerrini, S.; Granchi, L. Use of Selected Lactobacilli to Increase y-Aminobutyric Acid (GABA)
Content in Sourdough Bread Enriched with Amaranth Flour. Foods 2019, 8, 218. [CrossRef] [PubMed]

Atasoy, M,; Alvarez Ordétiez, A.; Cenian, A.; Djuki¢-Vukovi¢, A.; Lund, P.A.; Ozogul, E; Tr¢ek, J.; Ziv, C.; De Biase, D. Exploitation
of Microbial Activities at Low pH to Enhance Planetary Health. FEMS Microbiol. Rev. 2023, 48, fuad062. [CrossRef] [PubMed]
Haque, M.M,; Islam, M.S.; Parvin, E.; Biswas, P,; Janny, R.J.; Ullah, M.Z; lal Barua, ]. Comparison of the Nutrient Compositions in
Red and Green Amaranthus (Amaranthus hypochondriacus). Acad. |. Life Sci. 2022, 33-39. [CrossRef]

Hur, S.J.; Lee, S.Y.; Kim, Y.-C.; Choi, I.; Kim, G.-B. Effect of Fermentation on the Antioxidant Activity in Plant-Based Foods. Food
Chem. 2014, 160, 346-356. [CrossRef]

Waliat, S.; Arshad, M.S.; Hanif, H.; Ejaz, A.; Khalid, W.; Kauser, S.; Al-Farga, A. A Review on Bioactive Compounds in Sprouts:
Extraction Techniques, Food Application and Health Functionality. Int. ]. Food Prop. 2023, 26, 647-665. [CrossRef]
Maldonado-Alvarado, P.; Pavén-Vargas, D.].; Abarca-Robles, J.; Valencia-Chamorro, S.; Haros, C.M. Effect of Germination on the
Nutritional Properties, Phytic Acid Content, and Phytase Activity of Quinoa (Chenopodium quinoa Willd). Foods 2023, 12, 389.
[CrossRef] [PubMed]

Leonard, W.; Zhang, P.; Ying, D.; Adhikari, B.; Fang, Z. Fermentation Transforms the Phenolic Profiles and Bioactivities of
Plant-Based Foods. Biotechnol. Adv. 2021, 49, 107763. [CrossRef] [PubMed]

Zhang, P; Zhang, J.; Li, L.; Gu, T.; Chen, S.; Wang, J.; Gao, M. The Release of Bound Phenolics to Enhance the Antioxidant Activity
of Cornmeal by Liquid Fermentation with Bacillus subtilis. Foods 2025, 14, 499. [CrossRef]

Giinal-Koroglu, D.; Esatbeyoglu, T.; Capanoglu, E. Effect of Germination on the Phenolic Compounds: Content, Bioavailability,
Food Applications, and Health Benefits. ]. Food Meas. Charact. 2025, 19, 8144-8164. [CrossRef]

Adebo, O.A.; Gabriela Medina-Meza, I. Impact of Fermentation on the Phenolic Compounds and Antioxidant Activity of Whole
Cereal Grains: A Mini Review. Molecules 2020, 25, 927. [CrossRef]

Melini, F.; Melini, V. Impact of Fermentation on Phenolic Compounds and Antioxidant Capacity of Quinoa. Fermentation 2021,
7, 20. [CrossRef]

Rodriguez, M.A.; Ferndndez, L.A.; Daisley, B.A.; Reynaldi, F].; Allen-Vercoe, E.; Thompson, G.J. Probiotics and In-Hive
Fermentation as a Source of Beneficial Microbes to Support the Gut Microbial Health of Honey Bees. J. Insect Sci. 2023, 23, 19.
[CrossRef] [PubMed]

Matejcekova, Z.; Liptdkovd, D.; Valik, L. Evaluation of The Potential of Amaranth Flour for Lactic Acid Fermentation. J. Pharm.
Nutr. Sci. 2016, 6, 1-6. [CrossRef]

Ziarno, M.; Cichonska, P. Lactic Acid Bacteria-Fermentable Cereal- and Pseudocereal-Based Beverages. Microorganisms 2021,
9, 2532. [CrossRef]

Nkhata, S.G.; Ayua, E.; Kamau, E.H.; Shingiro, J. Fermentation and Germination Improve Nutritional Value of Cereals and
Legumes through Activation of Endogenous Enzymes. Food Sci. Nutr. 2018, 6, 2446-2458. [CrossRef]

Petrova, P; Petrov, K. Lactic Acid Fermentation of Cereals and Pseudocereals: Ancient Nutritional Biotechnologies with Modern
Applications. Nutrients 2020, 12, 1118. [CrossRef]

48 https://doi.org/10.3390 /microorganisms14020340



Microorganisms 2026, 14, 340

51.

52.

53.

54.

55.

56.

57.

Sarker, U.; Oba, S. Antioxidant Constituents of Three Selected Red and Green Color Amaranthus Leafy Vegetable. Sci. Rep. 2019,
9, 18233. [CrossRef]

Khanam, UK.S,; Oba, S.; Yanase, E.; Murakami, Y. Phenolic Acids, Flavonoids and Total Antioxidant Capacity of Selected Leafy
Vegetables. J. Funct. Foods 2012, 4, 979-987. [CrossRef]

Li, H,; Deng, Z.; Liu, R.; Zhu, H.; Draves, J.; Marcone, M.; Sun, Y.; Tsao, R. Characterization of Phenolics, Betacyanins and
Antioxidant Activities of the Seed, Leaf, Sprout, Flower and Stalk Extracts of Three Amaranthus Species. . Food Compos. Anal.
2015, 37, 75-81. [CrossRef]

Popoola, O.0. Phenolic Compounds Composition and in Vitro Antioxidant Activity of Nigerian Amaranthus Viridis Seed as
Affected by Autoclaving and Germination. Meas. Food 2022, 6, 100028. [CrossRef]

Aguilar-Padilla, J.; Centeno-Leija, S.; Bojorquez-Veldzquez, E.; Elizalde-Contreras, ].M.; Ruiz-May, E.; Serrano-Posada, H.; Osuna-
Castro, J.A. Characterization of the Technofunctional Properties and Three-Dimensional Structure Prediction of 11S Globulins
from Amaranth (Amaranthus hypochondriacus L.) Seeds. Foods 2023, 12, 461. [CrossRef]

Bojorquez-Veldzquez, E.; Zamora-Brisefo, ].A.; Barrera-Pacheco, A.; Espitia-Rangel, E.; Herrera-Estrella, A.; Barba De La Rosa,
A.P. Comparative Proteomic Analysis of Wild and Cultivated Amaranth Species Seeds by 2-DE and ESI-MS/MS. Plants 2024,
13, 2728. [CrossRef]

Bojorquez-Velazquez, E.; Barrera-Pacheco, A.; Espitia-Rangel, E.; Herrera-Estrella, A.; Barba De La Rosa, A.P. Protein Analysis
Reveals Differential Accumulation of Late Embryogenesis Abundant and Storage Proteins in Seeds of Wild and Cultivated
Amaranth Species. BMC Plant Biol. 2019, 19, 59. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

49 https://doi.org/10.3390 /microorganisms14020340



microorganisms m\D\Pu
F

Article
Comprehensive Safety Assessment of Lentilactobacillus
buchneri KU200793 as a Potential Probiotic

Suin Kim !, Huijin Jeong 1, Na-Kyoung Lee 2, Dae-Kyung Kang %, Hyun-Dong Paik 2, Young-Seo Park *

and Jong Hun Lee 1*

Department of Food Science and Biotechnology, Gachon University, Seongnam 13120, Republic of Korea;
sue030465@gachon.ac.kr (S.K.); huijin0218@gmail.com (H.].)

Department of Food Science and Biotechnology of Animal Resource, Konkuk University,

Seoul 05029, Republic of Korea; nakyoung_lee@nate.com (N.-K.L.); hdpaik@konkuk.ac.kr (H.-D.P.)
Department of Animal Biotechnology, Dankook University, Cheonan 31116, Republic of Korea;
dkkang@dankook.ac.kr

*  Correspondence: ypark@gachon.ac.kr (Y.-S.P.); foodguy@gachon.ac.kr (J.H.L.);

Tel.: +82-31-750-5378 (Y.-S.P.); +82-31-750-5872 (J.H.L.)

Abstract: The safety profile of Lentilactobacillus buchneri KU200793, which has neuropro-
tective effects, was comprehensively evaluated through both phenotypic and genotypic
analyses. Phenotypically, the strain exhibited no 3-hemolysis, mucin degradation, indole
production, gelatin liquefaction, urease activity, or 3-glucuronidase activity. Additionally,
it did not produce D-lactate, and only trace amounts of spermidine were detected among
the biogenic amines. Furthermore, L. buchneri KU200793 did not exhibit bile salt deconju-
gation, further supporting its safety profile. However, its tetracycline resistance exceeded
the threshold set by the European Food Safety Authority. Genotypic analysis using the
HGTree program identified tetA(58) and nalD genes with sequence similarities of 33.64%
and 30.17%, respectively, indicating a low level of homology. These findings suggest that
tetracycline resistance in L. buchneri KU200793 is unlikely to have been acquired through
horizontal gene transfer, thereby minimizing the risk of resistance gene dissemination. This
study underscores the importance of comprehensive safety assessments to evaluate the
suitability of L. buchneri KU200793 for probiotic applications.

Keywords: genotypic analysis; Lentilactobacillus buchneri; neuroprotective effects; phenotypic
analysis; probiotics; safety evaluation

1. Introduction

Lactic acid bacteria (LAB) have long been utilized as probiotics in dietary supplements
and food products [1]. LAB serve not only as natural preservatives by enhancing the
flavor and acidity of food but also offer various health benefits, including improving
mucosal integrity, exhibiting anti-pathogenic properties, aiding in the management of
lactose intolerance and food allergies, preventing diarrhea, and alleviating inflammation [2].
The Food and Agriculture Organization (FAO) and the World Health Organization (WHO)
defined probiotics as “live microorganisms that, when administered in adequate amounts,
confer a health benefit on the host” [3]. Traditionally, probiotics have been studied for their
role in immune modulation and gut health. Recently, growing research into the causal links
between microbiota and various diseases has increased interest in the therapeutic potential
of probiotics for disease management [4,5].

Despite their potential health benefits, the expanding diversity of LAB and their
increasing use as probiotics, particularly strains belonging to the genus Lactobacillus,
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have raised concerns regarding their safety [6,7]. A report by FAO and WHO highlights
four potential adverse effects of probiotics: invasive infections, harmful metabolic pro-
cesses, excessive immune activation in vulnerable individuals, and horizontal gene transfer
(HGT) [8]. Furthermore, certain LAB are opportunistic pathogens linked to bacteremia,
a rare but increasingly observed condition in patients with immune disorders or under-
lying health conditions. These concerns underscore the need for comprehensive safety
assessments to ensure the safe use of LAB in food and dietary supplements [9].
Lentilactobacillus buchneri is an obligate heterofermentative, facultative anaerobic bac-
terium naturally found in diverse ecological environments and is closely associated with
food production and fermentation processes [10]. This species is well-known for its ben-
eficial effects, including the conversion of lactic acid to acetic acid, which inhibits the
growth of certain yeasts and molds [11]. L. buchneri KU200793 exhibits various poten-
tial probiotic properties, including high resistance to artificial gastric juice and bile salts,
cholesterol-lowering effects, and antimicrobial activity. Additionally, this strain demon-
strates beneficial 3-galactosidase activity and the absence of 3-glucuronidase, indicating its
safety. It also demonstrates remarkable antioxidant activity under heat-killed conditions.
Furthermore, L. buchneri KU200793 has been shown to protect SH-SY5Y neuronal cells from
MPP*-induced neurotoxicity by significantly enhancing cell viability and upregulating
brain-derived neurotrophic factor (BDNF) mRNA expression. It also reduces the Bax/Bcl-2
ratio, thereby exerting an anti-apoptotic effect. These findings suggest that L. buchneri
KU200793 possesses neuroprotective potential through the gut-brain axis and may serve
as a promising probiotic candidate for the prevention of neurodegenerative diseases [12].
Although this strain was originally isolated from kimchi, a traditional fermented food,
L. buchneri KU200793 has not been intentionally applied or evaluated for use in commercial
food products or dietary supplements. Considering its potential application as a dietary
supplement for humans, a comprehensive safety assessment is essential [13]. Accordingly,
this study aimed to evaluate the safety of L. buchneri KU200793 based on the guidelines
provided by the FAO/WHO (2002) and European Food Safety Authority (EFSA) [14].

2. Materials and Methods

2.1. Bacterial Strains and Culture Conditions

L. buchneri KU200793 (KCCM 12593P) was obtained from Konkuk University (Seoul,
Republic of Korea) and grown anaerobically in de Man, Rogosa, and Sharpe broth (MRS;
BD, Franklin Lakes, NJ, USA) at 37 °C for 24 h. The MRS broth contained (per liter): 10 g
of protease peptone No. 3, 10 g of beef extract, 5 g of yeast extract, 20 g of dextrose, 1 g of
polysorbate 80, 2 g of ammonium citrate, 5 g of sodium acetate, 0.1 g of magnesium sulfate,
0.05 g of manganese sulfate, and 2 g of dipotassium phosphate.

Klebsiella pneumoniae subsp. pneumoniae KCCM 60022, Proteus vulgaris KCCM 40221,
Escherichia coli KCCM 11234, Streptococcus pneumoniae KCCM 41570, S. pyogenes KCCM
40411, S. agalactine KCCM 40417, and Brevibacillus (Br.) parabrevis KCCM 41421 were pur-
chased from the Korean Culture Center of Microorganisms (Seoul, Republic of Korea).
Lactiplantibacillus plantarum KU15122 was obtained from Konkuk University (Seoul, Repub-
lic of Korea). Bacillus cereus KCCM 11204, K. pneumoniae subsp. pneumoniae KCCM 60022,
P. vulgaris KCCM 40221, E. coli KCCM 11234, and Br. parabrevis KCCM 41421 were cultured
in nutrient broth (BD) (3 g of beef extract and 5 g of peptone, per liter) at 30 °C for 24 h.
Lp. plantarum KU15122 was cultured in MRS medium at 37 °C for 24 h.

2.2. Cell Culture Conditions

The Caco-2 cell line (ATCC® HTB-37™) was obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Caco-2 cells are widely used as an in vitro model
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of intestinal epithelial cells in probiotic safety assessments, as their viability reflects the
absence of cytotoxic effects. The cells were cultured in an incubator (Thermo Fisher
Scientific, Waltham, MA, USA) maintained at 37 °C with 5% CO,. Dulbecco’s modified
Eagle’s medium (DMEM,; Gibco, Grand Island, NY, USA) supplemented with 1% (v/v)
penicillin-streptomycin (Gibco), and 10% (v/v) fetal bovine serum (FBS; Corning Inc.,
Corning, NY, USA) was used as the culture medium.

2.3. Assessment of Hemolytic Activity

Hemolytic activity was evaluated by streaking bacteria on blood agar base No. 2
(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 5% sheep blood (KisanBio, Seoul,
Republic of Korea). The plates were inoculated with L. buchneri KU200793, S. pneumoniae
KCCM 41570, S. pyogenes KCCM 40411 and S. agalactine KCCM 40417 and then incubated
under anaerobic conditions at 37 °C for 48 h. Strains that formed a green area around the
colony were classified as x-hemolytic, those that formed a clear zone were classified as
-hemolytic, and those with no observable color change around the colony were classified
as y-hemolytic.

2.4. Evaluation of Bile Salt Deconjugation

Bile salt deconjugation was assessed using MRS containing 0.5% taurodeoxycholic
acid (bile acid; Sigma-Aldrich). Plates inoculated with L. buchneri KU200793 and B. cereus
KCCM 11204 were anaerobically cultured at 37 °C for 48 h. Strains with sedimentation
around the bacterial colonies were classified as exhibiting bile salt hydrolase (BSH) activity.

2.5. Cytotoxicity Assay Using Caco-2 Cells

Caco-2 cells were seeded at a density of 5 x 104 cells/well in a 96-well plate in DMEM
supplemented with 10% FBS and 1% penicillin—streptomycin. The cells were incubated
at 37 °C in a 5% CO, incubator for 20 h. L. buchneri KU200793 was cultured in MRS broth
at 37 °C for 18 h, while K. pneumoniae subsp. pneumoniae KCCM 60022, used as a positive
control, was grown in nutrient broth under the same conditions. Overnight cultures were
inoculated into 10 mL of MRS medium at 37 °C for 7 h. Cells were harvested by centrifu-
gation at 16,000 x g for 1 min. The harvested cells were washed thrice with Dulbecco’s
phosphate-buffered saline (DPBS; Welgene, Gyeongsan, Republic of Korea) and resus-
pended in 1 mL of DMEM containing 10% (v/v) FBS and 1% penicillin—streptomycin [15].
This suspension was added to Caco-2 cells at a multiplicity of infection (MOI; the ratio
of LAB cells to Caco-2 cells) of 31.3, 62.5, and 125, and the cultures were incubated at
37 °C in a 5% CO; incubator for 24 h. After 24 h, plates were washed twice with DPBS.
Subsequently, 200 pL of DMEM containing 10% FBS and 1% penicillin-streptomycin was
added to each well, followed by 20 pL of EZ-Cytox solution (DoGenBio Co., Ltd., Seoul,
Republic of Korea). The mixture was incubated at 37 °C in a 5% CO, atmosphere for 30 min.
The EZ-Cytox assay utilizes water-soluble tetrazolium-8, which is reduced by intracellular
dehydrogenases in viable cells to produce a water-soluble formazan dye. The amount of
formazan formed is proportional to the metabolic activity of viable cells and thus serves
as an indirect indicator of cytotoxicity [16]. Absorbance at 450 nm, reflecting cell viability
through the amount of formazan produced, was measured using Take3 Micro-Volume
Plates (Epoch Microplate Reader; BioTek Instruments, Inc., Winooski, VT, USA).

2.6. Determination of Mucin Degradation

L. buchneri KU200793 was inoculated into four types of media: a basal medium without
any carbon source, a basal medium with 0.3% (w/v) mucin as the sole carbon source, a
basal medium supplemented with 1% (w/v) glucose, and a basal medium containing both
0.3% (w/v) mucin and 1% (w/v) glucose. Bacterial growth was assessed after 8 and 24 h of

52



Microorganisms 2025, 13, 2067

incubation by measuring the optical density (OD) at 600 nm using a spectrophotometer
(BioSpec-mini, Shimadzu Co., Kyoto, Japan) and by monitoring pH changes. Growth in
mucin-containing media was considered to indicate the strain’s ability to utilize mucin as a
carbon source, thereby reflecting potential mucin-degrading activity.

2.7. Quantification of D-Lactic Acid Production

The LAB culture was centrifuged at 16,000 x g for 10 min, and the supernatant was
collected. The obtained supernatant was analyzed using an Enzytec™ Liquid D-Lactic acid
assay kit (R-Biopharm, Darmstadt, Germany) following the manufacturer’s instructions.
The D-lactic acid concentration was determined by measuring absorbance at 340 nm using
a BioSpec-mini spectrophotometer (Shimadzu Co.). This assay specifically detects D-lactic
acid without cross-reactivity to L-lactic acid.

2.8. Analysis of Biogenic Amine Production

L. buchneri KU200793 was cultured in MRS medium supplemented with 400 ppm
each of amino acid precursors, including ornithine, histidine, tryptophan, tyrosine, lysine,
arginine, and phenylalanine (Sigma-Aldrich) at 37 °C for 20 h. One milliliter of the culture
supernatant, 500 uL of saturated sodium carbonate solution, and 800 uL of 1% (w/v) dansyl
chloride acetone solution were mixed and reacted at 45 °C for 1 h. Subsequently, 500 uL of
10% (w/v) proline and 5 mL of diethyl ether were added to the derivatized mixture, which
was shaken for 10 min. The supernatant was collected and evaporated under nitrogen
gas, then dissolved in 1 mL of acetonitrile and filtered through a 0.22 um polyvinylidene
difluoride filter. The derivatized biogenic amine (BA) mixture was quantitatively analyzed
by high-performance liquid chromatography using a DIONEX UltiMate 3000 system
(Thermo Fisher Scientific). The analysis was performed using a 250 x 4.6 mm, 5 um,
Agilent 5 TC-C18 column (Agilent Technologies, Amstelveen, The Netherlands) and a UV
detector set at 254 nm, at a column oven temperature of 40 °C. Twenty microliters of the
sample was injected into the column at 1 mL/min in a mobile phase consisting of 55:45
(acetonitrile-water) after equilibration for 30 min. The standard BAs evaluated in this
study were agmatine, 3-phenylethylamine, histamine, putrescine, serotonin, spermidine,
tryptamine, and tyramine. To complement the phenotypic data, genes related to the
polyamine transport system (potA-E) were identified by keyword searching annotated
coding sequences in the L. buchneri KU200793 genome.

2.9. Antibiotic Susceptibility Test

The antibiotic susceptibility of L. buchneri KU200793 was assessed using E-test strips
(ETEST, bioMérieux, Marcy—l’Etoile, France). The minimum inhibitory concentration (MIC)
of each antibiotic was determined based on the cut-off values established by the EFSA
for probiotics [14]. A suspension of bacterial colonies was prepared in 0.88% (w/v) NaCl
solution and adjusted to match the 0.5 McFarland standard. This suspension was uniformly
spread onto the surface of agar plates using sterile cotton swabs. E-test strips for antibiotics
were placed on the agar surface using sterile forceps, and the plates were incubated at
37 °C for 24 h before evaluating the MIC.

2.10. Genomic Analysis of Antibiotic Resistance and Virulence Factors

The whole-genome sequence of L. buchneri KU200793 (NCBI Bioproject accession
number: PRJINA1237560) was provided by Dankook University and was used to identify
antibiotic resistance. The analysis was performed using Resistance Gene Identifier (RGI)
software version 6.0.3 (https:/ /card.mcmaster.ca/analyze/rgi, accessed on 18 February
2025) based on the Comprehensive Antibiotic Resistance Database version 3.2.8 and Res-
Finder version 4.4.1 (http:/ / genepi.food.dtu.dk/resfinder, accessed on 4 March 2025) based
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on the ResFinder database. These tools were used to examine the presence of antibiotic
resistance genes (ARGs) and assess the resistance levels associated with mutations. The
criteria for RGI analysis included the following: Selection criteria: Perfect, Strict, and Loose
hits; Nudge > 95% identity for Loose hits to Strict (excluding nudge and low-confidence
hits); and Sequence Quality: high quality /coverage. Loose hits were considered indicative
of ARGs if they exhibited >70% sequence identity. For ResFinder analysis, the threshold
criteria were set at 90% sequence similarity and a minimum length of 60%. Additionally,
HGT potential was analyzed using the HGTree2 program, whereas the presence of ARGs
within the plasmids and their potential for horizontal transfer were assessed using Plas-
midFinder 2.0. PHASTEST was used to identify prophage regions within the genome to
assess whether transduction was involved in the horizontal transfer of resistance genes.
The involvement of transposons in HGT was assessed using MobileElementFinder.

2.11. Gelatin Liquefaction Assay

The gelatin liquefaction assay was conducted in MRS medium supplemented with 12%
(w/v) gelatin. A single colony of L. buchneri KU200793 was introduced into the medium
and incubated at 37 °C for 72 h. Br. parabrevis KCCM 41421 was used as a positive control
and was incubated under identical conditions. After incubation, the test tubes were placed
in an ice bath for 30 min. Strains capable of liquefying gelatin were considered positive for
gelatinase activity.

2.12. Urease Activity Assay

The urease activity of bacterial cells was assessed by streaking them onto Christensen’s
urea agar (0.1 g of peptone, 0.1 g of dextrose, 0.5 g of sodium chloride, 0.2 g of monopotas-
sium phosphate, 2 g of urea, 0.012 g of phenol red) slants. L. buchneri KU200793 and
P. vulgaris KCCM 40221, which was used as a positive control, were incubated at 37 °C for
six days. Urease activity was determined by observing the changes in pH, as indicated
by a color change in the slants from orange to pink. Pink coloration indicated ammonia
production, confirming a positive urease reaction.

2.13. Indole Production Assay

Indole production was assessed using tryptophan as a substrate. L. buchneri KU200793
and E. coli KCCM 11234, used as a positive control, were cultured in tryptophan broth
(10.0 g of casein enzyme hydrolysate, 5.0 g of NaCl, 1.0 g of DL-tryptophan, per liter) at
37 °C for 24 h. After incubation, five drops of Kovac reagent (Sigma-Aldrich) were added
to the medium. A red ring on the surface of the medium indicated a positive result for
indole production.

2.14. Statistical Analysis

All experiments were conducted in triplicate, with the results expressed as the
mean =+ standard deviation (SD). Statistical analyses were performed using SPSS 28
(SPSS Inc., Chicago, IL, USA) software. One-way analysis of variance (ANOVA) was
used to evaluate the statistical significance of the results, and Duncan’s multiple range
test was used to identify significant differences between groups. A p-value of <0.05 was
considered statistically significant.

3. Results
3.1. Hemolytic Profile of L. buchneri KU200793

S. pneumonine KCCM 41570 exhibited a-hemolysis, characterized by a greenish dis-
coloration around the colonies on blood agar (Figure 1a). In contrast, the positive control,

54



Microorganisms 2025, 13, 2067

S. pyogenes KCCM 40411, displayed 3-hemolysis, forming a clear hemolytic zone around
the colonies (Figure 1b). S. agalactine KCCM 40417 showed no hemolysis on blood agar, and
the medium retained its red color (Figure 1c). Similarly, L. buchneri KU200793 exhibited no
color change around its colonies, indicating the absence of hemolytic activity, and was thus
classified as y-hemolytic (Figure 1d).

Figure 1. Hemolytic activity of bacterial strains. (a) S. pneumoniae KCCM 41570 (x-hemolysis);
(b) S. pyogenes KCCM 40411 (3-hemolysis); (c) S. agalactine KCCM 40417; and (d) L. buchneri KU200793
(y-hemolysis).

3.2. Bile Salt Deconjugation Activity

Lp. plantarum KU15122 exhibited positive BSH activity, as indicated by the formation
of a precipitation halo around the colonies due to bile salt deconjugation. Additionally, the
agar appeared cloudy, and the colonies displayed a whitish, granular texture (Figure 2a).
In contrast, L. buchneri KU200793 did not form any precipitate, confirming the absence of
BSH activity (Figure 2b).

Figure 2. Bile salt deconjugation test. (a) Lp. plantarum KU15122 (positive control) exhibited a
precipitation halo, whereas (b) L. buchneri KU200793 showed no precipitate.

3.3. Cytotoxic Effects on Caco-2 Cells

L. buchneri KU200793 did not exhibit cytotoxicity under any of the tested MOI condi-
tions. The positive control strain, K. pneumoniae subsp. pneumoniae KCCM 60022, showed
cell viabilities of 64%, 58%, and 48% at MOI values of 31.3, 62.5, and 125, respectively.
In contrast, L. buchneri KU200793 exhibited significantly higher cell viabilities of 146%,
133%, and 130%, respectively, under the same conditions, surpassing those of the untreated
control group (Figure 3). These results clearly indicate that L. buchneri KU200793 is not
cytotoxic and may even enhance cell viability under all tested MOI conditions.
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Figure 3. Effect of L. buchneri KU200793 on the cell viability of Caco-2 cells. Cells were treated
with L. buchneri KU200793 (black bar) or K. pneumoniae subsp. pneumoniae KCCM 60022 (grey bar).
Different letters indicate significant differences (p < 0.05).

3.4. Mucin Degradation Potential

L. buchneri KU200793 did not exhibit any increase in OD or pH changes in the medium
containing 0.3% (w/v) mucin as the sole carbon source. In contrast, OD values increased
in media containing glucose, which is commonly utilized as an optimal carbon source by
most LAB (Figure 4). These results demonstrate that L. buchneri KU200793 does not exhibit
mucin-degrading activity.
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Figure 4. Mucin degradation activity of L. buchneri KU200793. (a,b) Cell growth (OD600) at 8 h and
24 h; (c,d) culture pH at 8 h and 24 h. Different letters indicate significant differences (p < 0.05).

3.5. D-Lactic Acid Production Levels

The D-lactic acid production by L. buchneri KU200793 was quantified. The assay results
showed that L. buchneri KU200793 produced 2 mM D-lactic acid (Table 1).

56



Microorganisms 2025, 13, 2067

Table 1. D-Lactic acid production of Lentilactobacillus buchneri KU200793.

Strain D-Lactic Acid (mM)
L. buchneri KU200793 20+03

The data are expressed as mean + SD (n = 3).

3.6. Biogenic Amine Production Profile

Under our experimental conditions, the analysis of BA production in L. buchneri
KU200793 revealed the presence of spermidine at a concentration of 15.27 ppm in the
supernatant. However, no detectable levels of other Bas, such as agmatine, histamine,
-phenylethylamine, putrescine, serotonin, tyramine, and tryptamine were observed (Table 2).

Table 2. Biogenic amine production of Lentilactobacillus buchneri KU200793.

Biogenic Amines Concentration (ppm)
Agmatine nd. *
B-phenylethylamine n.d.
Putrescine n.d.
Histamine n.d.
Serotonin n.d.
Spermidine 153 +7.0
Tryptamine n.d.
Tyramine n.d.

*n.d.: Not detected. The data are expressed as mean =+ SD (1 = 3).

3.7. Antibiotic Resistance Pattern

The antibiotic resistance of L. buchneri KU200793 was evaluated based on MIC values
(ng/mL) exceeding the thresholds recommended by the EFSA. The results demonstrated
that L. buchneri KU200793 was susceptible to all tested antibiotics, except for tetracycline
(Figure 5, Table 3).
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Figure 5. E-test for the determination of antibiotic resistance.
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Table 3. Minimum inhibitory concentration and antibiotic susceptibility of Lentilactobacillus buchneri

KU200793.
Antibiotics Cut-Off Value (ug/mL) * MIC (ug/mL) Assessment
Ampicillin 2 0.38 S
Vancomycin n.r. ** - -
Gentamycin 16 0.047 S
Kanamycin 32 1 S
Streptomycin 64 0.5 S
Erythromycin 1 0.016 S
Clindamycin 1 0.016 S
Tetracycline 8 48 R %
Chloramphenicol 4 1 S

* Cut-off value based on European Food Safety Authority guidelines; ** n.r., not required; *** S, Susceptible;
***#* R, Resistant.

3.8. Genome-Based Identification of Resistance and Virulence Determinants

The complete genome sequence of L. buchneri KU200793 was analyzed to identify
ARGs and assess the HGT potential. A total of 29 genes were predicted to have undergone
HGT, of which 16 were identified as acquired genes and 13 as donated genes. Further
analysis using HGTree2 and RGI confirmed that none of these predicted HGT-acquired
genes contained ARGs. Additionally, PlasmidFinder 2.0 confirmed the absence of plasmids
in L. buchneri KU200793. PHASTEST, which was used to evaluate the possibility of trans-
duction, identified one intact prophage region. However, further analyses using RGI and
ResFinder confirmed that no ARGs were present in the identified prophage region. The
MobileElementFinder program identified eight mobile genetic elements, but ResFinder
analysis did not detect any ARGs within these elements. Furthermore, RGI analysis iden-
tified tetA(58) with 33.64% homology and nalD with 30.17% homology (Table 4). The
low-sequence homology suggested that these genes were unlikely to function as intact
ARGs. Based on these results, we concluded that no functional ARGs were present within
the intact prophage regions.

Table 4. Results of antibiotic resistance gene analysis based on genome sequence data.

I . % Identity
RGI Criteria ARO Term AMR Gene Family Drug Class Matching Region
Major facilitator
tetA(58) superfamily antibiotic tetracycline antibiotic 33.64

efflux pump

macrolide antibiotic,

fluoroquinolone antibiotic,

monobactam, carbapenem,

cephalosporin, cephamycin,
penam, tetracycline antibiotic, 3017

peptide antibiotic, '

aminocoumarin antibiotic,

diaminopyrimidine antibiotic,
sulfonamide antibiotic,
phenicol antibiotic, penem

Loose . .
Resistance-nodulation-

nalD cell division antibiotic
efflux pump

3.9. Gelatin Liquefaction Activity

No gelatin liquefaction was observed in the medium inoculated with L. buchneri
KU200793. The medium remained solid, indicating that the strain does not produce en-
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zymes capable of hydrolyzing gelatin. In contrast, the positive control strain, Br. parabrevis
KCCM 41421, exhibited gelatin hydrolysis, resulting in liquefaction of the medium.

3.10. Urease Activity

The urease activity of L. buchneri KU200793 was assessed, and no color change was
observed in the medium, indicating that the strain does not produce urease. In contrast, the
positive control, P. vulgaris KCCM 40221, induced a color shift to pink, confirming urease
activity and ammonia production.

3.11. Indole Production

L. buchneri KU200793 showed no observable changes in the surface layer after the
addition of Kovac’s reagent, and no pink ring formation was detected, indicating that
this strain did not produce indole. In contrast, the positive control strain, E. coli KCCM
11234, exhibited a distinct pink ring on the surface after the addition of Kovac’s reagent,
suggesting tryptophanase activity, which enables the conversion of tryptophan to indole.

4. Discussion

Safety evaluation of probiotic strains is a crucial prerequisite for their commercial
application and potential health benefits. Unverified strains present health risks, including
opportunistic infections, HGT of antibiotic resistance, and harmful metabolic activities.
Therefore, a comprehensive safety assessment—encompassing genome-based screening for
ARGs, metabolic profiling, and both in vivo and in vitro toxicity evaluations—is essential.
Only strains that meet rigorous safety standards should be considered for probiotic use.
L. buchneri is listed in the EFSA’s Qualified Presumption of Safety (QPS) list, indicating its
safety status for use in food and feed applications in the EU. This species-level recognition
provides a basis for investigating the safety characteristics of strain L. buchneri KU200793.

Hemolytic activity is a key parameter in probiotic safety evaluation, as 3-hemolysis
is associated with pathogenic potential. Using blood agar assays, L. buchneri KU200793
exhibited no hemolytic activity, consistent with the y-hemolytic phenotype. The absence
of hemolytic activity indicates non-pathogenic properties in probiotic strains and serves
as a positive indicator in their safety assessment [17]. Consistent with our findings, a
previous study reported no 3-hemolytic activity in four other Lactobacillus strains, including
L. fermentum IDCC 3901 [18].

BSH is widely present in the gut microbiota and contributes to microbial survival,
but its activity may generate harmful secondary bile acids linked to adverse health
effects [19,20]. Owing to the potential risks associated with BSH activity, the Ministry
of Food and Drug Safety of Korea recommends cautionary labeling for probiotics with
positive BSH activity to prevent excessive consumption. The findings of this study confirm
that L. buchneri KU200793 is a safe strain with no BSH activity. These results align with those
of a previous study reporting the absence of BSH activity in L. paracasei subsp. paracasei
NTU101 [8].

L. buchneri KU200793 enhanced the survival of Caco-2 cells, which are widely used as
an intestinal epithelial model for probiotic safety assessment. Cell viability was assessed
using a colorimetric assay with water-soluble tetrazolium-8. The amount of formazan
produced correlates with the metabolic activity of viable cells, thereby indirectly reflecting
cell viability. These findings provide scientific evidence supporting the safety of L. buchneri
KU200793 and reinforce previous reports that probiotic strains are not expected to be
cytotoxic to intestinal epithelial cells [21].

The intestinal mucus layer provides both a favorable niche for microbial survival and
a primary barrier against pathogen and toxin entry. Mucin degradation, a known viru-
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lence trait of pathogens such as Vibrio cholerae, Helicobacter pylori, Salmonella, Shigella, and
Staphylococcus aureus, facilitates host invasion and increases susceptibility to harmful com-
pounds [22,23]. This study aligns with previous research reporting that L. rhamnosus HN001,
L. acidophilus HNO017, and Bifidobacterium lactis HN019 do not exhibit mucin-degradation
activity [24]. Similarly, an earlier study found that none of the 75 tested Lactococcus lactis
strains exhibited mucin-degrading activity [25].

In contrast to L-lactic acid, which is efficiently metabolized in humans, D-lactic acid
is produced in a strain- and condition-dependent manner and undergoes only limited
degradation by intestinal enzymes [26]. Consequently, the excessive consumption of probi-
otics that produce D-lactic acid can lead to its accumulation in the bloodstream, potentially
resulting in D-lactic acidosis. In healthy adults, blood D-lactic acid levels typically range
from 5 to 20 umol/L, which is considered safe [27]. However, when the concentration ex-
ceeds 3 mmol/L, D-lactic acidosis may occur, causing various neurological symptoms [28].
The production levels of D-lactic acid vary depending on the type of probiotic strain, and
L. buchneri, which belongs to the Lentilactobacillus genus, is known to produce both D- and
L-lactic acid, classifying it as a D, L-lactate-producing strain [29]. L. buchneri KU200793
demonstrated a relatively low level of D-lactic acid production, highlighting its safety
attributes as a probiotic strain. The amount of D-lactic acid produced by this strain was
significantly lower than that produced by L. lactis DSM20072, which produces 7.47 mM [30],
and L. rhamnosus GG, a widely used commercial probiotic strain [26].

BAs produced via amino acid decarboxylation are well known to act as neurotrans-
mitters in humans, and spermidine, an endogenous metabolite, additionally plays a crucial
role in cell growth, anti-aging, and autophagy [31]. Fermented and long-stored foods
often show elevated BA levels due to microbial contamination, and some Lactobacillus
species are major BA producers that generate them under acidic conditions as a survival
strategy [32,33]. However, excessive BA accumulation may cause adverse effects such
as headaches, neurological disorders, or hypotension, and high intake of histamine and
tyramine has been linked to histamine poisoning and hypertensive crisis [34].

The spermidine production in L. buchneri KU200793 was relatively low compared with
that in previously reported probiotic strains, such as L. brevis NZ.Lbr.082 and L. paracasei
NZ.Lbp.105, which produced 23.06 and 35.81 ppm of spermidine, respectively [35]. Al-
though these strains are not phylogenetically closest to L. buchneri, they are commonly used
probiotic lactobacilli with established safety profiles and functional similarities, particularly
in fermented food contexts [36]. Therefore, the comparison provides a relevant benchmark
indicating that the BA production of L. buchneri KU200793 remains within a safe and ac-
ceptable range. Furthermore, fermented soybean-based foods contain high concentrations
of BAs and BA-producing microorganisms. According to the literature, the maximum BA
concentrations reported in fermented products such as soy sauce, natto, and cheongguk-
jang were 53.1 ppm, 478.1 ppm, and 79.1 ppm, respectively, indicating that the BA levels
present in typical dietary intake are higher than those produced by L. buchneri KU200793.
In addition, no specific dietary intake recommendations or toxicity thresholds have been
established for putrescine, spermidine, or tryptamine in healthy individuals, suggesting
that their consumption is not strictly regulated. Moreover, the regulatory authorities in
various countries have not set specific permissible limits for spermidine, further supporting
its safety [37].

In nature, antibiotics function as competitive tools among microorganisms, but their
indiscriminate use has accelerated the emergence of antimicrobial resistance in both
pathogenic and commensal species [38]. LAB, including Lactobacillus species, are generally
considered safe. However, concerns regarding antibiotic resistance in LAB have emerged
following reports of antibiotic-resistant Lactobacillus strains isolated from cheese [39]. The
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acquisition of antibiotic resistance reduces treatment efficacy, and the potential transfer of
ARGs from probiotics to pathogens represents a critical public health concern. Therefore,
assessing the antibiotic resistance profiles of probiotic strains before they can be used for
food applications is essential [40]. In the present study, L. buchneri KU200793 exhibited
tetracycline resistance; however, its overall antibiotic resistance levels were lower than
those previously reported for other probiotic strains. L. salivarius CGMCC2070 showed
resistance to both tetracycline and erythromycin as well as intermediate resistance to gen-
tamicin [41]. In addition, five L. lactis strains demonstrated resistance to both tetracycline
and streptomycin [42]. Compared with previously reported strains that exhibit resistance
to multiple antibiotics, L. buchneri KU200793 appears to be a relatively safer probiotic
candidate regarding antibiotic resistance. However, further investigations are required
to clarify the mechanisms and genomic context of tetracycline resistance, for which we
conducted in silico analysis based on whole-genome sequencing data.

Antibiotic resistance can arise either intrinsically, through mutations stably inherited
within a strain, or via HGT, which poses a greater risk due to the possibility of ARG
dissemination to pathogens [43,44]. Plasmid conjugation, whereby a donor strain trans-
fers a plasmid to a recipient through pilus-mediated contact, represents a major HGT
mechanism [45]. Transduction by bacteriophages and mobilization of transposons fur-
ther contribute to ARG transfer, and integration of resistance-associated transposons into
plasmids can accelerate ARG dissemination among bacterial populations [46,47]. Genome
analysis confirmed the absence of exogenous resistance determinants commonly associated
with HGT, indicating that the tetracycline resistance in L. buchneri KU200793 is intrinsic
rather than acquired. This result suggests that the strain has a minimal potential for ARG
dissemination via horizontal gene transfer.

Gelatinase is a biologically active protease that degrades host proteins such as collagen,
casein, and hemoglobin, and its activity has been implicated in bacterial pathogenesis,
tissue damage, and the progression of inflammatory diseases such as endocarditis [24,48].
In addition, gelatinase can modulate host factors including cytokines and growth factors,
functioning as a virulence determinant in pathogenic bacteria, while bacterial metallo-
proteinases have also been linked to infection processes and tumor progression [49]. In
this study, L. buchneri KU200793 showed no gelatin liquefaction, indicating the absence of
gelatinase activity and supporting its safety by excluding this virulence-associated trait.

Urease is a nickel-dependent metalloenzyme that hydrolyzes urea into carbon dioxide
and ammonia, and its activity has been implicated in urinary tract infections, hepatic
encephalopathy, and other pathological conditions [50,51]. Moreover, in H. pylori, urease
contributes to acid resistance but also causes cytotoxic damage to gastric epithelial cells
through ammonia production. In this study, L. buchneri KU200793 showed no detectable
urease activity, supporting its safety by excluding this virulence-associated trait.

Indole is a nitrogen-containing metabolite generated by microbial tryptophan
metabolism via tryptophanase and has been associated with neurotoxic and metabolic
effects, including impaired motor function, anxiety, and depression [52]. Once absorbed,
indole is converted to indoxyl sulfate in the liver, which induces nephrotoxicity and has
been reported at elevated levels in patients with Parkinson’s disease [52,53]. In this study,
L. buchneri KU200793 did not produce indole, consistent with previous findings that none
of the tested Lactobacillus strains exhibited this activity [54].

5. Conclusions

A comprehensive safety assessment of L. buchneri KU200793 demonstrated its potential
as a safe probiotic strain. The absence of harmful enzymatic activities, the low production
of detrimental metabolites, and the lack of cytotoxicity in Caco-2 cells collectively support
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its safety. Although tetracycline resistance was detected, genome analysis indicated that
this trait is intrinsic and unlikely to be transferred horizontally, minimizing concerns about
ARG dissemination. In addition to the previously reported neuroprotective properties of
this strain, the present study established its safety, thereby reinforcing the feasibility of its
use in food applications and probiotic supplementation. Overall, these findings highlight
the importance of rigorous safety evaluations to ensure the responsible development of
probiotics and support the potential utilization of L. buchneri KU200793 as a safe candidate
for incorporation into dietary products.
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Abstract: Accurate quantification of Bifidobacterium animalis subsp. lactis HNO019, a clinically
validated probiotic strain conferring immune modulation, gastrointestinal health, and gut
barrier integrity benefits, is essential for diverse applications. To address the critical need
for strain-specific detection, we developed a quantitative PCR (qPCR) assay targeting a
unique single-nucleotide polymorphism (SNP) within the galK gene, identified through
comparative whole-genome sequencing (WGS) analysis of 31 B. animalis subsp. lactis
strains. The assay exhibited exceptional specificity, distinguishing HN019 from 19 other
Bifidobacterium strains. Sensitivity tests indicated a detection limit of 0.5 pg of DNA and 10°
CFU/mL of bacterial cells, making it suitable for industrial-scale applications. Additionally,
the method exhibited strong repeatability, reproducibility across different qPCR platforms,
and resistance to interference from high cell density of B. animalis subsp. lactis DSMZ 10140.
Successful quantification of HN019 in complex multi-strain probiotic powders confirmed
its practical reliability. This work establishes a rapid, robust, and scalable tool for precise
probiotic strain tracking, addressing critical quality control and regulatory compliance
needs within the rapidly expanding probiotic industry.

Keywords: Bifidobacterium animalis subsp. lactis; strain-specific; identification; quantification;
WGS-SNP

1. Introduction

Probiotics are live microorganisms that confer health benefits when administered in
adequate quantities and have become integral to modern therapeutic strategies, particularly
in the context of precision medicine and microbiome-targeted interventions [1]. Recent in-
sights into host-microbiome interactions, such as the “gut-brain axis” and “gut-liver axis”,
have expanded their therapeutic potential beyond gastrointestinal health to encompass
neurological, metabolic, and immune-related disorders [2-4]. These advancements under-
score the need for precise strain-level characterization to ensure consistency in probiotic
efficacy and safety.

Among probiotics, Bifidobacterium animalis subsp. lactis HN019 exemplifies transla-
tional promise due to its exceptional gastrointestinal persistence [5] and biological sta-
bility [6]. Extensive research has demonstrated its ability to enhance intestinal barrier
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function, exclude pathogens, and reduce the severity of pediatric infections [7,8]. Systemi-
cally, HN019 modulates immune-metabolic pathways by balancing the COX-2/COX-1 ra-
tio [9], suppressing inflammatory cascades [10], and ameliorating conditions like radiation-
induced colitis [11]. Clinically, it shortens the duration of respiratory infection-induced
fever and improves bowel motility [12,13]. Notably, HN019 has been shown to reduce
the risk of viral infections in infants [14] and enhance cellular immune function in elderly
populations [15], highlighting its broad applicability across age groups and supporting its
use in infant formulas, functional foods, and therapeutics [16].

The efficacy and safety of probiotics are inherently strain-specific, necessitating ac-
curate identification and quantification for product development, quality control, and
regulatory compliance. However, existing methods for strain identification and quan-
tification are limited by significant challenges. Colony morphology, while historically
used, requires 3-5 days for analysis and lacks resolution for species differentiation, with
phenotypes often influenced by environmental factors such as nutrient availability and in-
cubation conditions [17]. Genetic markers like 16S rRNA sequencing enabled species-level
identification but failed to resolve subspecies distinctions, such as differentiating B. animalis
subsp. lactis from B. animalis [18]. The atpD gene (ATP synthase subunit beta) improved
subspecies resolution, but it could not distinguish between strains due to high sequence
conservation [19]. Molecular fingerprinting techniques like pulsed-field gel electrophoresis
(PFGE) and random amplified polymorphic DNA (RAPD) have been employed for strain
typing [20]; these techniques are often complex, equipment-intensive, and unsuitable for
large-scale industrial applications. To address these challenges, whole-genome sequencing
(WGS) has emerged as a transformative tool. WGS-based single-nucleotide polymorphism
(SNP) analysis helps identify strain-specific genetic markers with unprecedented preci-
sion [21]. When combined with fluorescence quantitative PCR (qPCR), WGS-SNP analysis
offers a practical and scalable approach for quality control and regulatory applications in
probiotic products.

In this study, we focus on B. animalis subsp. lactis HN019, employing WGS-SNP
analysis to identify strain-specific genetic markers. These markers are integrated with
fluorescence quantitative PCR to develop a highly efficient, specific, and stable method for
the quantification of HN019. Through the validation of the method’s specificity, sensitivity,
repeatability, reproducibility, and resistance to interference, we establish a framework for
strain-level detection that can be applied both in research settings and across industrial
applications. This study provides technical support for the market regulation of probiotic
foods and the healthy development of the industry.

2. Materials and Methods
2.1. SNP Analysis

SNPs were analyzed in 31 B. animalis subsp. lactis strains, including BB-12, Bi07, and
others (Table 1), using whole-genome sequences retrieved from the NCBI database. The
B. animalis subsp. lactis HNO19 genome served as the reference. Sequence alignments
were performed with MUMmer (version 3.23, https://mummer.sourceforge.net/, accessed
on 8 February 2025) [22]. Initially, the nucmer utility [23] included with the MUMmer
(version 3.23, https:/ /mummer.sourceforge.net/, accessed on 8 February 2025) was used for
global pairwise alignment of the genomes from the 30 strains against the HN019 genome,
generating a comprehensive map of genomic similarities and differences. To improve
alignment accuracy, the delta-filter program (MUMmer version 3.23, https:/ /mummer.
sourceforge.net/, accessed on 10 February 2025) was applied to remove low-confidence
alignments and redundant genomic regions, retaining only high-quality data [24]. SNPs
were identified using the show-snps tool in MUMmer (version 3.23, https://mummer.
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sourceforge.net/, accessed on 12 February 2025), extracting variant positions between

the HNO19 strain and the other 30 strains. The analyses were conducted by Majorbio

(Shanghai, China).

Table 1. Strains used for WGS-SNP analysis.

Species Strain Assembly Number i]caffold Genome Size (Mb)
umber

HNO019 * GCA_003606305.1 1 1.935423
19-D-1 GCA_020309945.1 1 1.963057
ADO011 GCA_000021425.1 1 1.933695
ATCC 27673 GCA_000471945.1 1 1.963012
B420 GCA_000277325.1 1 1.938595
BAMA-B06 GCA_028463865.1 1 1.944252
BB-12 GCA_000025245.2 1 1.944152
BF052 GCA_000818055.1 1 1.938624
BGI-N3 GCA_040084745.1 1 1.944238
BI040 GCA_038086955.1 1 1.944141
Bi-07 GCA_000277345.1 1 1.938822
Bl-04 GCA_000022705.1 1 1.938709
Bl12 GCA_000414215.2 1 1.944036
BLC1 GCA_000224965.2 1 1.938583
CGMCC1.15623 GCA_044866785.1 1 1.944145
B. animalis subsp. lactis CNCM 1-2494 GCA_000220885.1 1 1.943113
DSM 10140 GCA_000022965.1 1 1.938483
DSM 15954 GCA_021018785.1 1 1.944152
GOLDGUT-BB18 GCA_034561975.1 1 1.944144
H1 GCA_016835115.1 1 1.944352
H3 GCA_016835135.1 1 1.944351
HOM2120 GCA_044502405.1 1 1.946900
1797 GCA_019576095.1 1 1.943538
IDCC4301 GCA_003428375.1 1 1.944141
KLDS 2.0603 GCA_000816205.1 1 1.946899
LPL-RH GCA_030284625.1 1 1.944223
MH-02 GCA_029167605.1 1 1.944290
S7 GCA_003390755.1 1 1.944072
SF GCA_029542645.1 1 1.944374
TCI604 GCA_036923305.1 1 1.944134
V9 GCA_000092765.1 1 1.944050

*: reference genome.

2.2. Primer and Probe Design

A total of 10,357 SNPs were identified in the B. animalis subsp. lactis HN019 genome
(Table S1). Among these, six variant sites were shared with the other 30 strains, and

five of these differential SNPs, located within four single-copy genes, were selected for

primer and probe design. Sequences were designed using Primer Express 3.0 (Applied

Biosystems, Foster City, CA, USA) [25]. Comparative evaluation revealed that the TagMan

assay targeting the galK SNP exhibited superior specificity for HN019 detection versus

assays for other loci, showing no cross-reactivity with phylogenetically related subspecies

strains. The sequences of the primers and probe used in this study are listed in Table 2 and

were synthesized by Sangon Biotech (Shanghai, China).
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Table 2. The sequences of primers and probe.

Gene The Sequences of Primers and Probe Product Length (bp)
TGATATGGCGAATGCTTGCA
gqalK CGGCTTGTGTGTCGTCATG 61

FAM-ACCCTTTTCATTTCCCTGC-MGB

2.3. DNA Extraction

Genomic DNA was extracted from the bacterial strains and samples using the Bac-
terial Genomic DNA Extraction Kit (No. DP302; Tiangen, Beijing, China), following the
manufacturer’s instructions [26]. The extracted DNA was assessed by electrophoresis on a
1.0% agarose gel, and its concentration, 260/280 ratio, and 260/230 ratio were determined
using a DS-11 spectrophotometer (DeNovix Inc., Wilmington, DE, USA) [27]. The DNA
samples were then stored at —20 °C for further use.

2.4. Specificity

Primer and probe specificity were assessed using 20 different Bifidobacterium strains
(Table 3). The qPCR reaction mixture consisted of 10 uL of Takara Prober Taq mix, 1 puL of
upstream primer (5 uM), 1 pL of downstream primer (5 uM), 1 pL of probe (10 pM), 1 uL
of DNA template, and double-distilled water (Beyotime Biotechnology, Beijing, China) to a
final volume of 20 uL. The qPCR amplification was performed on the Roche LightCycler®
480 platform (Roche Diagnostics GmbH, Mannheim, Germany) [28]. The thermal cycling
conditions were as follows: Stage 1, 95 °C for 2 min; Stage 2, 95 °C for 5 s, 64 °C for 35 s, for
a total of 40 cycles. Sterile double-distilled water (Beyotime Biotechnology, Beijing, China)
was used as the blank control.

Table 3. Strains used for specificity test.

No. Species Strain
1 HNO019
2 Bi-07
3 Bl-04
4 Lo . BB12
5 B. animalis subsp. lactis DSMZ 10140
6 CICC 21718
7 ATCC 25527
8 ATCC 27673
9 ATCC 27672
10 B. animalis CICC 6165
11 CICC 6250
12 B. adolescentis ATCC 15703
13 B. longum subsp. infantis ATCC 15697
14 ATCC 15700
15 B. breve CICC 6185
16 CICC 6181
17 B. bifidum CICC 6173
18 CICC 6207
19 B. longum CICC 6199
20 BI05
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2.5. Stability During Passage

B. animalis subsp. lactis HNO19 was passaged from 1 to 35 generations. DNA was
extracted from bacterial suspensions at the 5th, 15th, 25th, and 35th generations, each
at a cell density of 108 CFU/mL. The DNA template was adjusted to a concentration of
50 ng/uL for qPCR amplification. Sterile double-distilled water (Beyotime Biotechnology,
Beijing, China) was used as the blank control. The gPCR amplification was performed on
the Roche LightCycler® 480 platform (Roche Diagnostics GmbH, Mannheim, Germany).
The differences in Cq values were analyzed to assess passage stability.

2.6. Sensitivity and Efficiency

Sensitivity was evaluated for both DNA concentration and cell density. For DNA
concentration sensitivity, a 50 ng/uL DNA solution was serially diluted in 10-fold steps,
followed by qPCR amplification. For bacterial cell density sensitivity, DNA was extracted
from bacterial suspensions with concentrations ranging from 10® to 10> CFU/mL, followed
by qPCR amplification. The bacterial cell densities of B. animalis subsp. lactis HNO19
were measured using the Chinese National Standard GB 4789.34-2016 [29]. The qPCR
amplification was performed on the Roche LightCycler® 480 platform. Standard curves
were constructed by plotting the logarithm of DNA concentration (Log [ng/uL]) or cell
density (Log [CFU/mL]) against the Cq value using GraphPad Prism 9 [30]. The slope
and R? values were calculated, and amplification efficiency was determined using the
qPCR Efficiency Calculator (Thermo Fisher Scientific, Waltham, MA, USA, https:/ /www.
thermofisher.cn/) [31].

2.7. Repeatability and Reproducibility

Repeatability was evaluated by conducting the experiment three times to test the
consistency of the method. Reproducibility was assessed by performing experiments on
two different qPCR platforms, Roche LightCycler® 480 and ABI 7500 (Applied Biosystems,
Foster City, CA, USA) [32]. The tests were conducted at three different DNA concentrations
(50 ng/pL, 5ng/uL, and 0.5 ng/pL), with each experiment performed in triplicate, using
double-distilled water as the blank control.

2.8. Interference Resistance

The anti-interference experiment was designed to validate the specificity and sen-
sitivity of the qPCR assay for quantifying B. animalis subsp. lactis HN019 in complex
microbial matrices containing genetically similar strains. This validation is critical for
ensuring accurate quantification in real-world scenarios, such as probiotic products or gut
microbiota samples, where closely related subspecies may coexist at high concentrations.
Bacterial cell densities of B. animalis subsp. lactis HN019 at concentrations ranging from
108 to 10°> CFU/mL were mixed with an equal volume of a 103 CFU/mL of B. animalis
subsp. lactis DSMZ 10140. DNA was extracted from these mixtures, followed by qPCR
amplification. The qPCR amplification was performed on the Roche LightCycler® 480
platform. Each experiment was conducted in triplicate, with double-distilled water as the
blank control.

2.9. Actual Sample Test

The developed quantification method for the HNO19 strain was applied to analyze
actual bacterial powder samples. The powder, containing B. animalis subsp. lactis HNO19,
Lactobacillus acidophilus NCFM, Lacticaseibacillus rhamnosus GG, and oligosaccharides, was
prepared according to the Chinese National Standard GB 4789.34-2016 [29]. A 25 g sample
was dissolved in 225 mL sterile physiological saline, followed by a 10-fold serial dilution,
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and the dilution factor was recorded. DNA was extracted from bacterial suspensions (10° to
10® CFU/mL) following the method described in Section 2.3. The qPCR amplification was
performed on the Roche LightCycler® 480 platform, with sterile physiological saline as the
blank control. Standard curves were constructed by plotting the logarithm of cell density
(Log [CFU/mL]) against the Cq value. In accordance with the Professional Standard of the
People’s Republic of China for Entry-Exit Inspection and Quarantine SN /T 5642.3-2023 [33],
the single-copy gene was used to establish equivalence between genomic copies and CFU,
enabling direct reporting of results as CFU/g. The bacterial content of the product was
calculated using the following formula:

M=10" x (A+B)/A x C

where
M = B. animalis subsp. lactis HNO19 content in the bacterial powder (CFU/g);
A =mass of the sample taken for analysis (g);
B = volume of dilution solution (mL);
C = dilution factor of the sample suspension.

2.10. Statistical Analysis

Each experiment was performed thrice. The results were subjected to one-way ANOVA
analysis and Tukey’s multiple comparisons test by Graphpad Prism (version 9.0), with
p < 0.05 considered statistically significant.

3. Results
3.1. SNP Analysis and Specificity Test

Using the whole genome sequence of B. animalis subsp. lactis HN019 as a reference, we
compared it with the whole-genome sequences of 30 other B. animalis subsp. lactis strains
from the NCBI database. A total of 6 SNPs specific to the HN019 strain were identified.
Among them, the SNP located in the ga/K gene was selected for the design of primers and
probes. After performing qPCR amplification, this SNP-based primer/probe pair was able
to effectively differentiate B. animalis subsp. lactis HNO19 from 19 other Bifidobacterium
strains. As shown in Figure 1, the Cq values for the HN019 strain were 19.25, 19.27, and
19.07, while no significant amplification was observed for the other strains or the blank
control. Based on the criteria for interpreting qPCR results outlined by Wang et al. [34], a
Cq value below 35 was considered positive.

5.000+

— HNO019
— NC and BC

Fluorescence (465-510)

1 4 7 10 13 16 19 22 25 28 31 34 37 40
Cycles

Figure 1. Primer specificity test for the B. animalis subsp. lactis HN019 strain. NC: Negative Control
(strains other than HN019); BC: Blank Control (sterile double-distilled water).
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3.2. Passage Stability Test

As shown in Table 4, the Cq value standard deviation for the stability test of the HN019
strain, from the 5th to the 35th generation, was 0.24, with a relative standard deviation
of 1.31%. In addition, the investigation revealed no statistically significant disparities in
the outcomes of the evaluation between the 5th, 15th, 25th, and 35th generations. This
indicates that the SNP site located in the galK gene exhibits good stability throughout the
passage process and can be used for the detection of B. animalis subsp. lactis HN019 in
limited generations.

Table 4. Stability of specific amplification during serial passages.

Number of Generations Cq Value Mean Cq Value SD  RSD (%)
5 18.88 18.78 18.98 18.88 0.24 1.31
15 18.92 18.86 1827 18.68
25 18.73 18.38 18.89 18.67
35 1798 184 185 18.29

3.3. Sensitivity Test

To determine the sensitivity of this detection method, a DNA solution with a concentra-
tion of 50 ng/uL was serially diluted in 10-fold steps and subjected to qPCR amplification,
as shown in Figure 2a. A standard curve was constructed with the logarithmic value of
DNA concentration on the x-axis and the mean Cq value on the y-axis. From Figure 2b,
the slope of the standard curve was —3.311, with an amplification efficiency of 100.46%
and an R? value of 0.9933 (Figure 2b). Based on the data in Figure 2, the detection limit for
DNA concentration in this amplification system is approximately 0.5 pg, indicating that
the detection method is highly sensitive.

a b
_ — 50 ng/uL 401
S 6.000 5 ng/ulL 35
2 0.5 ng/uL
2 — 0.05 ng/uL 9 30
5 4.000{ — 0.005 ng/uL =
= — 0.0005 ng/uL > 25-
9 — BC 3
5] 20
5 2.0004 Y=-3311xX+2391
=
= 131 R?=09933
0.000 0—/——"mm—mmm————r————7 7 10 T T T T T 1
1 4 7 10131619 22 2528 31 34 37 40 -4 -3 -2 -1 0 1 2

Cycles Log (ng/pL)

Figure 2. Sensitivity of the specific detection method for B. animalis subsp. lactis HN019 strain
at varying DNA concentrations. (a) Amplification curve obtained using the Roche LightCycler®
480 platform for the DNA concentration sensitivity test. (b) Standard curve constructed by plotting
Cq values against DNA concentration.

To meet the needs of dairy companies for detecting lactic acid bacterial colony counts,
quantitative results were correlated with bacterial colony-forming units (CFUs). A gradient
dilution of B. animalis subsp. lactis HNO019 bacterial suspension was prepared, DNA was
extracted as the template, and qPCR amplification was performed. The amplification
results showed that when the bacterial cell density was >10% CFU/mL, the detection was
positive, as shown in Figure 3. A standard curve was constructed with the logarithmic
value of bacterial concentration on the x-axis and the average Cq value on the y-axis. The
slope was —3.370, with an amplification efficiency of 98.03% and an R? value of 0.9944.
These results demonstrate that the sensitivity of this method for bacterial suspension
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concentration is 10> CFU/mL, which meets the daily detection needs of dairy companies
for 10 CFU/mL [35].
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Figure 3. Cell density sensitivity test for specific detection method of B. animalis subsp. lactis HN019
strain. (a) Amplification curve obtained using the Roche LightCycler® 480 platform for the bacterial
cell density sensitivity test, BC: Blank Control (sterile double-distilled water). (b) Standard curve
constructed by plotting Cq values against cell density.

3.4. Repeatability and Reproducibility Test

The repeatability and reproducibility of the detection method were evaluated using
DNA samples at three different concentrations (50, 5, and 0.5 ng/uL). As shown in Figure 4a,
the RSD for repeatability over time ranged from 1.30% to 2.38%. For reproducibility
testing across two different qPCR platforms (Roche LightCycler® 480 and ABI 7500), the
RSD ranged from 1.55% to 2.65% (Figure 4b), which is well below the requirement that
qPCR detection results should have an RSD value of less than 25% [36]. In the context of
repeatability testing, no statistically significant variations were observed among the three
test results at 50 ng/uL, 5 ng/uL, and 0.5 ng/ L. In the context of reproducibility testing,
no statistically significant discrepancies were observed between the results obtained from
two distinct platforms at concentrations of 50 ng/uL, 5 ng/pL, and 0.5 ng/puL. Therefore,
the method demonstrated good repeatability and reproducibility and is suitable for use
across different qPCR platforms.
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Figure 4. Repeatability (a) and reproducibility (b) test for specific detection method of B. animalis
subsp. lactis HNO19 strain. Violin plots were generated using GraphPad Prism 9, Median (dashed
line), kernel density distribution (blue line or purple line) are shown. (a) Repeatability test, show-
ing three trials with three replicates (dark blue dots) in each trial, for a total of 9 measurements.
(b) Reproducibility test, showing experiments conducted on two different gPCR platforms (Roche
LightCycler® 480 and ABI 7500), for a total of 6 measurements (dark purple dots).
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3.5. Interference Resistance Test

To enhance the efficacy of probiotic products, a combination of target strains and
other strains is often added to the products. Therefore, it is essential to verify the inter-
ference resistance of the HN019 strain detection method in the presence of closely related
strains within the same subspecies. As shown in Figure 5, under the condition of adding
108 CFU/mL of DSMZ 10140, the established detection method successfully quantified
the HNO19 strain, maintaining a sensitivity of 10> CFU/mL. These results demonstrate
that the method has strong resistance to interference, providing valuable data support for
subsequent actual sample testing.
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Figure 5. Interference resistance test for specific detection method of B. animalis subsp. lactis HN019
strain. (a) Amplification curve obtained using the Roche LightCycler® 480 platform for the interfer-
ence resistance test, BC: Blank Control (sterile double-distilled water). (b) Standard curve constructed
by plotting Cq values against cell density.

3.6. Quantification of HN019 Strain in Probiotic Powder Samples

The strain-specific detection method was used to precisely quantify the HN019 strain
in five batches of actual composite probiotic powder samples. Using the standard curve
equation Y = —3.347 x X +44.17, R? =0.9944, and the formula 2.9, the HNO019 strain content
in the five batches of samples was calculated to range from (11.91 & 0.03) to (12.11 & 0.12)
Log (CFU/g), as shown in Figure 6. A subsequent investigation revealed that there was
no significant difference in the content of HNO19 in the five batches of probiotic powder
samples. The results indicate that the method is equally applicable to composite probiotic
powder samples containing large amounts of oligosaccharides and excipients.

13.0-
B 12.5-
=
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O 120{K7 = <P
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Batch

Figure 6. Validation of the specific detection method using five batches of multi-strain bacterial
powder samples, including B. animalis subsp. lactis HN019, L. acidophilus NCFM, L. rhamnosus GG,
and oligosaccharides. Violin plots were generated using GraphPad Prism 9, Median (dashed line),
kernel density distribution (orange line) are shown. Each batch was tested three times, with the
results of B. animalis subsp. lactis HN019 represented by light blue dots.
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4. Discussion

The selection of B. animalis subsp. lactis HNO019 as the focal strain for this study
stems from its well-established yet uniquely complex clinical profile and its prominence in
commercially significant probiotic formulations. Originally isolated from dairy sources [37],
HNO19 has transcended its industrial origins to become a benchmark probiotic strain
with documented, dose-dependent health benefits in humans. Critically, robust clinical
trials have demonstrated their efficacy in enhancing innate immune responses, such as
natural killer cell activity, and reducing the incidence of antibiotic-associated diarrhea.
These specific immunomodulatory properties, coupled with their documented stability
and persistence in the gut, have positioned HNO019 as a cornerstone strain in precision
probiotic interventions, particularly for vulnerable populations including infants and the
elderly experiencing immunosenescence [7]. However, the very characteristic that makes
HNO19 valuable also presents a major challenge: its clinical outcomes are demonstrably
formulation-dependent and inconsistent across studies, such as null effects observed in
constipation trials [38]. This inconsistency underscores a fundamental limitation in the field:
the inability to reliably confirm and quantify the presence and dose of the specific, clinically
validated HNO019 strain within complex probiotic products. Consequently, rigorous strain-
specific quantification is not merely beneficial but essential for elucidating HN019’s true
characteristics in vivo, ensuring product fidelity, validating clinical efficacy claims, and
ultimately advancing evidence-based probiotic development.

While traditional culture-based methods provide total viable counts, they fundamen-
tally lack the specificity to distinguish HN019 from closely related strains within the B.
animalis subsp. lactis subspecies, especially in multi-strain products or those containing
low target populations or complex matrices. This gap highlights a persistent problem: the
lack of a truly strain-specific, sensitive, and robust quantification tool for HN019. Molecu-
lar approaches targeting genes like tuf, Bal-23S, or Tal have been successfully applied to
quantify the related BB-12 strain [39-41] but critically fail to differentiate between HN019
and BB-12 due to insufficient genetic resolution. This gap highlights a persistent problem:
the lack of a truly strain-specific, sensitive, and robust quantification tool for HN019.

With the rapid advancement of high-throughput sequencing technologies, the com-
plete genome sequences of more B. animalis subsp. lactis strains have been completed, and
genomic data are available through public databases, providing a solid foundation for the
application of WGS-SNP analysis. By designing primers and probes for SNPs in the galK
gene, we successfully achieved specific detection of the HN019 strain. The selected SNP
in galK exhibited robust genetic stability across 35 serial passages, a critical validation for
industrial scalability that ensures consistent detectability throughout product lifecycles.
According to the criterion of Cq values below 35 for positive results in qPCR, the DNA
sensitivity and cell density sensitivity of our quantitative detection method are 0.5 pg and
10° CFU/mL, respectively. Additionally, the amplification efficiency exceeds 98%, falling
within the optimal range (80-120%) [36], with an R? value greater than 0.99, indicating
excellent linearity. Evaluation of the method’s repeatability and reproducibility showed
good consistency across different time intervals and platforms, with RSD values below 3%,
confirming its high reliability and adaptability. To further assess the method’s resistance to
interference, we conducted interference experiments by adding high concentrations of ho-
mologous strains. The results indicated that even with interference from other homologous
strains and excipients, the method accurately quantifies the HN019 strain at 10> CFU/mL,
while traditional plate counting methods fail to achieve such specific quantification in
multi-strain samples.

The accuracy and reliability of quality control for the HNO19 strain, a key probiotic,
directly affect consumer health. The quantitative analysis method proposed in this study,
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based on WGS-SNP analysis and qPCR, offers high specificity, strong repeatability, genetic
stability, resistance to interference, and good equipment adaptability, providing regulators
and manufacturers with a gold-standard tool to verify HNO19 strain identity, viability,
and dose claims in commercial products, safeguarding against mislabeling and subpo-
tency. Moreover, the SNP-based design paradigm establishes a blueprint for developing
strain-specific assays for other high-value probiotics, advancing the field toward truly
personalized microbial therapeutics.

5. Conclusions

As the probiotic market rapidly expands, consumers” demands for the quality and
safety of probiotic products are increasing. Accurate and reliable strain detection methods
have become one of the key technologies driving the sustainable development of the
probiotic industry. This study proposes a high-precision HN019 strain quantification
method based on WGS-SNP analysis and quantitative PCR technology, providing scientific
and reliable technical support for quality control of probiotic products. Our WGS-SNP-
gqPCR platform not only unlocks rigorous research into HN019’s bioactivity but also sets a
new standard for quality control in the rapidly evolving probiotic industry, ensuring that
evidence-based health claims translate into reliable consumer benefits.
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Abstract: This study highlights waste bread (WB) as a novel, cost-effective, and nutrient-
rich substrate for microbial growth, offering a sustainable alternative to conventional media.
As a renewable resource, WB promotes the circular economy by reducing food waste and
encouraging biotechnological innovation. The incorporation of WB into microbial culture
media enhanced the growth of various reference strains (E. coli, E. faecalis, P. aeruginosa, and
S. aureus), with at least a two-fold increase compared to conventional Luria-Bertani (LB)
medium. Moreover, combining 2% WB with diluted LB (1/10) reduced medium costs by
up to 90%. Furthermore, it was confirmed that 1% WB can effectively replace starch during
the screening of amylolytic strains. Applying a fractional factorial design, the production
of amylase by Bacillus sp. BSS (Amy-BSS) was enhanced 15-fold. An analysis of the Pareto
diagram revealed that WB was the most significant factor. Additionally, Amy-BSS was
applied to hydrolyze polysaccharides in WB, enabling the generation of high-value-added
products in food processing. This hydrolysis process yielded 4.6 g/L of fermentable sugars
from 1% WB. Evaluating the economic feasibility of WB valorization into value-added
products elucidates potential pathways for cost reduction and enhanced environmental
sustainability, thereby positioning WB as a viable tool for sustainable development.

Keywords: waste bread; microorganisms; Bacillus; amylase; techno-economic assessment

1. Introduction

In recent years, food systems have faced challenges due to climate change, rapid
human population growth, accelerating urbanization, and epidemic surges. As a result,
global food security gained significant priority from scientific communities worldwide [1,2].
One of the most critical obstacles to global food security is food waste. In this line, current
studies revealed that roughly 33% of total food production, corresponding to 1.3 billion
tons, is discarded every year. Notably, 14% of food loss arises during post-harvest and
distribution phases, while 17% is wasted through retail and consumption, representing
TND 750 billion/ year in economic losses [3,4].

Microorganisms 2025, 13, 1571 https:/ /doi.org/10.3390/ microorganisms13071571
78



Microorganisms 2025, 13, 1571

Owing to its perishable nature, (3-6 days shelf life), bread is the most frequently
thrown-away food. Globally, ~10% equivalent to 900.000 tons of bread is wasted across the
entire supply chain, including production, transport, and consumption [5,6]. Meanwhile,
the high demand for newly made bread exacerbates its overproduction, generating daily
waste [7]. Bread’s rich nutrient composition could contribute to rapid quality loss, induced
by chemical, physical, and especially mold deterioration. Additionally, during the baking,
the starch is converted into a digestible gelatinized, susceptible to fungal attack [8,9].

In Tunisia, bread is a staple food and consumed daily. According to the National
Institute of Consumption (INC), 42 kg of bread is wasted per household, amounting to
around 113,000 tons of Tunisian bread being discarded annually [10]. In fact, a study on
“Bread consumption by Tunisian families” proved that over 900,000 loaves are thrown away
daily, with an estimated cost of TND 50 million, which affects the country’s economy [11].

Current bread waste disposal management approaches, such as incineration, landfill-
ing, and anaerobic digestion, could pose diverse environmental issues, like soil contamina-
tion and generating greenhouse gases. Further, incineration could provoke air pollution
through toxic emissions, odors, and disease vectors [12]. In response to these environmental
challenges, nations admit an urgent necessity to convert to a zero-waste strategy by 2025.
Therefore, developing waste valorization technologies is essential as a core component of
sustainable waste management, while concurrently improving economic rationality [13].
In this context, innovative solutions have been investigated, including transforming stale
bread into succinic acid [14], animal feed [15], 2,3-butanediol (BDO) [16], bioethanol [2],
lactic acid [17], brewing adjunct for craft beer [18], and compost to enrich soil health [19].
Beyond these applications, efforts have focused on leveraging the nutritional profile of
waste bread (WB), which consists of approximately 10% protein and 70% carbohydrates.
As an upcycled substrate, these substances perform a valued reserve for microbial pro-
cesses and enzymatic synthesis, which could enhance the efficiency and eco-friendliness
of biotechnological claims [20]. Montemurro et al. [21] used WB as substrate to generate
polyhydroxyalkanoates by Haloferax mediterranei. Similarly, Benabda et al. [22] employed
WB to enhance the microbial proliferation of Rhizopus oryzae for the amylase and protease
synthesis. Additionally, Jung et al. [23] utilized the glucose derived from the WB enzy-
matic hydrolysis to the Euglena gracilis cultivation of microalga, leading to the production
of paramylon, which is valued in medicine and cosmetics sectors. In addition to these
diverse applications, the food-processing industry provides openings to repurpose WB
within the framework of a circular economy. For bakeries, using cost-effective wheat bran
(WB) not only helps maintain competitive product pricing but also eliminates disposal
costs. Additionally, they can generate extra revenue by selling leftover loaf waste [4]. For
instance, Guerra-Oliveira et al. [24] studied the conversion of WB to make sugar-snap
cookies. Furthermore, WB can be transformed into sugar hydrolysate to replace sucrose
in the sweeteners and confections, to be used as bulking agents in bakery products, or to
be processed into fructose syrup [15,25]. In addition, Immonem et al. [8] revealed that WB
slurry increases the viscoelasticity of the dough, decreases the water absorption by 13%,
and obtains less hard bread compared to the control.

Aligned with a zero-waste industrial strategy, this study investigates the valorization
of Tunisian WB through four distinct applications: (1) as an alternative feedstock to replace
conventional culture media for selected bacterial strains; (2) as a substitute for commercial
starch in screening amylolytic microorganisms; (3) as a fermentation substrate to enhance
amylase production; and (4) for the generation of sugar syrup via enzymatic hydrolysis
using amylase (Amy-BSS).
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2. Materials and Methods
2.1. Waste Bread Preparation and Characterization

The waste bread used in this study was prepared from white wheat flour, using
Saccharomyces cerevisiae fermentation, following standard French bread-making protocols
involving mixing wheat flour, salt, and yeast (https://www.inbp.com/). WB was collected
from household food waste and local bakeries (Sfax government) after its shelf-life had
expired or in the case of returns. The discarded bread exhibited no indications of mold,
was sliced into roughly 1 cm? pieces, and was left to dry at room temperature for four days.
Afterwards, the slices were blended into a fine powder, using a laboratory blender, and
stored at 4 °C until needed. The nutritional composition of the WB was assessed using
analytical techniques. The moisture level was evaluated with a KERN DAB desiccator
(Kern & Sohn, Balingen, Germany), while the ash content was performed via combustion in
a muffle furnace (FLLI GALLI G/P model (Fratelli Galli, Fizzonasco, Italy)). Water activity
was determined using a Rotronic RO-HP23-AW meter (Instrumat AG, Renens, Switzerland).
The lipids, starch, and proteins were analyzed using MPA FT-NIR spectroscopy (Bruker,
Billerica, MA, USA). The results are expressed as a percentage of dry matter.

2.2. Microorganisms, Medium Preparation, and Growth Conditions

Reference microorganisms, namely Escherichia coli DH5«, Enterococcus faecalis, Pseu-
domonas aeruginosa, and Staphylococcus aureus, were chosen for their ability to grow in
conventional Luria-Bertani (LB) medium. Their proliferation was tested and compared in
both conventional LB (C.LB) and non-conventional media (NC1 and NC2):

1. C.LB(g/L): 10 soya peptone, 5 yeast extract, 5 NaCl;
2. NCl1 (g/L): 1 soya peptone, 0.5 yeast extract 0.5 NaCl, 20 g waste bread;
3. NC2(g/L): 20 g waste bread with no additional nutrients.

A 14 h pre-culture of each microorganism was prepared in C.LB and used to inoculate
the test media (NC1 and NC2) in 100 mL Erlenmeyer flasks, at an initial optical density
(OD) of 0.4, for 24 h, at 37 °C and 200 rpm. Bacterial growth was monitored by measuring
the OD at 600 nm, using a spectrophotometer. WB supernatants were used as blank for
NC1 and NC2 fermentation media.

BSS strain isolated from a Tunisian biotope was used to produce amylase. Preliminary
biochemical tests confirmed its classification as Bacillus species, hence its designation as
Bacillus spp. BSS. The pre-culture was performed in basic LBS medium (C.LB + 1% soluble
starch) at 30 °C, overnight, at 180 rpm. The bacterial cultures (OD = 0.2) were conducted
following the experimental matrix (16 experiments with 1 central point) and incubated for
19 h at 30 °C in a rotary shaker.

Four amylolytic Bacillus strains (B1-B4) and E. coli DH5« (serving as negative control)
were streaked in duplicate on solid WB medium (SWB), forming by C.LB +1% WB+ 1.8%
agar), and incubated overnight at 37 °C. Following the incubation period, the plated
samples were treated with 1% Lugol iodine solution (1 g 12 + 2 g KI) for 10 min. The
presence of starch hydrolysis zones indicated amylase production [26]. A positive control
(plate containing LBS medium) was used to verify the effectiveness of waste bread as a
starch substitute for amylase-activity screening.

2.3. Crude Enzyme Preparation

The Bacillus spp. BSS strain grew in the optimized medium at 30 °C and 160 rpm
for 14 h. The cells were harvested by centrifugation at 8000 x g for 15 min. The resulting
supernatant constituted the crude enzyme extract and exhibited an amylase activity of
approximately 8 U/mL, using the optimized medium.
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2.4. Amylase Activity Assay

Amylase activity of Bacillus spp. BSS was assessed using the 3,5-dinitrosalicylic acid
(DNS). The reaction mixture consisted of 0.5 mL of 1% starch (Sigma (St. Louis, MO, USA)),
0.45 mL of phosphate buffer (pH = 7; 0.1 M), and 0.05 mL of crude enzyme, and it was kept
at 60 °C for 10 min. After incubation, 1.5 mL of DNS was added to stop the enzymatic
reaction. The mixture was boiled for 10 min, and 15 mL of deionized water was introduced.
An independent control was prepared by mixing the substrate and DNS solution, followed
by the enzyme, to remove all reducing sugars from the fermentation. The production of
reduced sugars was determined at 550 nm. One unit of amylase activity is defined as the
amount of enzyme that releases 1 pmol of reducing sugar per minute under the specified
assay conditions. The x-amylase activity was measured as follows:

1

K x OD 3 6 1
180 x 1077 x 10 xﬁxm (1)

a-amylase activity (U/mL/min) =

where the molecular weight of glucose = 180; and K = the conversion coefficient of the
DNS, which is 1.8.

2.5. Waste Bread Enzymatic Hydrolysis Assay

Enzymatic hydrolysis of WB was conducted using crude amylase produced from
Bacillus spp. BSS. A total of 9 experiments were carried out following a designed matrix
(Table 1). All experiments were carried out in 100 mL Erlenmeyer flasks that contained
20 mL of the various bread suspensions mixed with the enzymatic solution. After each
experimental run, samples were collected and centrifuged at 8000x g for 15 min. The
reducing sugars present in 1 mL of the hydrolyzed waste bread supernatant were measured
by the DNS method, with glucose serving as the standard.

Table 1. Variables and experimental domains in the WB hydrolysis (2“1/_1).

Variables Unity Level —1 Level 1
X1: Amylolytic activity Unities (U) 5 10
Xp: Incubation temperature °C 50 60
X3: Waste bread concentration % 1

Xy: Hydrolysis time Hours (h) 1

2.6. Fractional Factorial Design (FFD)

The 25_17 fractional factorial plan designed with Minitab version 2019 (64-bit, LLC
Minitab (State College, PA, USA) was chosen due to its simplicity, as it requires fewer
experiments compared to the other designs. Thus, it can conserve both time and resources.
In this study, a FFD 2%*1 was investigated for enhancing amylase production by Bacillus
spp. BSS (y1) and the 2%;1 plan for evaluating the hydrolysis yield of WB using Amy-BSS
(y2). The respective experimental variables for each response (y1 and y2) are detailed in
Tables 1 and 2.

The fractional factorial design led to the derivation of the subsequent empirical
equation [27]:

y=po+ Zi-;l Bixi) ) j<iBijxixj +e 2)
where By, B;, and f;; are the regression coefficients for the constant, linear, and interaction
coefficients; y is the response; x; and x; are the independent variables; and ¢ is the experi-

mental error. In FFD, the interaction effects among three or more variables are presumed to
be inconsequential.
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Table 2. Levels of factors assessed in the optimization of amylase production (2%71).

Variables (g/L) Level —1 Level 0 * Level 1
A: Yeast extract 5 7.5 10
B: Soya peptone 5 7.5 10
C: NaCl 0 2.5 5
D: Waste bread 10 15 20
E: Wheat starch 5 7.5 10

* Level 0 is applied to enhance the prediction variance within the experiment and to offer an extra level for
assessing potential lack of fit.

2.7. Statistical Analysis and Model Adequacy

The adequacy of the regression model was assessed through multiple statistical param-
eters. Analysis of variance (ANOVA) with Fisher’s test (F-value) assessed the overall model
significance. Individual variable relevance and bi-interactions were evaluated using p-value
and Student’s test (t-test) at a 95% confidence range. The coefficient of determination (R?),
along with the predicted and adjusted R? values, indicates the model’s goodness of fit—
where values closer to 100% reflect greater predictive accuracy. The experimental designs
were carried out in consistent conditions within a single block of measurements, and the se-
quence of the experiments was kept non-randomized to reduce the impact of uncontrolled
variables. All the experiments were conducted in n = 3 & standard deviation (SD).

2.8. Material Cost Calculation (Techno-Economic Assessment)

The available price on the Sigma Aldrich website (accessed on 16 April 2025) was used
to estimate the cost of additional ingredients for media. Peptone, yeast extract, sodium
chloride (NaCl), and starch were used to prepare CLB, NC1, and LBS media. The cost
assessment was derived by computing the required material quantity, as detailed below:

__ material cost(€)

Cost per unit (€) = 100(g) x material used (g) 3)

Total cost (€) = X cost per unit (€) 4)

__ (original price — new price)
originalprice

Percentage price decrease (%) x 100 (5)

2.9. High-Performance Liquid Chromatography (HPLC)

The products of starch hydrolysis from waste bread (1%) after 1 h, 2 h, and 3 h of
hydrolysis were analyzed by high-performance liquid chromatography (HPLC Agilent 1100
(Agilent, Santa Clara, CA, USA)). The reactions were stopped by boiling the samples for
5 min, filtered through a 0.22 mm membrane, and applied to the HPLC system carbohydrate
column (Shodex sugar KS-802H901093 (Shodex, Tokyo, Japan); 8 mm x 300 mm). Isocratic
water was the mobile phase with an elution rate of 1 mL per min throughout the analysis.
Detection was performed using the retractive index detector (Waters RI 401, profcontrol.de,
Schonwalde-Glien, Germany). The hydrolysis products were assigned by comparison with
standard glucose, maltose, and unhydrolyzed WB.

3. Results
3.1. Waste Bread Characterization

The proximate analysis of the waste bread is summarized in Table 3. The WB showed
moisture content of 17.17% and water activity of 0.761. Starch is the dominant component
(61.41%), with an intermediate protein quantity (8.88%). These characteristics highlight the
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significant bread’s potential as a feedstock for microbial fermentation, enzymatic hydrolysis,
and nutrient recovery.

Table 3. Compositional analysis of Tunisian white bread waste.

Property Quantity (%)
Moisture 17.17
Ash 0.64
Water activity 0.761
Lipids 2
Starch 61.41
Proteins 8.88

3.2. Waste Bread for Bacterial Growth

In this study, two types of bread waste-based media (NC1 and NC2) were formulated
to test bacterial proliferation. Microbial growth was investigated in diluted culture media.
In Figure 1, it can be observed that E. coli displayed a two-fold increase in NC2 medium
(3.6) compared to CLB (1.81). E. faecalis demonstrated a five-fold enhancement in NC2
(3.53 vs. 0.675 in CLB), while S. aureus exhibited the highest growth rate in NC2 (4.63),
surpassing its growth in both CLB and NC1. Though P. aeruginosa thrived best in CLB
(4.085), it also showed considerable growth in WB (OD 3.21). These results imply that WB
effectively meets the nutritional needs of various bacterial strains, making it a promising
alternative culture medium. Notably, the NC1 formulation resulted in only modest growth
rates for all microorganisms tested.

C.LB
2.5 4 ENC1

OD at 600 nm

1.5 -

1
—

0.5
0 -

E.coli E.faecalis S.aureus P.aeruginosa

Reference microorganisms

Figure 1. Bacterial growth of reference microorganisms in different culture media (C.LB, NC1,
and NC2).

3.3. Waste Bread for Amylolytic Strains Screening

To assess the amylolytic potential of Bacillus strains (B1-B4), waste bread plates (SWB)
were employed as the only supplier of starch in the screening assay. After an overnight
incubation at 37 °C, plates were flooded with iodine solution, revealing various transparent
halos around positive bacterial colonies, indicative of starch hydrolysis (Figure 2a,b).
However, quantitative analysis demonstrates a relevant difference in enzymatic activity
between SWB and LBS plates. Notably, hydrolysis-zone diameters in the LBS plate were
larger for all the Bacillus strains (B1: 0.55, B2: 0.45, B3: 0.7, and B4: 0.65 cm), respectively,
against (0.25, 0.35, 0.6, and 0.55 cm) in the SWB plate.
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Figure 2. Screening assay of amylolytic strains after incubation at 37 °C for overnight. (a) Bacillus
strains incubated on SWB plate. (b) Bacterial colonies on LBS plate.

These variations can be attributed to differences in substrate composition. Commercial
LBS medium contains purified starch, whereas the SWB medium relies on the starch content
naturally present in the bread waste matrix and the amylaceous fraction of the flour used.
Furthermore, the reduction in hydrolysis halo size between LBS and SWB was 54.5%,
22.2%, 14.3%, and 15.4% for B1, B2, B3, and B4, respectively. These reductions ranging from
~14 to 55% indicate that LBS is a more sensitive medium. However, despite the smaller
halo zones observed with SWB, it maintained full detection reliability, showing 100%
concordance in identifying positive amylolytic strains. Notably, the cost of preparing SWB
was approximately 85% lower than that of LBS, offering a significant economic advantage
for large-scale screenings. Despite these variations, using waste bread as a substrate for
amylolytic-strain screening preserved detection sensitivity, as the patterns of clearance
zones stayed like those seen in commercial starch agar.

3.4. Fractional Factorial Design (FFD)
3.4.1. The 2%*1 for the Optimization of Amylase Production

The measured response of the Amy-BSS activities is indicated in Table 4. Amylase
activity varied depending on the fermentation conditions, ranging from 3.76 U/mL to
8.75 U/mL. The highest enzymatic activity was achieved in trials 1 and 6, with 8.75 U/mL
and 8.78 U/mL, respectively. It is worth noting that the initial activity of the Amy-BSS in
non-optimized medium (conventional LBS) was recorded as 0.69 U/mL. An improvement
of ~13-fold proves the efficiency of this experimental plan.

To determine the significant effect of the main variables and their two-way interac-
tions, ANOVA was performed. The significance of variables was evaluated by the small
p-value < 0.05, indicating high significance. From Table 5, all the main factors are signifi-
cant, having the same p-value < 0.05, except for the NaCl, which had a p-value of 0.46 > 0.05.
Conversely, yeast extracts (A), soya peptone (B), waste bread (D), and wheat starch (E)
showed different F-values of 46.79, 70.21, 131.72, and 27.03, respectively.

This enables the use of a Pareto chart to visually analyze the impact of the most
influential factor. Hence, the Pareto chart (Figure 3) clearly revealed the high influence of
WB on the improvement of Amy-BSS production following the addition of soya peptone (A),
yeast extract (B), and wheat starch (E). WB had the greatest effect on enzyme production
owing to its high starch content, which acts as a highly effective inducer of amylase
production, although NaCl (C) itself was not significant. In contrast, its interaction with
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yeast extract (A x C), soya peptone (B x C), waste bread (D x C), and wheat starch (E x C)
significantly affected the enzymatic production. Thus, these interactions were ranked
according to their F-values, as follows: (C x E), (A x C), (C x D), and (B x C), with
F-values of 105.83 > 31.29 > 25.86 > 20.82, respectively (Table 5), suggesting their substantial
contribution to the response (y1).

Table 4. Matrix of 2%;1 design in coded levels for amylase production with experimental values.

Run Order  Yeast Extract (A)  Soya Peptone (B) NaCl (C) Waste Bread (D)  Wheat Starch (E) EXP(X?E:;:?:{?/Q{;BSS
1 -1 -1 -1 -1 1 8.75 +0.32
2 1 -1 -1 -1 -1 7.58 £0.53
3 -1 1 -1 -1 -1 595+ 0.57
4 1 1 -1 -1 1 8.35 +0.36
5 -1 -1 1 -1 -1 7.53 4 0.45
6 1 -1 1 -1 1 8.87 £ 0.36
7 -1 1 1 -1 1 3.76 +£0.20
8 1 1 1 -1 -1 7.42 4 0.28
9 -1 -1 -1 1 -1 5.85+0.85
10 1 -1 -1 1 1 5.11 £ 0.60
11 -1 1 -1 1 1 5.41 + 0.53
12 1 1 -1 1 -1 5.57 +0.36
13 -1 -1 1 1 1 4.62 +0.36
14 1 -1 1 1 -1 8.27 £ 0.50
15 -1 1 1 1 -1 6.73 £ 0.39
16 1 1 1 1 1 459 +0.42
17 0 0 0 0 0 5.70 £ 0.10

Table 5. Analysis of variance (ANOVA) for the 2%,71 plan.

Source DL F-Value p-Value
Model 16 36.75 <<0.05
Main factors 5 55.26 <<0.05
Yeast extract (A) 1 46.79 <<0.05
Soya peptone (B) 1 70.21 <<0.05
NaCl (C) 1 0.56 0.46
Waste bread (D) 1 131.72 <<0.05
Wheat starch (E) 1 27.03 <<0.05
Interaction 2 factors 10 30.24 <<0.05
A xB 1 0.93 0.342
A xC 1 31.29 <<0.05
A xD 1 25.73 <<0.05
A X E 1 2.32 0.137
B xC 1 20.82 <<0.05
B xD 1 29.60 <<0.05
B xE 1 2.52 0.122
CxD 1 25.86 <<0.05
CxE 1 105.83 <<0.05
D x E 1 57.52 <<0.05
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Factors 2.03
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Figure 3. Standard Pareto chart of the normalized effect for the Amy-BSS production.

Additionally, the plot indicates that all data points are normally distributed around a
mean of zero and adhere to a straight line.
The mathematical model corresponding to this design is given by the following equation:

y1=561+236A —-479B+3.08C+0.666D+775E+1.01AXxB+586BxC—-2658BxD+16A xE—
478B x C+2.852B x D —1.66 B x E+2.665C x D —10.78C x E — 0.823

The goodness of fit was evaluated using ANOVA, which yielded an F-value of 36.75
and a p-value < 0.05. Moreover, the coefficient of determination, R?, was equal to 0.9453,
meaning that 94.53% of the observed variation is attributed to the variable effects. Thus, it
can be concluded that the predicted model (R*pred = 87.7%) fits well with the experimental
data (Rzadj =91.96%). This set of results clearly demonstrates the validity of the model.

Figure 4 shows the optimized levels for the chosen variables. It is observed that the
ideal values for yeast extract, soya peptone, NaCl, waste bread, and wheat starch are
10, 5, 0, 10, and 10 g/L, respectively, achieving an amylase activity of 9.64 U/mL with a
desirability of d = 1. To ensure the reproducibility of this composition, three independent
experiments were executed. An amylase activity of 8.96 & 0.32 U/mL was obtained, close
to the predicted value, confirming the reliability of the method.

Optimal Yeast ex Sova pep NaCl Waste br Wheat st

10.0 10.0 5.0 20.0 10.0
D:1.000 Act 10.0 5.0 0.0 10.0 10.0

Min 5.0 5.0 0.0 10.0 5.0
——————— r-——— ¢ ————F—-——————-%
°
% i s
Maximum 'Y
y =9.6479
d=1.000
© ) ° 3 °
°

Figure 4. Optimal factors setting for Amy-BSS production. Blue line represents the predicted
maximum response. Red vertical lines indicate the optimal levels of each factor used in the solution;
Black squares correspond to experimental design points.
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3.42. The 2%,*1 for the Enzymatic Waste Bread Hydrolysis

An optimal condition for enzymatic hydrolysis of WB by Amy-BSS was defined by
2‘\1,*l fractional factorial design. Four parameters, amylolytic activity (X;), incubation
temperature (X;), waste bread concentration (X3), and hydrolysis time (X4), were varied
at two different levels to investigate their effects and interactions on reducing sugar yield.
Table 6 groups the measured experimental responses corresponding to the eight tests runs.
The highest amount of released sugar was 4.635 g/L, obtained in run 2 using 10 U of
Amy-BSS, a 50 °C incubation temperature, and 1% WB during 3 h of hydrolysis time.

Table 6. Design and data responses resulting in the 2%,_1 plan.

.. Incubation Hydrolysis Experimental
Run  Amylase Activity Temperature Waste Bread Time Hydrolysis Yield (g/L)

1 -1 -1 -1 -1 1.277 £ 0.099
2 1 -1 -1 1 4.635 + 0.049
3 -1 1 -1 1 1.877 £0.012
4 1 1 -1 -1 1.847 £ 0.015
5 -1 -1 1 1 2.460 £ 0.078
6 1 -1 1 -1 1.857 £ 0.051
7 -1 1 1 -1 1.417 £ 0.006
8 1 1 1 3.643 1+ 0.023

This result was confirmed to be optimal, as demonstrated by Figure 5, which shows
the highest reducing sugar yield under this condition.

Optimal AA T WB HT
] Max 10.0 60.0 3.0 3.0
D:0.9899 Ay [10.0] [50.0] 1.0 3.0]
Min 50 50.0 1.0 1.0
K ~~— T /
/ —_— — S/
/
Y // //
Maximum / ,/
- / /
v =4.6350 / /
d=0.98988 / A
,/ /‘/
7 Vi
/

Figure 5. Optimized response design and data responses resulting for the 2‘%,71 plan. AA, amylase
activity; TI, temperature of incubation; WB, waste bread; HT, hydrolysis time. Blue line represents
the predicted maximum response; Red vertical lines indicate the optimal levels of each factor used in
the solution.

The statistical significance of each individual factor and their combinations at
« = 5% was evaluated using ANOVA. As shown in Table 7, the main (X1, X, X3, and
Xy) and interaction effects, (X1 x X3), (X1 x X3), and (Xj x X4), are statistically significant
(p << 0.05).

A first-order polynomial model was used to describe the correlation between the
four tested variables and the hydrolysis yield. The fit of the data is described as follows:

y2 = —0.367 +0.4320 X; + 0.00575 X; + 0.60701 X3 — 0.3221 X4 — 0.005583 (X; x Xp) — 0.08525 (X; x X3) + 0.14658
(X1 X Xy).
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Table 7. ANOVA for the released sugar by Amy-BSS.

Source Variation DL F-Value p-Value
Model 7 1126.51 <<0.05

Main factors 4 1945.07 <<0.05
Amylolytic activity (X1) 1 3146.82 <<0.05
Incubation temperature (Xy) 1 267.98 <<0.05
Waste bread (X3) 1 8.57 <<0.05
Hydrolysis time (X4) 1 4962.70 <<0.05
Interaction 2 factors 3 472.41 <<0.05
X1 x Xo 1 40.01 <<0.05

X1 X X3 1 373.09 <<0.05

X1 x Xy 1 1103.06 <<0.05

The analysis of the model equation reveals that waste bread (X3) exerts the strongest
positive effect on y, (+0.60701), while hydrolysis time (X4) had a notable negative impact
(—0.3221), making them the main drivers of change in y,. Hence, X3 acts as a key promoter,
and X4 as an inhibitor. On the contrary, X, shows a negligible effect (+0.00575), and X;
displays a moderate positive influence (+0.4320). Additionally, the antagonistic interactions
(X1 x Xp) and (X; x X3) suggest that high levels of these variables reduce the effectiveness
of Xj due to temperature sensitivity and limited enzyme accessibility. Meanwhile, the
synergistic interaction (X; x X4) (+0.146) indicates that extended hydrolysis time enhances
the X; positive impact on y, through improved substrate accessibility and sustained
enzyme activity.

The synergistic interaction and its significant effect are further illustrated by the surface
plot in Figure 6. The plot reveals that the highest hydrolysis yield occurred on the top-
right corner, corresponding to the combination of high Amy-BSS concentration (10 U) and
extended hydrolysis time (3 h). This trend aligns with enzymatic action: at low amylase
concentrations, the reaction rate is limited by the scarcity of active sites for starch binding,
increasing both the enzyme load and duration-maximized substrate conversion. These
results experimentally validate the (X; x X4) synergy identified in the model equation,
demonstrating how optimized enzyme-time enhanced hydrolysis yield.

Hydrolysis time
5.0

7.5

10,0
Amylolytic activity

Figure 6. The surface plot of the synergistic interaction (amylolytic activity x hydrolysis time). y is
the hydrolysis yield.
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The validity of the adjusted model was assessed based on the results in Table 7. The
regression analysis indicates that the model is highly significant, with a very low p-value
(p < 0.05) and a high F-value (1226.51).

Meanwhile, the coefficient of determination (R? = 99.83%) indicates that only 0.17%
of the total variability was not explained by the model, suggesting that the considered
variables were sufficient to make reliable predictions. Additionally, the small difference
between the adjusted R? (99.74%) and the estimated R? (99.59%) demonstrates a strong
correlation between the estimated and experimental data.

3.5. High-Performance Liquid Chromatography (HPLC)

HPLC analysis revealed that glucose, and other sugars with a degree of polymerization
(DP) > 3 were the final products of WB starch (Figure 7). It appears that the amylase
generated by Bacillus spp. BSS is an endo-amylase. Indeed, its action on WB starch
primarily produces oligosaccharides with a DP > 3, along with a fraction of glucose and
maltose. Conversely, exoamylases act in a progressive manner from the non-reducing ends
of the polysaccharide chain, resulting in the sequential release of only maltose or glucose.
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Figure 7. Hydrolysis products of 3% WB using 10U of Amy-BSS: (A) glucose solution of 5 mg/mL,
(B) maltose solution of 5 mg/mL, (C) 3% unhydrolyzed WB, and (D) hydrolyzed WB by Amy-BSS.

4. Discussion

The growing global population has led to an increase in food quantities, resulting in
a surge in food waste (FW). This is part of the aftermath of an absolute linear economy
model. Recently, the circular economy has gained traction as a sustainable alternative. It
enables FW recycling in the industrial process via new technologies. This approach aligns
with the concept of “cradle to cradle”, where the recycled materials retain their features
and can be re-introduced to the environment without harm [28]. Bread ranks as the most
discarded food waste globally due to its rapid spoilage. Its valorization through multiple
biological approaches offers a promising pathway for promoting a circular economy.

To develop effective valorization approaches, a comprehensive waste stream analysis
is required. Hence, the characterization study (Table 3) showed that WB contained 61.41%
starch, which is in accordance with Kumar et al. [4], who reported a content of 50-70%.
Additionally, the moisture content (17.17%) and water activity (0.761) are critical parameters
affecting bread stability. In food processing, moisture content influences preservation,
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storage, packaging, and transportation. Thus, the high level of moisture leads to mold
growth within 3-7 days. Our outcomes are in close agreement with the findings of Gobbetti
et al. [29], who reported a water activity of about 0.97. Notably, the ash quantity, 0.64%,
was significantly lower than that observed by Abidin et al., i.e., 6.74% [30].

Given its rich starch content and nutrient profile, WB serves as an attractive low-cost
substrate for fermentation [31]. In general, bacterial cultivations are achieved successfully
using conventional medium, such as Luria-Bertani broth (LB). However, LB is expensive
due to the elevated-cost components, such as yeast extract, soya peptone, and beef extract,
which are the basic nitrogen additives [13]. The development of an alternative growth
media using WB aims to strike a balance between where we can obtain a cost-effective
medium with good biomass yields. The used strains (E. coli, E. faecalis, S. aureus, and P.
aeruginosa) were routinely cultured in LB. Interestingly, our results have shown superior
microbial growth in the novel formulated media (NC1 and NC2) compared to LB.

The variations observed in the growth of the pathogenic microorganisms using the
waste bread media (NC1 and NC2) can be explained by the difference in the metabolic
process and nutrient preferences of each strain. In other words, the improved growth
of E. coli, E. faecalis, and S. aureus in NC2 could be attributed to their ability to consume
waste bread and satisfy their need to achieve better growth, which likely explains their
superior growth in NC2 compared to the control. Meanwhile, P. aeruginosa may prefer
more complex and pure nitrogen and carbon sources (commercial), even its demonstrated
viable proliferation. Hence, the differential growth patterns could be influenced by the
ability of each microorganism to metabolize a specific nutrient released from bread waste.
This result validates WB as a cheaper nitrogen source for microbial cultivation.

Our findings are in concordance with Verni et al. [5], who confirm WB’s efficacy as
a nutrient rich growth medium for starter yeasts and fungi, surpassing classical media.
Meanwhile, lactic acid bacteria [13] and fungi [32] showed significant microbial growth on
the WB-based medium. In addition, the effective cultivation of these strains on WB-based
media (NC1 and NC2) confirms the ability of the media to support microbial growth
under conditions relevant to food microbiology. This indicates that WB is suitable for
potential applications in food safety monitoring and environmental pathogen screening.
Conversely, some researchers have used enzymatic pretreatment of WB before it was
incorporated into the fermentation media. For instance, Carsanba et al. [33] treated WB
with amylase, glucoamylase, and protease before its use to cultivate Yarrowia lipolytica
strain K57. However, such pretreatments increase the overall cost of the fermentation
process, counteracting the objective of waste valorization for cost reduction. Above all,
when comparing CLB with NC1, we showed that the costs of the fermentation medium
could be reduced by 90%, and with NC2, the expenses could be eliminated completely.
Additionally, expired bread can successfully substitute pure starch for screening amylolytic
bacteria, as was previously shown. Furthermore, using SWB instead of LBS reduced costs
by 46.68% (Table 8).

Traditionally, c-amylase production has relied on submerged fermentation with starch
as the sole carbon and energy source. However, this conventional source faces significant
economic challenges, as the cost of the carbon source constitutes a major portion of amylase
production expenses. This restriction often makes the process unfeasible economically [31].
To address this challenge, exploring agro-waste as a substitute substrate is one of the
solutions. These wastes naturally occurred with carbon storage, acting as an energy source
throughout microbial fermentation [34]. This results in a promising option for economical
industrial amylase production. The use of agricultural waste, such as moong husk, soybean
cake, rice bran, and groundnut shell, as media supplements in x-amylase production for
Bacillus amyloliquefaciens KCP2, Bacillus tequilensis TB5, Aspergillus, respectively, has been
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reported [35-37]. Recently, WB has sparked interest as a promising fermentation feedstock
for enzymatic synthesis due to its richness in carbohydrates, calories, proteins, and essential
vitamins [38]. Its nutritional profile has been investigated in this study as an ideal energy
and carbon source for Amy-BSS production.

Table 8. Cost comparison of different culture media used.

Component

. Media Component Cost per Unit Total Cost
Media Components 08t (Egl)jR/mO Used (g/L) (EUR) (EUR)
Peptone soya 28 10 2.8
CLB Yeast extract 33.68 5 1.68 5.14
NaCl 13.2 5 0.66
Peptone soya 28 1 0.28
Yeast extract 33.68 0.5 0.168
NC; 0.514
NaCl 13.2 0.5 0.066
Waste bread 0 10 0
NG, Waste bread 0 0 0 0
Peptone soya 28 10 2.8
Yeast extract 33.68 5 1.68
LBS 9.64
NaCl 13.2 5 0.66
Soluble starch 45 10 45

Take into consideration that EUR 1 = TND 3.34 (exchange rate as of 16 April 2025).

To further optimize and reduce the cost of amylase production, a fractional factorial
design (FFD) was employed in this study to systematically evaluate the effects of key
process variables. Unlike full factorial or response surface designs, FFD requires fewer
experimental runs while still revealing valuable insights into key variables. When executing
17 runs (Table 4), it has been found that WB significantly improved Amy-BSS production
from 0.69 U/mL to 8.96 U/mL. This enhancement confirms that WB is a valuable car-
bon/substrate source. Furthermore, based on the optimized response (Figure 5), it was
demonstrated that a low level of soy peptone was sulfficient, reducing the required amount
of nitrogen sources thanks to the compensatory effect of WB. Additionally, the absence of
NaCl needed for Amy-BSS production suggests that Bacillus BSS’s sodium requirement
was met by the inherent salt quantity present in the WB. Moreover, bread contains the
key amino acids (nicotinic acid, thiamine, biotin, and pantothenic acids), as reported by
Abd-Elhalim et al. [39]. These elements support Bacillus spp. BSS growth while minimizing
dependence on synthetic amino acid supplementation. The re-purpose of WB lowers Amy-
BSS production cost, further preserving bacterial biomass yield. A major advantage of WB
is its non-seasonal availability, unlike conventional agro-residues, facilitating consistent
integration into circular economy systems.

Alternatively, in order to apply waste bread in food processing, its modification
through hydrolysis is crucial. Hydrolysis breaks the complex configuration of WB starch
into fermentable sugars that can be easily converted into valuable food supplements. As
opposed to lignocellulosic waste, WB is a more efficient source of fermentative sugars due
to its high starch quantity [33]. Notably, sugar generated from WB is without inhibitors,
commonly found in lignocellulosic compounds such as furans, organic acids, and phenols,
which may reduce the activity of hydrolytic enzymes [2,40]. Nevertheless, the starch WB
can be hydrolyzed using enzymatic or acid hydrolysis. Commonly, dilute acid hydrolysis
through either HCI or H,SO4 has been applied to cleave glycosidic bonds, yielding lower-
molecular-weight carbohydrates [41]. However, chemical hydrolysis demands excessive
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energy input, corrosive substances, and severe operating settings, which can generate
harmful byproducts. In contrast, enzymatic pretreatment offers a more sustainable and
eco-friendly approach, leveraging the high specificity and efficiency of enzymes to cleave
starch under mild conditions (40-50 °C). Therefore, enzymatic hydrolysis consumes and
hydrolyzes with no toxic substance compared to the chemical approach [17,42].

Commercial enzymes, namely o-amylase (Grindamyl A14000), amyloglucosidase
(Grindamyl PlusSweet), maltogenic amylase (MALT), and protease (Corolase 7089), were
investigated for the enzymatic hydrolysis of WB, as reported by Rosa-Sibakov et al. [15]. Yet,
to make an economical process, substituting commercial enzymes with house laboratory
enzymes is crucial. Therefore, we have prioritized the use of Amy-BSS for this purpose.
As evidenced by FFD, the reducing sugar yield through WB hydrolysis was significantly
dependent on hydrolysis time, Amy-BSS unities, WB ration, and incubation temperature.
Our results proved that fermentable sugar production increased with longer time and
higher Amy-BSS unities, in accordance with Abidin et al. [30], who found that the maximum
reducing sugar levels are obtained at an enzyme concentration of 6% (w/v), as opposed to
2% and 4%. Additionally, when hydrolysis periods increase, the concentration of reducing
sugars also increase, peaking at 180 min. In addition, Mihajlovski et al. [43] reported that
hydrolysis yield was influenced by fermentation time and WB concentration. In contrast, in
our findings, 1% of WB was optimal because higher substrate increased viscosity, thereby
restricting Amy-BSS action. Further, incubation temperature (50°) showed a positive
effect, which contradicts the Kahlouche et al. [44] results. They found that changing the
temperature from 20 °C to 100 °C had no discernible impact on the hydrolysis of waste
bread (p-value of 0.069 > 0.05). The main differences between the two studies could account
for this discrepancy. Interestingly, our investigation used a bacterial x-amylase, while
Kahlouche et al. [44] used a commercial x-amylase from a fungus source, Aspergillus oryzae
(A8220-50ML, Sigma-Aldrich, Seborg, Denmark). There are notable physiological and
biochemical distinctions between these two enzyme sources, which are from different
kingdoms. Furthermore, to lower the economic cost of industrial-scale applications, we
utilized a crude extract from a laboratory strain, non-commercial, even though their enzyme
was refined and commercially produced.

As illustrated in Figure 7, the fermentable sugars produced through Amy-BSS activity
were primarily glucose, along with sugars having a DP > 3, demonstrating a promising
potential for reuse in new bread-making applications. It has been demonstrated that certain
strains, including Bacillus species and Leuconostoc mesentroides, may convert waste bread
into mannitol, a sugar alcohol used in the food sector [45]. Mihajlovski et al. [43] identified
maltose, glucose, and maltotriose as main sugars products generated during WB hydrolysis
using enzymes from Hymenobacter sp. CKS3. In a nutshell, by replacing conventional sugar
with enzymatically hydrolyzed WB syrup, the food industry, particularly bakeries, can
significantly reduce production costs. These syrups can completely replace standard sugars
in the making of bread and boost shelf-life through improved hygroscopicity and crumb
tenderization, as well as flavor and crust color via Maillard reactions [15]. Such practical
incorporation of bread waste-derived components offers bakeries a scalable solution to
align production with both financial and environmental goals.

5. Conclusions

This study highlights the feasibility of valorizing Tunisian waste bread (WB) as a
sustainable and cost-effective substrate for various biotechnological applications, support-
ing its role in enhancing circular economy. The formulation of WB-based culture media
not only reduced production costs by up to 90% compared to conventional LB media but
also significantly enhanced microbial growth, confirming WB’s economic and functional

92



Microorganisms 2025, 13, 1571

advantages. The use of just 1% WB as a replacement for commercial starch in amylolytic-
strain screening further validated its applicability as a sustainable alternative. Moreover,
the application of FFD led to a 15-fold increase in amylase production by the Amy-BSS
strain, with WB identified as the most influential variable, directly supporting the aim
of optimizing bioprocess efficiency. In addition, enzymatic hydrolysis of WB under mild
conditions yielded 4.6 g/L of fermentable sugars, demonstrating its viability as a raw
material for bio-based product development. Altogether, these outcomes confirm that
Tunisian WB is a robust and efficient resource, aligning with the study’s goal of advancing
sustainable waste valorization within a circular bioeconomy framework.
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Abstract: Foodborne illnesses, particularly those caused by Salmonella enterica subsp. enterica
Serovar Typhimurium, present a significant challenge to public health, especially within the
seafood industry due to biofilm formation on foods. This study investigated the antibiofilm
potential of fucoidan, a sulfated polysaccharide, against Salmonella enterica subsp. enterica Serovar
Typhimurium biofilm on crab and shrimp surfaces. Fucoidan’s minimum inhibitory concen-
tration (MIC) was determined to be 150 pg/mL. Sub-MIC (1/8, 1/4, 1/2, and MIC) were
evaluated for their impact on inhibition of biofilm formation. Fucoidan treatment resulted
in significant, dose-dependent inhibition in biofilm formation, achieving 2.61 log CFU/cm?
and 2.45 log CFU/cm? reductions on crab and shrimp surfaces, respectively. FE-SEM analysis
confirmed biofilm disruption and cell membrane damage. Real-time PCR showed the down-
regulation of quorum-sensing ([uxS) and virulence (rpoS, avrA, and hilA) genes. These results
propose that fucoidan has the ability as a natural antibacterial agent for controlling Salmonella
enterica subsp. enterica Serovar Typhimurium biofilms in seafood processing, thereby enhancing
food safety and minimizing contamination.

Keywords: biofilms; Salmonella enterica subsp. enterica Serovar Typhimurium; crab shells;
shrimp shells; fucoidan

1. Introduction

Foodborne infections are caused by eating tainted food, and their increasing preva-
lence is a serious public health issue [1,2]. Biofilm formation on seafood surfaces com-
promises food safety and raises the cross-contamination risk during processing, posing
a direct threat to public health [3,4]. Bacterial cells permanently attached to food and
food contact surfaces and immersed in a self-made matrix of extracellular polymeric
substances (EPS) are recognized as biofilms [5]. Salmonella spp. is a pathogenic bacterium
known to cause foodborne illness [6]. The Centers for Disease Control and Prevention
(CDC) estimated that salmonellosis leads to infections of 1.35 million, 26,500 hospitaliza-
tions, and 420 fatalities each year in the United States [7]. The rise in salmonellosis cases
has been attributed to Salmonella spp. biofilms on various food products and food-contact
surfaces within food processing facilities [1]. Compared to planktonic cells, bacteria in
biofilms can better adapt to various environmental situations. Biofilms are challenging to
eliminate, representing a substantial hygienic concern in the seafood industry [8]. These
biofilms on biotic and abiotic surfaces impact the safety and quality of food products.
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Effectively controlling biofilm formation remains a major challenge in the food sector,
as they contribute to food contamination, damage processing surfaces and equipment,
and pose serious health risks [3]. Biofilms are responsible for 80% of persistent bacterial
infections, making it increasingly difficult to eliminate these pathogens [9]. As many
chronic infections stem from biofilms, finding effective treatments has become a signifi-
cant challenge [5,10]. Recently, intense research has been engaged on the expansion of
new pharmaceuticals with improved efficacy, with a particular emphasis on innovative
approaches and technological advancements. Salmonella enterica subsp. enterica Serovar
Typhimurium is known for its ability to form robust biofilms, which promote its persis-
tence in the environment and its resistance to conventional treatments [6,11]. In the
seafood industry, biofilm formation by pathogenic bacteria, such as Salmonella enterica
subsp. enterica Serovar Typhimurium on the surfaces of crabs and shrimps presents a
significant challenge to food safety and public health.

Quorum sensing (QS) and extracellular polymeric substances (EPS) play critical roles
in biofilm formation, stability, and pathogenicity in many bacteria, including Salmonella
Typhimurium and Listeria monocytogenes [4]. QS is a cell-to-cell communication mechanism
that regulates bacterial behavior in a population-density-dependent manner through sig-
naling molecules known as autoinducers. In S. Typhimurium, the luxS gene is involved in
the synthesis of autoinducer-2 (Al-2), a key signal in QS [6]. QS modulates the expression of
numerous genes associated with virulence, motility, and biofilm development, facilitating
bacterial adaptation and survival in diverse environments.

EPS, the major component of the biofilm matrix, is composed of polysaccharides, pro-
teins, lipids, and extracellular DNA. It provides structural integrity to the biofilm, mediates
adhesion to surfaces, offers protection against environmental stressors and antimicrobial
agents, and hosts immune responses. The production of EPS is tightly regulated and often
coordinated by QS systems, making these two processes intricately linked.

Fucoidan is a sulfated polysaccharide, numerous algal species generated in large quan-
tities, and its biological characteristics have been thoroughly studied [12-14]. By altering
the permeability of the cell wall or creating a gel-like barrier on the bacterial membrane, fu-
coidan is thought to have antibacterial properties that prevent bacterial nutrition exchange
and suppress bacterial pathogens [15-17]. The search for new antimicrobial agents has been
spurred by the growing resistance of microorganisms to traditional antibiotics [18,19]. Be-
cause of their alleged less adverse effects and affordability, natural substances like fucoidan
hold promise as possible sources of antimicrobial medications [9,11]. Emerging evidence
indicates that fucoidan may also disrupt biofilm formation and reduce the stability of
pre-formed biofilms in various microbial species, making it a potential agent for combating
biofilm-related infections [20,21]. However, its efficacy in the reduction in Salmonella enterica
subsp. enterica Serovar Typhimurium biofilms on seafood surfaces, such as crab and shrimp,
remains largely unexplored.

This study aims to assess the impacts of fucoidan of sub-minimum inhibitory concen-
trations (sub-MIC) in preventing Salmonella enterica subsp. enterica Serovar Typhimurium
biofilm formation on crab and shrimp and its influence on the expression of key genes
at the molecular level. The results will offer effective perceptions of the possible use of
fucoidan as an antimicrobial agent in the seafood industry, enhancing food safety and
minimizing microbial contamination.

2. Materials and Methods
2.1. Bacterial Strain Culture and Growth

In this study, Salmonella enterica subsp. enterica Serovar Typhimurium
(S. Typhimurium ATCC 13311) was utilized as the test organism. The bacterial strains,
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with a cell density of 107-108 Log CFU/mL, were stored at —80 °C in tryptic soy broth
(TSB; BD Difco, Franklin Lakes, NJ, USA) accompanied by 30% glycerol. Initially,
100 uL of the bacterial stock was inoculated and incubated at 37 °C into 10 mL of
TSB with continuous shaking at 170 rpm using a shaking incubator (Vision Scientific,
VS-8480, Seoul, Republic of Korea). A 100 pL aliquot was subsequently transferred
into 10 mL of TSB and incubated for 24 h. After 18 h incubation, the bacterial cul-
ture was centrifuged at 5400 rpm for 10 min at 4 °C, washed two times with sterile
phosphate-buffered saline (PBS; Sigma-Aldrich, St. Louis, MO, USA), and resuspended
in the same buffer. The final suspension was then diluted using peptone water (PW)
(Oxoid, Basingstoke, UK) to accomplish 10° Log CFU/mL. This prepared inoculum
(10° Log CFU/mL) was used to facilitate biofilm formation on crab and shrimp.

2.2. Fucoidan and Minimum Inhibitory Concentration (MIC) Determination

In this study, fucoidan was obtained from Sigma-Aldrich (St. Louis, MO, USA). The
compound was dissolved in DW at 1 mg/mL concentration. The MIC of fucoidan against
S. Typhimurium ATCC 13311 was determined by a previous method [22]. A two-fold serial
dilution technique was employed to establish the MIC in TSB. In a 96-well plate (Corning
Incorporated, Corning, NY, USA), 100 pL of fucoidan (0-300 ng/mL) was diluted serially in
TSB and mixed with 100 pL of a bacterial suspension (10° Log CFU/mL), resulting in 200 pL
per well. The cultures were incubated at 37 °C for 24 h and bacterial growth was assessed
by evaluating absorbance at 600 nm using a microplate reader (Spectra Max 190, Sunnyvale,
CA, USA). After overnight incubation, 100 puL aliquots from wells showing no visible growth
were plated on xylose lysine deoxycholate (XLD) agar (Thermo Scientific, Oxoid, Basingstoke,
UK) to enumerate bacterial colonies. The experiment was performed three times, and the
MIC was revealed to be 150 pg/mL of fucoidan. For subsequent experiments, the sub-MIC
concentrations (0, 1/8,1/4, 1/2, and MIC) of fucoidan were utilized.

2.3. Crabs and Shrimp Sample Preparation

With minor changes, sample preparation was conducted following methods described
in previous studies [23]. Shrimp (Penaeus monodorn) and crab (Corystes cassivelaunus) were
purchased from the local market and with a sterile scalpel, they were cut into 2 x 2 cm?
coupons. Any residual meat was removed, and the shells were thoroughly washed with
sterile DW. To eliminate background microflora on each side of the coupons, the coupons were
exposed to UV-C light for 15 min before bacterial inoculation. The prepared coupons were
then submerged into 10 mL of TSB in a 50 mL Falcon tube, inoculated with S. Typhimurium
ATCC 13311 (10° Log CFU/mL), and incubated at 37 °C for 24 h under static conditions
for experimentation.

2.4. Biofilm Formation Process

The technique was conducted with minor modifications from a previous method [24].
Biofilm inhibition was observed at sub-MIC and MIC, which may not have directly elim-
inated the bacteria but potentially influenced their virulence factors. The experimental
setup included a control (without fucoidan) and fucoidan concentrations of 1/8,1/4,1/2,
and MIC.

Fucoidan at the designated concentrations (0, 1/8,1/4, 1/2, and MIC) was added
to 10 mL of TSB in 50 mL Falcon tube with food surface samples. A 100 puL suspension
of bacteria (10° Log CFU/mL) was introduced, and the mixture was homogenized by
a vortex mixer (Scientific Industries, SI-0256, Bohemia, NY, USA). The samples were
incubated at 37 °C for 24 h to allow biofilm development.

Following biofilm formation, loosely attached bacteria were removed by washing the
coupons twice with DW. The surfaces were then immersed in 10 mL of PW (containing
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10 sterile glass beads) and vortexed for 2 min to detach adherent bacteria. The recovered
bacterial suspension was serially diluted and plated on XLD to assess bacterial colony
counts. After incubation at 37 °C for 24 h, CFU were enumerated. Biofilm inhibition was
quantified by calculating the colony of bacteria in bacterial populations (Log CFU/cm?) at
each fucoidan concentration compared to the control.

2.5. Biofilm Visualization by Field Emission Scanning Electron Microscopy (FE-SEM)

To visually confirm biofilm inhibition by fucoidan (at concentrations of 0, 1/8, and
1/2 MIC) on crab and shrimp coupons, FE-SEM was employed. The sample preparation
procedure was adapted with minor adjustments from the previous protocol [25]. In brief,
the crab and shrimp coupons were fixed in 2.5% glutaraldehyde in PBS and stored at room
temperature for 4 h. Following fixation, the coupons were subjected to ethanol treatments
(50%, 60%, 70%, 80%, and 90%) for 15 min each and two times in 100% ethanol immersions.

The samples were then dehydrated by sequential soaking in increasing concentrations
of hexamethyldisilazane (33%, 50%, 66%, and 100% in ethanol) for 15 min each. After dehy-
dration, the samples were air-dried in a fume hood for 3 h and coated with platinum using
a sputter coater (Q150T Plus, Quorum, UK) and examined using a FE-SEM (Hitachi/Baltec
S-4700, Tokyo, Japan) to observe the biofilm morphology.

2.6. Relative Expression of Gene by Real-Time PCR (RT-PCR)

This test was conducted with minor modifications based on a previously described
protocol [26,27] to analyze the impact of fucoidan on the expression of quorum-sensing
and virulent genes in S. Typhimurium ATCC 13311. Fucoidan-treated bacterial sus-
pensions (10° log CFU/mL) were inoculated into a Falcon tube (10 mL of TSB) and
incubated at 37 °C for 24 h to facilitate biofilm formation. After the incubation, RNA
was extracted from the bacterial pellet using the RNeasy Mini kit (Qiagen, Hilden,
Germany), following centrifugation.

The RNA concentrations and purity were assessed using a spectrophotometer
(NanoDrop, Bio-Tek Instruments, Chicago, IL, USA) at absorbance ratios of 260/280 nm
and 260/230 nm. Complementary DNA (cDNA) was synthesized using the Maxime RT
PreMix kit (iNtRON Biotechnology Co., Ltd., Seoul, Gyeonggi-do, Republic of Korea).
Primers used for the RT-qPCR analysis are listed in Table 1, with 165 rRNA serving as
the housekeeping gene.

Table 1. Names of primers related to virulence and QS.

Target Primers Sequence (5'-3) Product Size (bp)
F: CAGAAGAAGCACCGGCTAAC
165 rRNA R: GACTCAAGCCTGCCAGTTTC 167
1708 F: GAATCTGACGAACACGCTCA .
R: CCACGCAAGATGACGATATG
F: GAGCTGCTTTGGTCCTCAAC
avrA R: AATGGAAGGCGTTGAATCTG 173
, F: ATTAAGGCGACAGAGCTGGA
hilA R: GCAGAAATGGGCGAAAGTAA 134
F: CGGGTTGCAAAAACGATGA
LuxS 150

R: GTTGAGGTGGTCGCGCATA

For quantitative PCR (RT-qPCR), a 20 uL reaction mix containing 1 puL. of cDNA, ap-
propriate primers, and Power SYBR Green PCR Master Mix (Applied Biosystems, Thermo
Fisher Scientific, Warrington, UK) was prepared. RT-qPCR was performed with the follow-
ing thermal cycling conditions: initial denaturation at 95 °C for 20 s, followed by annealing
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at 50 °C for 20 s, and extension at 72 °C for 20 s. Melting curve analysis was performed to
confirm specificity, and gene expression was analyzed using the 2~ 24t method.

2.7. Statistical Analysis

Each experiment was performed in triplicate. The results are presented as the
mean £ standard error of the mean (SEM). One-way analysis of variance (ANOVA),
followed by Duncan’s multiple range test, was analyzed to assess significance. Statisti-
cal significance was considered as p-value (<0.05). The data were evaluated using SAS
software version 9.2 (SAS Institute Inc., Cary, NC, USA).

3. Results
3.1. MIC Determination

Fucoidan’s inhibitory effect was found to be dose-dependent and varies across
different species. MIC was defined as the lowest concentration of fucoidan at which
no visible bacterial growth was observed. To evaluate its antimicrobial activity against
S. Typhimurium ATCC 13311, further experiments were conducted to determine the MIC
of fucoidan. With fucoidan concentrations (ranging from 0 to 150 pug/mL), a significant
effect on bacterial growth was observed up to 150 pg/mL (p > 0.05) (Figure 1). Based on
these results, the sub-MIC range was established as 31.25-125 ug/mL, which was used
in all subsequent experiments. The MIC of fucoidan against S. Typhimurium ATCC 13311
was revealed at 150 pg/mL. Sub-MIC and MIC concentrations (1/8,1/4, 1/2, and MIC)
were employed for further investigations.
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Figure 1. Minimum inhibitory concentrations of Fucoidan against S. Typhimurium ATCC 13311. Data
are presented as mean + SEM from three independent experiments. Within each treatment, values
with different letters (a—g) indicate significant differences according to Duncan’s multiple range test
(p <0.05).

3.2. Eradication Impact of Fucoidan on Crab and Shrimp Against S. Typhimurium ATCC 13311

The biofilm formation of S. Typhimurium ATCC 13311 on crab and shrimp coupons
was effectively inhibited by fucoidan, as demonstrated in Figures 2 and 3, respectively. As
the concentration increased, the inhibition of biofilm also showed a corresponding increase.
On crab surfaces, the biofilm inhibition values of S. Typhimurium ATCC 13311 were 0.12,
1.45,2.13, and 2.50 log CFU/ cm? at fucoidan concentrations of 1/8, 1/4, 1/2, and MIC,
respectively (Figure 2). Similarly, on shrimp coupons, the biofilm inhibition values were
0.19, 1.36, 2.21, and 2.45 log CFU/ cm? at fucoidan concentrations of 1/8,1/4,1/2, and MIC
(Figure 3).
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Figure 2. Biofilm formation by S. Typhimurium ATCC 13311 on crab coupons in the presence of
sub-MIC of fucoidan (0, 1/8, 1/4, 1/2, and MIC) under optimal conditions (37 °C, pH 7.0). Data
are expressed as mean + SEM from three independent replicates. Within each treatment, values
with different letters (a—d) indicate significant differences according to Duncan’s multiple range
test (p < 0.05).
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Figure 3. Biofilm formation by S. Typhimurium ATCC 13311 on shrimp coupons in the presence
of sub-MIC of fucoidan (0, 1/8,1/4,1/2, and MIC) under optimal conditions (37 °C, pH 7.0).
Data are expressed as mean + SEM from three independent replicates. Within each treatment,
values with different letters (a—e) indicate significant differences according to Duncan’s multiple
range test (p < 0.05).

3.3. Confirmation of Biofilm Reduction Visually by Fucoidan

Figure 4 presents the visual validation of biofilm inhibition by fucoidan. In the control
samples, the biofilms exhibited well-organized architectural structures with intact cell-to-
cell contacts, with smooth and regular cells having intact cell membranes (Figure 4A,D). In
contrast, the fucoidan-treated samples displayed bacterial cells with a rough and irregular
appearance, indicating a loss of their normal shape (Figure 4C,F). The red color marks in
the control samples (Figure 4A,D) indicate the attachment of biofilm cells, while in the
fucoidan-treated groups, the biofilms showed significant lysis, as evidenced by the reduced
presence of red-stained cells (Figure 4B,C,E, F).

101



Microorganisms 2025, 13, 914

Shrimps

Figure 4. Representative scanning electron micrographs of S. Typhimurium ATCC 13311 biofilm
formation on crabs and shrimp under optimal conditions in the presence of different sub-MIC
concentrations of fucoidan: (A) control; (B) 1/8 MIC; (C) 1/2 MIC for crabs, and (D) control;
(E) 1/8 MIC; (F) 1/2 MIC for shrimp.

3.4. Relative Expression Levels

Figure 5 shows the levels of relative expression of virulence (rpoS, avrA, and hilA)
as well as the QS gene (luxS) in S. Typhimurium ATCC 13311, measured by qPCR in the
presence of sub-MIC of fucoidan (ranging from 0 to 125 pug/mL). Gene expression was
significantly downregulated at all sub-MIC concentrations of fucoidan (p < 0.05).
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Figure 5. Relative expression levels of rpoS, avrA, hilA, and luxS genes in S. Typhimurium ATCC 13311
suspension supplemented with different concentrations of fucoidan. Different superscript letters
(a, b) indicate significant differences (p < 0.05) based on three independent replicates.
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4. Discussion

This study explored the efficacy of fucoidan in biofilm inhibition of S. Typhimurium
ATCC 13311 on crab and shrimp and provided insights into its potential mechanisms of
action. The findings demonstrated that fucoidan, even at sub-MICs, significantly reduced
biofilm formation and destabilized pre-formed biofilms. Fucoidan, a sulfated polysaccharide
derived from Fucus vesiculosus, exhibited antimicrobial properties against food-pathogenic
bacteria [28,29]. In previous studies, the MICs ranged from 125 to 1000 pg/mL [30]. Fucoidan
concentrations exceeding 250 ug/mL were highly effective in inhibiting biofilm formation and
planktonic cell growth of Streptococcus mutans and S. sobrinus [30]. These results underscore
the potential application of fucoidan as a natural antimicrobial and antibiofilm agent in the
seafood industry.

Biofilm growth contributes to ongoing contamination and resistance to traditional
cleaning techniques, it presents serious problems for the seafood sector [31]. According
to the current study, fucoidan decreased S. Typhimurium ATCC 13311 ability to form
biofilms on crabs and shrimp in a concentrate-dependent manner, with significant re-
ductions shown at 1/2 MIC and MIC concentrations (Figure 1). Previous investigations
have documented similar antibiofilm activities of fucoidan against various pathogens,
such as Staphylococcus aureus and Escherichia coli [32]. The 150 pg/mL MIC value for
S. Typhimurium ATCC 13311 found in this investigation is consistent with reports of
fucoidan’s antibacterial effectiveness against Gram-negative bacteria. For instance, MIC
values for Pseudomonas aeruginosa and E. coli ranged from 100 to 200 pg/mL [33]. To-
gether, these results demonstrate the broad-spectrum potential and dose-dependent
nature of fucoidan’s antibacterial qualities. Its promise as a food-safe antimicrobial
intervention is highlighted by the observed decreases in biofilm-associated bacterial
counts, which were as high as 2.50 log CFU/cm? on crab coupons and 2.45 log CFU/cm?
on shrimp coupons. In a previous study, fucoidan F85 was tested at concentrations
ranging from 0 to 250 pg/mL. The growth control group in BHI broth increased from
approximately 5.2 log CFU/mL (initial cell count) to around 8.6 log CFU/mL after 18 h,
maintaining this level with a slight decline of about 1 log cycle after 48 h. In contrast,
S. mutans treated with fucoidan at 125 ug/mL showed no growth, while S. mutans treated
with fucoidan F85 at 250 ug/mL exhibited a consistent decrease, reaching approximately
3.3 log CFU/mL after 48 h [30]. FE-SEM imaging provides evidence of fucoidan’s mode
of action by identifying notable structural anomalies in individual bacterial cells and the
biofilm matrix. The smooth and undamaged looks of untreated control cells were sharply
contrasted with the rough and uneven surfaces of bacterial cells in fucoidan-treated
samples. These results align with earlier research showing that fucoidan breaks down
the EPS matrix, which is essential for preserving the structure of biofilms and promoting
bacterial adhesion [34]. In addition to this experiment, virulence-associated genes (rpoS,
hilA, avrA, and luxS) were shown to be significantly downregulated in S. Typhimurium
ATCC 13311 biofilms treated with fucoidan. These genes are important for bacterial
communication, biofilm control, and pathogenicity; fucoidan may interfere with these
functions to prevent the formation of biofilms [35]. In the present study, the application
of sub-inhibitory concentrations of fucoidan significantly reduced biofilm formation on
various seafood coupons. This antibiofilm activity may be attributed to the disruption of
QS signaling and EPS production. Gene expression analysis revealed significant down-
regulation of [uxS in S. Typhimurium ATCC 13311, indicating a possible QS-inhibitory
effect of fucoidan. Additionally, genes associated with virulence and stress response
(hilA, avrA, rpoS) were also suppressed, further suggesting that fucoidan interferes with
key regulatory pathways involved in biofilm development and maintenance.

103



Microorganisms 2025, 13, 914

By inhibiting QS and reducing EPS synthesis, fucoidan compromises biofilm integrity
and diminishes the protective advantages conferred by the biofilm matrix. These findings
highlight fucoidan’s potential as a natural QS and EPS-targeting agent, offering an effective
strategy to combat persistent biofilms in food industry settings.

All of the observed decreases in gene expression point to fucoidan’s complex an-
tibiofilm mechanisms. Inhibiting biofilm formation and destabilizing pre-existing biofilms,
fucoidan targets quorum-sensing, stress response, and virulence pathways. These results
are similar to previous studies that suggested natural polysaccharides might function as
potent antibiofilm agents by interfering with molecular pathways [36,37].

The seafood industry faces significant challenges with biofilm-associated contamina-
tion, which poses serious food safety and public health concerns. According to this study,
fucoidan shows promise as a natural remedy for these problems. Fucoidan, which comes
from brown algae, has several benefits over conventional chemical disinfectants, such as be-
ing naturally derived, having minimal toxicity, and being environmentally friendly [28,38].
Additionally, its effectiveness at sub-MIC levels increases its applicability by cutting costs
in industrial applications and lessening the danger of the development of antibiotic re-
sistance [39]. Sensory evaluation was conducted on butter samples from both control
and treatment groups, including varying fucoidan concentrations over different storage
durations [40]. The results demonstrated that butter samples containing 0.5% fucoidan
exhibited significantly reduced acid and peroxide values, extending shelf life as supported
by sensory assessments [41]. No alterations in taste were detected in any samples on
day zero, and even at higher fucoidan concentrations, no adverse effects on flavor were
observed. An increase in fucoidan concentration resulted in slightly lighter butter color
and enhanced texture characteristics, such as improved softness and spreadability. By day
40, a slight increase in rancid flavor was noted across all samples; however, the control
group displayed the most pronounced rancidity, whereas the samples treated with the
highest fucoidan concentrations maintained acceptable sensory quality without unpleasant
organoleptic changes [42]. Shelf life, defined as the duration during which a food prod-
uct remains acceptable in terms of safety, nutrition, and sensory attributes, was notably
prolonged in the fucoidan-treated samples.

However, this study also points to several limitations. The effectiveness of fucoidan
has to be confirmed in actual seafood processing settings, as the trials were carried out
in a controlled laboratory setting. To guarantee its usefulness in the sector, research
should also be carried out on its affordability and any effects on the sensory aspects of
fish products. While this study highlights the promising antibiofilm and antimicrobial
properties of fucoidan against S. Typhimurium ATCC 13311 on seafood coupons, translating
these findings into industrial application necessitates careful consideration of several
practical factors. Regulatory approval is a foremost concern; although fucoidan is derived
from edible brown seaweed and is generally regarded as safe (GRAS) in some jurisdictions,
its application as an antimicrobial agent in food processing environments would require
compliance with food safety regulations governed by authorities such as the FDA, EFSA,
or regional food safety agencies. Comprehensive toxicological assessments and efficacy
validations under industrial conditions would be essential for its approval.

Moreover, sensory impacts on seafood products must be thoroughly evaluated. Even
though fucoidan is considered low in toxicity and natural in origin, its potential influ-
ence on the organoleptic properties—including taste, texture, aroma, and appearance—of
treated seafood could affect consumer acceptability. It is imperative that sensory testing be
integrated into future studies to ensure the maintenance of product quality post-treatment.

Formulation and application challenges also merit close attention. Fucoidan’s stability
under various processing conditions—such as temperature, pH, and exposure to other food-
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grade chemicals—must be addressed. Effective delivery mechanisms, such as incorporation
into edible coatings, sprays, or wash solutions, should be optimized for uniform application
and maximal biofilm inhibition. Furthermore, large-scale production of standardized
fucoidan with consistent bioactivity is necessary to ensure batch-to-batch reproducibility, a
requirement for commercial scalability.

In addition, although fucoidan holds significant promise as a natural, eco-friendly
antimicrobial in the seafood industry, its practical implementation demands multi-faceted
exploration involving regulatory, sensory, and formulation studies. Addressing these
challenges through interdisciplinary research will be critical to unlocking fucoidan’s full
potential in enhancing food safety and reducing microbial contamination.

Fucoidan’s synergistic effects with other natural antimicrobials should be investigated
in future studies to increase its effectiveness against infections linked with biofilms.

The study’s results imply that fucoidan may be used as a safe and efficient natural
antibiofilm agent to combat S. Typhimurium ATCC 13311 on seafood coupons. It offers
a viable method for enhancing food safety and minimizing microbial contamination
in the seafood sector because of its capacity to prevent the creation of new biofilms,
decrease existing biofilms, and alter quorum-sensing pathways. To maximize its usage
and broaden its application to additional foodborne diseases and industrial settings,
more research is necessary.

5. Conclusions

Fucoidan demonstrates strong antimicrobial and antibiofilm activity against
S. Typhimurium ATCC 13311 on seafood coupons, significantly reducing bacterial
counts by 2.50 log CFU/cm? on crabs and 2.45 log CFU/cm? on shrimp at sub-MIC
levels. FE-SEM analysis confirmed its ability to disrupt the EPS matrix, likely by in-
terfering with quorum sensing and virulence gene expression. With its natural origin,
low toxicity, and effectiveness at sub-MIC levels (31.25-125 pg/mL), fucoidan presents
a sustainable alternative to chemical disinfectants in the seafood industry. Further
research is needed to assess its industrial application, potential synergistic effects, and
impact on product quality, making it a promising tool for enhancing food safety and
reducing microbial contamination.
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Abstract: Global consumer demand for probiotic-enriched functional foods has increased
as consumers become increasingly aware of the connection between what they eat and its
role in their long-term health. Compared with conventional foods that primarily deliver
fundamental nutrients, functional foods include biologically active compounds capable
of influencing physiological processes. While traditionally used probiotic strains like
Lactobacillus and Bifidobacterium are still at the center of this trend, there is growing interest
in the exploration of emerging and novel microbial candidates that harbor new functional
properties. This review addresses the characterization, modes of action, technological
limitations, regulatory guidelines, and prospective health benefits of new probiotic strains
in functional foods. The review further highlights the need for precise strain selection, novel
encapsulation technologies for viability, and strict safety assessments in accordance with
EFSA’s QPS (Qualified Presumption of Safety) and the United States FDA GRAS (Generally
Recognized As Safe) specifications. Current research focuses on the classical benefits
of probiotics, including gut microbiota modulation, immunomodulation, antimicrobial
activity, lowering of cholesterol, and mental health. However, long-term clinical validation,
strain specificity, personalized application, and effective communication to consumers are
some areas where gaps remain. Addressing these challenges through the incorporation
of omics technologies, synthetic biology, and more detailed microbiome-host interaction
studies will be the key to unlocking the full potential of next-generation probiotics and
sustaining consumer trust in this emerging market.

Keywords: probiotics; functional foods; emerging microbial strains; fermented foods;
gut microbiome

1. Introduction
1.1. Background

Functional foods are foods that have been scientifically established to deliver a positive
impact on one or more specific physiological functions in the human body, other than sim-
ply providing nutritional benefits. These impacts can be towards considerably enhanced
health, welfare, or lower risk of developing certain diseases [1]. With the increasing public
awareness of the link between nutrition and health, there is more global momentum toward
the use of food in disease prevention and health promotion. Consumers are also becoming
more interested in dietary products that promote immune function, gastrointestinal health,
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and overall well-being. This is especially seen in the growing popularity of functional
foods and dietary supplements enriched with bioactive components [2]. The concept of
functional foods initially gained traction in Japan in the 1980s and was formally established
by the Japanese Ministry of Health and Welfare in 1991 through the Foods for Specified
Health Uses (FOSHU) system [3]. The system created an effective legal pathway for foods
to carry approved health claims, provided they are backed by robust scientific and clinical
evidence. Since then, the concept has expanded globally as consumers increasingly seek
food products that actively support their health and lifestyle goals. Since diet is considered
to be closely linked to several disease conditions and significant age-related chronic disease
states, researchers and the food industry have turned their attention to functional foods that
can provide more than calories and nutrients but also bioactive compounds with proven
health impacts [1,4]. Similarly, consumers are increasingly becoming aware of the connec-
tion between what they eat and their long-term health conditions. Thus, many consumers
are shifting from conventional foods that primarily deliver fundamental nutrients such
as carbohydrates, proteins, fats, vitamins, and minerals to functional foods which contain
biologically active compounds capable of influencing physiological processes such as pro-
biotic yogurts, beverages with supplemented plant sterols, or prebiotic fibers. These foods
have been found to contain vitamins, minerals, dietary fiber, antioxidants, phytochemi-
cals, and bioactive peptides which are beneficial to human health [5,6]. This has fueled
more interest in the consumption of functional foods as they help in disease prevention,
immunity, digestive health, and other targeted health goals [7]. This increasing demand for
functional foods has given rise to a rapidly expanding market for these products and this
continues to grow. The combined global market value of functional foods and beverages
was approximately USD 258 billion in 2021 and is expected to rise to USD 530 billion by
the year 2028 [8], indicating the vast potential and business opportunity for developing
new products, bridging the gap between nutrition and well-being.

Of all the bioactive compounds used to enhance the health attributes of functional
foods, probiotics are of utmost significance. Probiotics are live microorganisms including
bacteria and yeast which are incorporated into functional foods for consumption or applica-
tion on the body to provide some health benefits [9]. According to Hill et al. [10], probiotics
must be “safe for their intended use” and have “defined contents, appropriate viable count
at end of shelf life, and suitable evidence for health benefits.” The International Scientific
Association of Probiotics and Prebiotics (ISAPP) reaffirmed these ideas in a policy statement
in 2018 [11]. Globally, probiotics rank as the fastest emerging class of dietary functional
food supplements, and a growing body of research continues to indicate their extensive
benefits to health [12]. Their overall acceptability comes from their recognized role of
maintaining digestive and immunological well-being. Currently, probiotics are consumed
regularly not only in yogurt but also in cheeses, beverages, cereals, and other emerging
food delivery vehicles [13]. These probiotics, especially bacteria have been demonstrated to
have potential such as neutralizing toxins [14], enhancing sensorial appeal when microen-
capsulated [15], and having improved survival for transit through the hostile environment
of the gastrointestinal tract [16]. Several approaches are employed in introducing and
maintaining probiotics in foods. Newer fortification strategies have been implemented
to improve the potential and usage of probiotics. They have been utilized as additives in
green tea fortified with soy [17], as added fortifications with vitamin D in products for
weight management [18], incorporated in fruit juices to increase their health promotion [19],
or as prophylactic treatments for cancer [20]. The global sales of probiotic supplements has
continued to rise and was estimated at USD 96 billion in 2020 [1].

While the strains of Lactobacillus and Bifidobacterium have traditionally been the most
widely utilized probiotics based on their established safety and effectiveness, scientific
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advancements and consumer interest have increased the exploration of new microbial
strains as potential probiotics from diverse sources, including plants, fruits, and fermented
foods. Hence, this review provides an overview of the current state of emerging probiotics
in functional foods, from strain selection and characterization to their mechanisms of action,
regulatory considerations, technological challenges, and future perspectives for research
and applications.

1.2. Sources of Novel and Conventional Probiotic Strains

Probiotic strains, whether well-known or novel, can be isolated from a wide range
of natural or traditional sources. Over the years, several strains of yeasts and LAB with
techno-functional properties have been isolated from ethnic beverages, unique sources such
as plants, animal hosts, and marine ecosystems [21]. Table 1 summarizes different sources
of both conventional and emerging probiotic candidates and their main functional features.

Table 1. Representative conventional and emerging probiotic species, their isolation sources, and key

functional properties.

Species/Strains Isolation Source Key Functional Traits References
Weissella confissa MD1 and . Eermented batter, Co-aggregation with path(.)gens; lysqzymg and ac1c.1 tolerance;
. - traditional fermented foods cholesterol reduction; antimicrobial potential; [22,23]
Weissella cibaria MD2 . . L. L
such as horreh exopolysaccharide production; antioxidant activity.
Bacillus coagulans Milk Spore-forming abilities, g.astromtestmal survivability; enzyme [24]
production; heat tolerance.
Lactobacillus plantarum (e.g., Kimchi, dry fish based Acid and bile tolerance; adhesion to intestinal cells; cholesterol [25,26]
SY11,SY12, AAS3) fermented food reducing property; antimicrobial and antioxidant activity. g
Antioxidant and immunostimulatory activity; stability in
Jangajii (fermented artificial gastric and bile conditions, non-production of
L. paraplantarum (e.g., SC61) vegetable) B-glucuronidase, suitable antibiotic susceptibility, and 271
attachment to intestinal cells.
Weissella hellenica BCC 7239 Nham (fermented pork Production of ba.ct'erlocms, bacterlmda.l effects agamst both 28]
sausage) Gram-positive and Gram-negative organisms
Fructobacillus fructosus MCC Resistance to gastric conditions; co-aggregation with pathogens,
3996 Flower nectar hydrophobicity, and the absence of hemolytic activity. 2]
Saccharomyces cerevisiae (€., Cucumber jangajji and Antioxidative properties; gastric and bile resistance; adhesion
KU200270, KU200280, and other fermented foods to epithelial cells [30]
KU200284) p -
Aureobasidium pullulans (e.g., . Auto-aggregation ability; hydrophobicity; adhesion to Caco-2
Y39, Y40, Y41, Y43) Kalamata table olive cells; absence of hemolytic activity. [31]
L . Inability to form biogenic amines; adherence to Caco-2 cells;
Lacticaseibacillus casei (e.g., SB71, . .o R
Marine ecosystem cholesterol assimilation; and tolerance to NaCl, bile and [32]
SB73 and SB93) |
ow pH.
Leuconostoc (“tfe”m and Traditional fermented foods Exopolysaccharide production; antioxidant activity;
mesenteroides . [23]
. such as Horreh acid tolerance
subsp. mesenteroides)
Pediococcus Traditional fermented foods Exopolysaccharide pl.roductlon; antioxidant activity; 23]
pentosaceus acid tolerance
Enterococcus (faecium and Traditional fermented foods Absence of a.ntlbwt.l? resistance or er.ulence. factors; auto
. . . aggregation ability; hydrophobicity; resistance to [23,33]
faecalis) (e.g., Kimchi, Horreh) : : o
gastrointestinal conditions.
Akkermansia muciniphila Humgn 1nFest1nal Mucin degradation; modul.atlon of host metabolism; gut barrier 34]
microbiota reinforcement
Faecalibacterium prausnitzii Human gut Butyrate production; anti-inflammatory and [35]

gut-protective effects

1.3. Conventional vs. Emerging Probiotic Strains

For several decades, the global probiotic industry has relied on a relatively small

number of well-studied, widely accepted microbial species. Those relevant to the human
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gut microbiota among them are majorly members of the genera Lactobacillus (now reallo-
cated to many new genera such as Lactiplantibacillus, Ligilactobacillus, Lacticaseibacillus and
Limosilactobacillus) and Bifidobacterium [21,36]. These bacteria are naturally found in the
human gut and fermented foods and have a long record of safe ingestion backed up by a
strong body of scientific evidence [21,37]. Some of the common examples include strains
of Lactobacillus acidophilus, Lacticaseibacillus rhamnosus GG, Limosilactobacillus reuteri, Bifi-
dobacterium bifidum, Bifidobacterium longum, Bifidobacterium animalis subsp. lactis, etc. These
strains have reportedly been characterized by survival under stomach acidic conditions,
ability to colonize the intestinal epithelium, ability to compete with and inhibit pathogens
thereby keeping the gut healthy, producing essential metabolites such as short-chain fatty
acids, and modulating the host’s immune system [2,37]. Due to their proven efficacy and
safety, they have been used over the years in different products such as in fermented foods,
supplements, infant formula, and even as therapeutic treatments of gastrointestinal and
immune diseases [21,31,38].

While milk and other dairy products continue to be the major vehicle for probiotics
delivery to consumers, interest in their non-dairy probiotic food counterparts including
cereals, fruits, and vegetables has expanded over the last few decades [39]. This is pri-
marily due to changing food habits, i.e., the growing rate of vegetarianism and veganism,
and the accelerated rate of milk allergy, cholesterol, and lactose intolerance which limits
the consumption of dairy products by many [5]. Identification of new strains suitable
for these foods and niche markets opens the door to more opportunities for functional
foods innovation. However, it is noteworthy that most of the probiotic cultures used in
food products commercially available today are derived from human gut microbiota or
traditional dairy fermentations [21]. The dairy sector which is strongly associated with
probiotics, is the largest functional food market, accounting for nearly 33% of the broad
market, while cereal products have just over 22% [13]. For stable supplementation of
probiotics into plant or cereal-based foods, strains that come directly from plants or plant
fermentations tend to be better adapted to thrive. The use of strains well adapted to these
substrates is more effective as non-dairy food matrices have particular technological,
environmental and physiological challenges, that typical dairy or gut-derived probiotic
strains would not be able to survive in optimally [40]. Thus, the optimization of novel
probiotic strains to survive, be potent and viable in non-dairy food product matrixes
is critical in the development of new functional foods that cater to different dietary
needs. Technological advancements have made it feasible to modify food components
in a regulated manner, such as modifying food components, among other methods, to
change specific structural aspects of foods such as fruit and vegetables [41], making them
conducive for probiotic supplementation. These foods are nutrient-rich and contain
essential minerals, vitamins, dietary fibers, and antioxidants which makes them perfect
substrates for probiotics culture [21]. The idea of using fewer milk components as vehi-
cles of probiotic agents or even substituting milk with other media, like cereals, fruits,
and vegetables, is also encouraged by traditions and financial considerations that restrict
the use of dairy products due to religious, raw material unavailability, and other practical
reasons [13]. Hence, it has become crucial to leverage the numerous advancements in
scientific innovation and enhanced screening technologies like genomics, metagenomics,
innovative culturing techniques and metabolomics, to optimize the customization of
probiotic products using newer strains and food matrices for specific nutritional needs,
disease prevention, and even adjunct therapy for conditions like obesity, diabetes, and
inflammatory bowel disease. To provide a clearer perspective of the current frontiers
of probiotic research, a conceptual comparison between conventional, well-established
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probiotics and newly emerging candidates that exhibit probiotic-like properties but are

still under safety and regulatory evaluation is presented herein (Table 2).

Table 2. Conceptual Comparison between Conventional Probiotics and Emerging Probiotic Candidates.

Criteria

Conventional Probiotics (e.g.,
Lactobacillus, Bifidobacterium)

Emerging Probiotics (e.g., Akkermansia
muciniphila, Faecalibacterium prausnitzii)

Safety status

Well-established (GRAS/QPS) [2,10]

Ongoing safety evaluation and limited
regulatory approval [21]

Isolation sources

Traditional fermented foods (yogurt, kefir,
sauerkraut), dairy products, and
human/animal gut [5,6]

Novel environments (soil, plants, insects,
marine microbiota, human gut) [21,32,35]

Health benefits
(evidence base)

Well-documented gut health and
anti-diarrheal effects, lactose intolerance
relief; multiple clinical trials [5,10]

Limited but growing number of clinical
studies; promising roles in obesity, diabetes,
inflammatory bowel disease, and metabolic

syndrome [42]

Functional traits

Antimicrobial activity; acid and bile salt
tolerance, epithelial adhesion [25,26]

Immune modulation, gut barrier
enhancement, production of short-chain fatty
acid (SCFA) [43,44]

Mechanistic
understanding

Mechanisms relatively well-characterized
(competition with pathogens, production
of antimicrobials, adhesion, immune
modulation) [2].

Mechanisms still being evaluated (mucin
degradation, signaling via metabolites like
SCFAs, anti-inflammatory pathways) [42,44]

Industrial application

Widely commercialized in yogurts,
cheeses, beverages, infant formula, dietary
supplements [38].

Limited commercial applications; potential in
next-generation probiotics (capsules,
synbiotics, functional beverages) [42]

Challenges

Strain-specific variability; genetic
instability in industrial settings [45]

Difficulties in cultivation, safety uncertainties,
lack of regulatory approval, stability issues in
food matrices [21]

Future perspectives

Continued use in conventional foods and
nutraceuticals; exploration of strain
engineering for enhanced traits

Potential game-changers in personalized
nutrition, microbiome-targeted therapies, and
precision probiotics once validated

2. Biological and Functional Characteristics of Probiotic Strains

For new probiotic strains to be validated, a rigorous scientific framework is required

to ensure safety, efficacy, and viability [2]. Several international organizations, most notably
the Food and Agriculture Organization (FAO) and the World Health Organization (WHO),
have provided globally accepted definitions and guidelines for the classification and

characterization of specific strains of microorganisms to qualify as a probiotic for use

in foods and dietary supplements. These criteria include that probiotic strains must be

(i) adequately characterized; (ii) safe for the intended use; (iii) supported by at least

one positive human clinical trial; and (iv) alive at an efficacious dose in the product

throughout shelf life [46]. As presented in Figure 1, these criteria can serve as a useful

tool in determining whether a candidate strain, or combination of strains, can serve as

probiotics or not.
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Figure 1. Decision tree used to assess whether a potential probiotic meets the requirements (Adapted
from Binda et al. [2]).

The lactic acid bacteria (LAB) that are mostly used as probiotics are mainly species of
Lactobacillus (L. acidophilus), Lacticaseibacillus (L. rhamnosus and L. casei), Lactiplantibacillus
(L. plantarum), Ligilacto bacillus (L. salivarius), and Limosilactobacillus (L. reuteri and L. fer-
mentum). Furthermore, strains of the Bifidobacterium genus (B. longum, B. bifidum, B. lactis,
B. animalis, B. breve, and B. infantis) and yeasts (Saccharomyces cerevisiae) are commonly
used [21]. Probiotic strains are majorly selected, putting into consideration several aspects
such as the consumer’s safety (hemolytic activity, mucin degradation, and antibiotic sus-
ceptibility), physiological functionalities (bile salt and acid tolerance, auto-aggregation,
bile salt deconjugation, co-aggregation with pathogens, cell surface hydrophobicity, ability
to survive when exposed to gastrointestinal conditions and antagonistic action against
pathogens) [21]. Furthermore, technological aspects such as tolerance to sodium chloride
(NaCl), production of bioactive compounds, and proteolytic and lipolytic activity are also
taken into consideration [47]. The “step-by-step screening approach” as shown in Figure 2
and discussed in the following sub-sections is majorly followed for the selection of potential
probiotic microorganisms isolated from traditional and emerging sources. The strains are
generally subjected to a series of tests to determine their characteristics. The strains that
exhibit the greatest number of functional characteristics and no undesirable traits are cho-
sen at the conclusion of this process. Additionally, proper strain identification and typing
are essential because many probiotic attributes are strain specific. Even within the same
species, different strains can vary in their ability to survive gastrointestinal stress, adhere
to intestinal cells, or exert antipathogenic effects. Hence, strain-level identification using
genetic and molecular methods such as 165 rRNA sequencing or whole-genome sequencing
(WGS) is crucial for accurate probiotic characterization and safety assurance [2,48].
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Sources of probiotics

Traditional (Conventional) sources Emerging (Non-Dairy) sources

+ Dairy products (e.g., yogurt, kefir, + Fermented cereals and legumes
cheese, fermented milk) (e.g., millet, soy, sorghum)
Human and animal gastrointestinal * Plant-based substrates (fruits,
tract vegetables, grains, flowers)
Fermented meats and vegetables * Marine and soil microbiota

Isolation of potential probiotic
strain

y

1. Stress tolerance 2. Adhesion ability
+ Salivary enzymes « Auto-aggregation assays
« LowpH « Degree of hydrophobicity
+  Gastric enzymes * Adhesion to mammalian
+ Gastricjuice epithelial cells
+ Bile salts
h 4
3. Antipathogenic activity 4. Safety a.ss.essr.'r?em.:
* Production of antimicrobial * Taxonomic ld.entlflcatmn
metabolites + Absence of virulence
« Competition with pathogenic ¢ Hemolytu? ashaly
organisms « Enterotoxins production
+ Co-aggregation with pathogens * Transferable antibiotic

resistance genes

5. Clinical trials

Figure 2. The step-by-step screening approach used for characterization of probiotic strains according
to WHO/FAO guidelines.

2.1. Ability to Tolerate Stress

The ability to withstand the variety of stress conditions associated with food processing
and the human GIT is a crucial test in the selection of food-grade emerging microbial strains.
A potential probiotic strain must demonstrate resilience from the moment it is swallowed
until it is effective in the gut before it can be considered acceptable for consumption as
a probiotic in foods or dietary supplements. Upon ingestion, probiotics must survive
enzymes naturally present in the mouth, such as amylase and lysozyme. While most
Gram-positive bacteria are vulnerable to the activity of lysozyme, many strains of LAB
have demonstrated significant resistance lysozyme, and can thus, survive as part of the
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human oral microbiota [49,50]. Once swallowed, the probiotic must withstand harsh
conditions in the gastrointestinal tract, which involves survival of the highly acidic stomach
environment, digestive enzymes like pepsin, and later, bile salts and pancreatic juices in
the small intestine [50]. The probiotic must also withstand mild heat stress from the body
temperature. To survive these conditions, candidate strains must possess good acid and
bile salt tolerance or mechanisms to neutralize or expel such inhibitory agents [2]. For
probiotics, tolerance to bile and acidity is necessary for their survival in the upper digestive
system and passage to the large intestine. Thus, a potential probiotic’s survival in the
gastrointestinal tract is predicted by its ability to survive in simulated gastrointestinal
settings [51]. For confirmation of these survival properties, possible strains are cultivated
in media containing different pH conditions and stress elements such as pepsin, lysozyme,
amylase, bile salts, NaCl, Oxgall, and porcine pancreatic or gastric juices added. Their
viability is then determined by quantifying viable cell numbers or growth over time [50].

Studies have demonstrated that different isolated microorganisms with potential
probiotic properties are able to survive simulated gastrointestinal conditions. For instance,
Garcia et al. [52] evaluated five selected Lactobacillus strains (L. brevis 59, L. pentosus 129,
L. paracasei 108, L. plantarum 49, and L. fermentum 111) isolated from byproducts of fruit
pulp processing for desirable probiotic-related properties and found that exposure to pH
5.0 and to bile salts (0.15, 0.30, and 1.00%) to simulate gastrointestinal conditions did not
decrease the counts of the Lactobacillus strains. Results from their study also suggest that
acid and bile salt tolerance are generally strain-specific, indicating that some strains may not
withstand the harsh conditions of the gastrointestinal tract [52]. However, gastrointestinal
stress resistance varies greatly across species and strains and only a few isolated strains pass
these rigorous screening tests which have been confirmed by different experimental studies.
For example, out of the fifteen potential probiotic yeast strains isolated from pistachio fruits
(Pistacia vera) in the study by Fernandez-Pacheco et al. [53], only 65% of them had a high
survival rate in the gastrointestinal conditions they were tested in. In another study by
Maragkoudakis et al. [54], they found that out of 29 Lactobacillus strains tested, only six
survived when pH 1 was applied for an hour, and eight strains could not survive pepsin at
pH 2. Generally, pH values ranging from 2 to 5 and bile salts concentrations from 0.3 to 2%
are considered critical selection limits for potential probiotic microorganisms [21,55].

2.2. Adhesion Ability

It is essential to determine the potential of emerging probiotic strains to adhere to the
gastrointestinal epithelial cells. Effective adhesion is a functionally significant attribute
since it allows the probiotic to transiently colonize the gut mucosa, produce biofilms,
and exhibit actions like competitive exclusion of harmful microorganisms, modulation of
the immune response, and interaction with host tissues [50]. The adhesion is a complex
molecular interaction between the contact and binding of two biological membranes (the
probiotic cell surface and the host gut epithelial cells). The physicochemical characteristics
of microbial cell surfaces play a major role in determining this interaction. Specifically,
the extent, strength and selectivity with which a probiotic strain adheres to mucosal
surfaces is influenced by surface proteins, exopolysaccharides, and other extracellular
structures [56,57]. Microbe adhesion to epithelial cells is further influenced by the cell
surface’s hydrophobic characteristics as well as its ability to auto-aggregate. While cell
surface hydrophobicity enables a better connection between microbes and human epithelial
cells, microbial cell auto-aggregation allows for the probiotic cells to clump together in flocs,
which allows them to be more locally dense in the gut and adhere and colonize epithelial
surfaces better [50]. The process can be measured by a simple test where the strain is added
to phosphate-buffered saline (PBS) solution, and absorbance changes are tracked with
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time to see how well the cells aggregate together [55,58]. Cell surface hydrophobicity is
another parameter of a strain’s attachment capability. Hydrophobic cell surfaces are readily
interlocked with human epithelial cell membranes, consisting of high lipid concentrations,
for superior contact and firm attachment. This is measured on a routine basis by the
Microbial Adhesion to Hydrocarbon (MATH) test which involves mixing the microbial
suspension with a hydrocarbon phase (e.g., hexadecane or xylene) and water [57,59]. The
hydrophobicity of the strain is then determined by the degree of bacterial affinity for the
hydrocarbon phase, expressed as absorbance at 600 nm [50]. Finally, direct adhesion assays
with mammalian epithelial cell lines such as Caco-2, HT-29, or fetal I-407 cells are also
widely used to ascertain the actual binding capacity of a strain [60,61].

Furthermore, the colonization of the gut by probiotics is usually preceded by adhesion
to the intestinal mucosa leading to the formation of biofilms, which does not favor the
binding of enteropathogens [43]. Probiotics isolated from traditional fermented foods
have been shown to demonstrate adhesion properties which were linked to the synthesis
of exopolysaccharides and enzymes that encourage interactions between probiotics and
host-specific receptors. Furthermore, they function as a cell surface capsule during food
preservation or during gastrointestinal tract passage, shielding the probiotics against
harmful substances and stressful situations [21,31,38].

2.3. Antipathogenic Activity

For effective probiotic activity within the gut, following successful microbial ad-
herence to the intestinal lining, probiotics can synthesize a range of antimicrobial com-
pounds/bioactive metabolites which aids in host defense by engaging in direct antagonistic
activities against pathogenic microorganisms [50]. This protective effect is a key factor
when evaluating the performance of emerging microbial strains for safe and effective
use in functional food. Probiotics synthesize these bioactive compounds by metabolizing
available carbohydrates, proteins, and other dietary components into bioactive metabolites
that inhibit or kill pathogens. These include the production of organic acids (which reduce
local pH to create an unfavorable environment for most pathogenic microbes), digestive
enzymes, hydrogen peroxide, bacteriocins, and other low-molecular-weight antimicrobial
peptides [62]. Combined, these metabolites inhibit the growth and activity of pathogenic
bacteria in the gut. In addition, probiotics also participate in other antagonistic activities
such as direct competition with pathogens for nutrients, physical deterrence of occupation
of attachment sites by pathogens on the gut epithelium, and even coaggregation with them,
forming clumps that traps pathogens, thus, allowing for their expedited removal from
the gut by normal digestion and excretion [22,29]. LAB strains such as L. plantarum 53, L.
fermentum 60 and 296, and L. paracasei 106, isolated from fruit by-products, were found
to demonstrate strong auto-aggregation abilities which enhanced their ability to create
physical barriers in the gut, inhibiting the colonization of pathogenic microbes through the
occupation of adhesion sites and the inhibition of their access to epithelial surfaces [47].

Interestingly, these beneficial activities are highly strain-specific. Species and strains
vary considerably in the types and quantity of antimicrobial substances produced by them
and in their effectiveness at competing-out or aggregating-out pathogenic bacteria [63].
To determine these traits in a candidate strain, basic laboratory assays including the agar
inhibition zone assay is undertaken to measure the antimicrobial activity by observing
clear zones where pathogen growth is restricted [64]. Furthermore, competition can be
investigated by testing the capacity of a probiotic to interfere with pathogen adhesion
to intestinal cell lines in vitro [65]. Similarly, capacity for coaggregation is assessed by
co-cultivating the probiotic with common pathogens like E. coli, S. aureus, Candida spp., or L.
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monocytogenes, and noting whether the probiotic will bind to and aggregate the pathogens,
which will enable their expulsion from the gut [29,66].

The beneficial health-promoting potential of probiotic strains are directly related to
these distinct biological properties, which allow them to adapt effectively to the body
systems of the host and the gut microbiota [37]. The ability of probiotics to modulate the
immune system is one of the primary mechanisms by which they achieve their positive
impacts. Certain strains can boost the immune response of the host, making it easier for the
body to defend itself against diseases and infection [37]. In addition, probiotics also play a
significant role in neutralizing colonization of pathogenic microorganisms by competing
for adhesion sites and nutrients in the gut. This defense mechanism is complemented by
the production of various antimicrobial compounds, including organic acids (e.g., lactic
acid), hydrogen peroxide, lysozymes, and bacteriocins [62]. Bacteriocins for instance, are
peptide-based compounds with high potency and low toxicity, usually produced in situ by
probiotics as an adaptation mechanism, and can exert a bactericidal or bacteriostatic effect
against closely related strains of the producer organism and other bacteria genera [62].
These antimicrobial agents support the equilibrium of the gut environment by lowering
the pH and preventing harmful microbes from colonizing the gut. Additionally, probiotics
can synthesize basic digestive enzymes such as amylase, protease, lipase, pectinase, and
endoglucanase, beneficial for the breakdown of complex food constituents, making nutri-
ents more accessible and easier to digest. Most probiotics also synthesize vitamins, such as
vitamin A, some B-group vitamins (e.g., B1, B2, B6, B12), C, E, K, PP (niacin), beneficial for
the nutrition and health of the host [37].

2.4. Safety and Validation Assessment

In introducing live microbial strains into diets to be consumed by humans, especially
from unconventional sources, safety assessment is a priority. Although probiotics are
deemed safe, for new probiotic strains, they have to undergo stringent, evidence-based
examination to confirm safety [2]. For the safety of consumers, some legislations worldwide
such as the European Union Novel Food Regulation, Qualified Presumption of Safety (QPS)
list, PROSAFE initiative, and U.S. FDA, WHO, and Canada’s NHPR have established
strict standards for probiotic safety assessment for use in humans. The standards typically
require extensive documentation of the strain’s origin and history of isolation; conclusive
taxonomic classification; and proof that the strain is devoid of virulence determinants,
infectivity, toxins, or antibiotic resistance gene transferability [50,67].

Traditionally, most probiotic strains that are used in commercial products were sourced
from healthy human beings. This approach ensures the highest likelihood that the mi-
crobes are best adapted to survive and work within the human gut [2,10]. However, with
ongoing efforts to identify new or emerging probiotic strains in unorthodox sources such
as fermented foods, plants, marine environments, or soil, rigorous safety screening is now
more essential. For any novel isolated strain, early and precise identification is a critical
step in the selection process. This initial identification helps in eliminating any strains that
possess pathogenic or undesirable traits [68]. Primary species-level distinction tends to
combine classical biochemical tests such as metabolic profile and ability to grow on a variety
of carbon sources, Gram stain, catalase, nitrate reductase, and urease tests with genetic
methods like 165 rRNA gene sequencing to validate taxonomic allocation [50]. However,
for the sake of ensuring probiotic safety and traceability at the strain level, such common
techniques are not sufficient on their own because they might not be able to offer adequate
genetic variability to differentiate between strains that are nearly related. Therefore, molec-
ular fingerprinting techniques such as Repetitive Element Palindromic PCR (rep-PCR),
Random Amplified Polymorphic DNA (RAPD), or Pulsed-Field Gel Electrophoresis (PFGE)
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are usually utilized in order to ensure precise strain-level discrimination [69,70]. While
previous probiotic research has focused on routine safety testing like enterotoxin testing
or hemolysis testing, the requirements now are more rigorous, with comprehensive safety
screening of any emerging strain intended for human consumption. Beyond screening
for basic characteristics, it has become essential to screen for other risk factors such as the
production of undesirable metabolites like D(-)-lactate, deconjugation of bile salts, and
virulence factors like gelatinase, DN Ase, or hemolysins. Identification of such possible
hazards relies on molecular techniques, such as PCR-based identification of virulence genes,
cytotoxicity assays, and, where required, confirmatory in vivo testing [26,43,71].

One of the key issues with the safety of modern probiotics is the assessment of antibi-
otic resistance potential, as this has become a high priority [2]. This is because there is a
risk for probiotics to pass on resistance genes to gut pathogenic bacteria through horizontal
gene transfer, which would be an issue for public health [36]. Accordingly, QPS and GRAS
evaluations now explicitly include checks for resistance traits [72]. Resistance in probiotic
strains are screened by methods such as agar disk diffusion, E-tests, or minimum inhibitory
concentration (MIC) assays that determine the minimum dose of an antibiotic to inhibit
bacterial growth [73]. For LAB, specific media like LAB susceptibility test medium (LSM)
are used to avoid deceptively false results by media incompatibilities during antibiotic
susceptibility tests [74]. However, these are phenotypic tests and are not standardized
between laboratories. Therefore, PCR has emerged as the method of choice for reproducibly
detecting antibiotic resistance genes because of its sensitivity and reliability. Using PCR,
DNA for probiotic strains is amplified with gene-specific primers, and products may be
confirmed by sequencing to be assured of gene identity [50].

Interestingly, not all antibiotic resistance poses equal risk. If a probiotic’s resistance is
intrinsic, i.e., it is chromosomally mediated and not on transmissible elements, then there
is little risk of passing it onto other gut bacteria. In such a case, resistant probiotics are also
effective in restoring the microbiota after treatment with antibiotics. However, horizontally
transferable acquired resistance genes on plasmids or transposons involve a significant risk
of transfer and must be rigorously tested [36,72]. Filter mating experiments, in which a
probiotic with a detected antibiotic resistance gene is cultured with recipient cells that do
not have the gene, can be used to analyze gene transfer. Phenotypic and molecular methods
can then be used to analyze the transfer ratio to the recipient cell [75]. In recent times, WGS
which includes all extrachromosomal components, has been employed as a powerful and
cost-effective “gold standard” approach for strain identification and screening of antibiotic
resistance genes in probiotic candidates. Through full sequencing and mapping against
available reference databases, such as the National Center for Biotechnology Information
(NCBI), WGS enables identification of microbes down to the species and strain level and
helps determine the likelihood of resistance gene transmission to other gut microbes [2,76].

Finally, beyond genomic and toxicological evaluations, the ultimate validation of
probiotic safety and efficacy requires human clinical evidence. For a candidate micro-
bial strain to qualify and be granted probiotic status, it must demonstrate a measurable
health benefit in at least one well-designed human clinical trial, ideally followed by con-
firmation studies [2]. Randomized, placebo-controlled, and double-blind trial designs,
compliant with recognized clinical research standards such as The Consolidated Standards
of Reporting Trials (CONSORT), are strongly recommended to ensure reliability and re-
producibility of outcomes. These trials help confirm not only the strain’s tolerability and
absence of adverse effects but also its ability to confer the intended physiological benefit
in humans [77,78]. In addition to clinical safety, probiotics must remain alive and at an
efficacious dose throughout product shelf life [46]. While no fixed dose is included in the
formal definition of probiotics, probiotics must be taken in a quantity sufficient to provide a
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health effect. Although some microbes can exert effects at low dosages due to their capacity
to replicate within the host, probiotics generally require sufficient viable counts to provide
beneficial effects [10]. Unlike pharmaceutical agents, probiotics are living organisms, and
dose-ranging or maximum tolerable dose (MTD) studies are rarely conducted. This is
majorly due to the notion that food ingredients are presumed safe [2]. Given the general
presumed safety profile of probiotics and the fact that they are mostly not subjected to
MTD or dose ranging studies, most studies and products use doses ranging from 10° to
10! colony-forming units (CFU), based on evidence from previous trials demonstrating
efficacy and safety [2]. Finally, to ensure reliability and consistency, probiotic viability
must be measured using standardized enumeration methods, such as CFU plating on
selective media or flow cytometry [79]. These methods help confirm that the stated dose
is maintained during clinical studies and that the probiotics remain viable and effective
throughout a product’s shelf-life. Ensuring this stability and viability is essential for both
consumer safety and regulatory compliance.

3. Emerging Probiotics

Traditionally, probiotics have been derived from well-established genera like Lacto-
bacillus and Bifidobacterium. However, the growing demand for evidence-based functional
foods and alternatives suitable for lactose-intolerant individuals has driven interest in
novel probiotic strains from non-dairy sources such as traditional fermented drinks, raw
vegetables, fruits, and flowers [21,80]. Hence, in the last decade, these unconventional
sources have been actively explored for microbial strains with both techno-functional
properties and probiotic potential, offering promising opportunities for biotechnological
applications and/or functionalization of foods.

3.1. Emerging Probiotics from Non-Dairy Fermented Foods

In recent times, emerging probiotics have frequently been isolated from non-dairy
and unconventional sources such as traditional fermented foods, made with a broad range
of raw materials of both plant and animal origins. These foods reflect rich culinary and
cultural traditions, which are often passed on across generations and modified to suit local
raw materials availability in different regions of the world. The microbial composition of
such foods is determined by the type of raw material used and, consequently, the type of
probiotic species and strains that may be isolated from them [80]. Non-dairy fermented
foods, (especially those of vegetable, meat, and seafood origin), have proven to be rich
sources of LAB and other beneficial microorganisms. For instance, LAB have been easily
recovered from fermented fish products, cured or dried meats, fermented meats, salted
crabs, and other seafood products [81,82]. Additionally, plant fermentations centered on
substrates such as soybeans and vegetables (e.g., cabbage, carrots, and mustard greens)
also harbor dense microbial populations, which are often dominated by LAB such as
Lactobacillus, Leuconostoc, Pediococcus, and Weissella species.

LAB in traditional fermented foods vary depending on the substrate and fermentation
environment. For instance, in fermented fish and crustacean products, Enterococcus is the
dominant LAB genus present and is usually characterized by its high tolerance to salt [80].
On the other hand, Lactobacillus species are more commonly isolated from fermented
meats and vegetable products. These microbial tendencies are due to adaptation to the
salinity of the environment where fermentation occurs. The halotolerance of LAB strains
from species such as Enterococcus faecium with the capacity to endure in media containing
sodium chloride (NaCl) levels more than 22%, makes them well suited for performing
fermentations of salted seafood and other highly saline products [83]. By comparison, plant
fermentations tend to be less saline, and the prevailing LAB species that occur in these
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habitats are L. fermentum and L. plantarum, both of which can grow in media containing
less than 6% NaCl [83].

In their study, Senthong et al. [82] isolated 306 LAB strains from samples of Poo-Khem,
a traditional salted crab sold in Thailand. The isolates were screened for probiotic charac-
teristics. They found that four strains including one strain of Enterococcus thailandensis, one
strain of L. plantarum, and two strains of L. fermentum displayed notable probiotic traits
such as tolerance to acid and bile salts, antimicrobial properties against common foodborne
pathogens, and high cell surface hydrophobicity (an indicator of good adhesion ability
to the human gastrointestinal tract). These probiotic traits validate their use as potential
candidate LAB in starter cultures for controlled fermentation of seafood products like
Poo-Khem. A similar study by Siripornadulsil et al. [84] found that strains of Pediococcus
pentosaceous were the most isolated LAB from various traditional Thai fermented foods con-
taining fish and pork. The strains exhibited probiotic properties such as tolerance to acidic
conditions at pH 2, 0.3-0.5% bile salt and 1-14% NaCl. They also inhibited the growth of
some pathogenic bacteria, including Vibrio cholera, E. coli, Pseudomonas aeruginosa, Salmonella
typhimurium, Bacillus cereus and Staphylococcus epidermidis. Bacha et al. [85] evaluated the
probiotic potential of LAB strains isolated from Wakalim, a traditional Ethiopian fermented
beef sausage. Out of the 99 LAB strains that were evaluated, 44 tolerated pH 3.0 and bile
salt concentration > 0.3% for 3 h. The highest tolerance to pH 3.0 was observed among
the pediococci (81.6%, 31/38) followed by lactobacilli (14.3%, 8/56), demonstrating their
potential to enhance health when consumed through fermented sausages.

In India, Agaliya and Jeevaratnam [86] screened eight L. plantarum strains isolated
from fermented idli batter for probiotic potential using in vitro assays such as bile tolerance,
acid tolerance, transit tolerance in the upper human gastrointestinal tract, auto-aggregation,
co-aggregation, hydrophobicity, susceptibility to various antibiotics, bile salt hydrolase
assay, cholesterol assimilation and hemolysis. They found that the isolates could withstand
pH values of between 2.5 and 8.5 as well as up to 0.3% bile for 4-6 h. Additionally, the
isolates were able to withstand intestinal and stomach fluid expansion. Across all isolates,
the auto-aggregation of the various strains of L. plantarum varied between 65 and 80% with
co-aggregation ranging from 51 to 64% in pathogens like Listeria monocytogenes (MTCC 657)
and Escherichia coli (MTCC 728). The isolates possessed a-galactosidase activity exhibiting
322 to 1000 milliunits of enzyme activity, and showed no hemolysis activity, indicating
their probiotic potential which would attribute beneficial health effect to mankind [86].
Furthermore, Oluwajoba et al. [87] isolated probiotic LAB from Kunu-zaki, a traditional
fermented beverage from Nigeria prepared from non-germinated sorghum and millet
cereal grains. These LAB species demonstrated antibacterial activity against the reference
strains of Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and Enterococcus
faecalis, as well as resistance to pH 3 and 3% bile. These species were mostly Lactobacillus
species, and were identified Pediococcus, Lactobacillus, and Lactococcus species.

3.2. Emerging Probiotics from Dairy Fermented Foods

Dairy fermented foods have long been considered as the main source of probiotic
products available in the market. Traditional dairy fermented products, such as yogurt,
kefir, buttermilk, cheese, and cultured milk drinks, harbor a rich diversity of microorgan-
isms, some of which have been found to possess exceptional health-enhancing properties
beyond overall nutrition [5]. With the rise in the demand for functional foods, scientific
interest in emerging probiotic strains from dairy fermented foods with improved survival
in the gastrointestinal tract, enhanced adhesion, and distinct health benefits such as lactose
digestion and immune modulation have also significantly increased [88]. In their study,
Sharifi et al. [89] isolated 47 LAB from Iranian traditional yogurts, out of which 12 were
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considered potential probiotic candidates based on their ability to tolerate acidic pH and
resistance to bile salts. Of these, six probiotic isolates belonged to Pediococcus acidilacticii
and other six isolates to Lactobacillus plantarum, L. brevis, L. fermentum and L. kefiri. These
organisms have been shown to occur naturally in cow milk [90]. Similarly, Hoque et al. [91]
isolated Lactobacillus spp. from two regional yogurts in Bangladesh which demonstrated
probiotic properties such as resistance to inhibitory substances like phenol (0.4%), NaCl
(1-9%) and bile acid (0.05-0.3%). Additionally, the isolates demonstrated good growths in
the presence of 1% NaCl and 0.3% bile acid.

Furthermore, Kefir, a traditional fermented dairy beverage made from the fermen-
tation of different types of milk and kefir grains, is considered a healthy product with
high nutritional value and has been associated with various health benefits [92]. This has
spurred research towards the identification of potential novel probiotic strains present in
kefir. Different studies have isolated and characterized microorganisms from kefir grains
all over the world, some of them exhibiting probiotic properties. These include various
fungi species such as 34 yeast strains isolated from 4 milky and 3 sugary kefir grains by
Diosma et al. [93] which were identified as Saccharomyces cerevisiae (15 strains), Saccha-
romyces unisporus (6 strains), Issatchenkia occidentalis (4 strains), and Kluyveromyces marxianus
(9 strains). In this research, K. marxianus CIDCA 8154 and S. cerevisiae CIDCA 8112 strains
were selected and further studied. Both strains demonstrated the capacity to adhere to
epithelial intestine-derived cells in vitro and to survive passage through the gastrointestinal
tract of BALB/c mice. In another study, Chen et al. [71] isolated Lactobacillus kefiranofaciens
M1 from Taiwanese milk kefir grain and investigated its effects on intestinal epithelial
cells in vitro and on dextran sodium sulfate (DSS)-induced colitis in vivo. In vitro results
showed that L. kefiranofaciens M1 could strengthen the epithelial barrier function by boost-
ing transepithelial electrical resistance (TEER) and significantly increasing the level of the
chemokine CCL-20, which plays a major role in immune signaling. In vivo, L. kefiranofaciens
M1 reduced the severity of chemically induced colitis as shown by a significant attenuation
of the bleeding score and colon length shortening. Additionally, it helped in balancing the
immune response by decreasing the production of proinflammatory cytokines and increas-
ing the production of the anti-inflammatory cytokine IL-10 demonstrating its potential to
be used in fermented dairy products as an alternative therapy for intestinal disorders [71].

3.3. Emerging Probiotics from Other Unconventional Sources

Besides dairy and non-dairy fermented foods, other sources such as marine environ-
ments (e.g., seaweeds, fish gut microbiota, and marine sediments), fruit, flowers, and raw
vegetables have also been explored as niches for the isolation of potential probiotic microbes
for biotechnological application or functionalization of foods [21,32]. These include some
flowers which are colonized by fructophilic bacteria (that is, a preference for D-fructose
over D-glucose) belonging to the genus Fructobacillus [94]. These bacteria produce mannitol
and acetate rather than ethanol which is useful for biotechnological applications consid-
ering that mannitol is a low-calorie polyol frequently used in the food sector [95]. The
potential of these as probiotics have been further evaluated by recent studies like that of
Patil et al. [29] that isolated strains with fructophilic characteristics such as F. fructosus MCC
3996 from the nectar of Butea monosperma flower. The strain was evaluated in vitro for
probiotic characteristics and it was found to demonstrate resistance to acidic environments
and gastric juice, improved auto-aggregation even when hydrolytic enzymes were present,
hydrophobicity, co-aggregation with pathogenic bacteria, and the absence of hemolytic
activity [29]. Similarly, another study conducted in China by Sakandar et al. [96] isolated
fructophilic LAB (FLAB) from various flowers and fruits and evaluated them for probiotic
characteristics. The isolated strains include F. pseudoficulneus INGBKS1 and JNGBKS3 from
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peach and banana, respectively; F. fructosus JNGBKS2 and JNGBKS4 from narcissus and
sunflower, respectively; F. durionis INGBKS5 from kiwi fruit; L. kunkeei INGBKS6, INGBKS?7,
and JNGBKSS from narcissus, yellow rose, and pink rose, respectively. In comparison to
the other FLAB strains that were isolated, L. kunkeei strains demonstrated the maximum ca-
pacity to tolerate various low pH levels and bile acid concentrations together with maximal
effects on antipathogenic activity, cholesterol assimilation, and hydrophobicity [96].

Similarly, Weissella paramesenteroides which has gained considerable attention in recent
years as bacteriocin and EPS producers, was isolated in the study by Pabari et al. [43]
from different fruits (cherry, sapota, banana, orange, and plum). In this study, five W.
paramesenteroides strains, namely, FX1, FX2, FX5, FX9, and FX12, were isolated and screened
for probiotic and prebiotic traits. Two strains FX5 and FX9 were chosen for prebiotic
utilization investigations using thin layer chromatography (TLC) and high-performance
liquid chromatography for the synthesis of short-chain fatty acids (SCFAs) based on their
functionality. Since only the top low molecular weight fractions vanished from cell-free
supernatants (CFS), the TLC profile demonstrated that these two strains were able to use
low molecular weight fructooligosaccharides (FOS) and galactooligosaccharides (GOS).
GOS utilization ability was demonstrated by increased (3-galactosidase activity which
is related to galactose buildup in the residual CFS of GOS. Both strains demonstrated
antimicrobial activity against S. aureus and E. coli, as well as significant SCFA synthesis
when prebiotic was present, indicating their potential as synbiotics [43].

From marine ecosystems, the exploration of probiotic LAB has also been reported. In
their study, Das et al. [32] evaluated the probiotic potentials of three marine LAB isolates
characterized as L. casei SB71, SB73 and SB93. They found that these isolates demonstrated
high level of gastrointestinal survival, marked cholesterol assimilation, adherence to Caco-2
cells, and inability to form biogenic amines. The isolates were also tolerant to NaCl, bile
and low pH. Notably, all three isolates produced bacteriocins that exhibited sustained
antimicrobial activity against V. cholerae, whereas the EPS from the SB93 strain notably
disrupted the adherence of bacteria and promoted remediation of cadmium and lead [32].

4. Application of Probiotic Strains in Functional Food Development

Functional application of probiotic strains depends not only on their benefits to health
but also on their ease of application in real food products. As previously discussed in
Section 2, the biological and safety characteristics of each strain, including stress tolerance,
adhesion capacity, antipathogenic activity, and confirmed safety are critical determinants of
its practical performance in food systems. In functional food design, these properties must
align with formulation requirements, processing stability, and sensory quality to ensure
that probiotics remain viable and efficacious throughout the shelf life of the product [2,10].
Hence, the development of probiotic-enriched foods therefore focuses on major aspects
such as the compatibility of the strain with the food matrix, technological strategies such
as encapsulation to enhance survival and stability, and innovative product formulation to
maintain probiotic delivery and consumer acceptability. Together, these factors determine
whether a probiotic product will deliver the assured health benefits to consumers.

4.1. Food Matrix Compatibility

Determining the compatibility of the probiotic strain with the selected food matrix is
very crucial when developing functional foods. This is an important consideration which
has encouraged the search for newer probiotic strains, amongst other reasons. The addition
of traditional probiotic strains of dairy origin into plant-based foods typically involves
significant hurdles. Most commercial probiotic strains fail to maintain adequate survival
rates in non-dairy substrates because these environments can be harsher due to factors
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like reduced pH, different levels of nutrients, or the presence of antimicrobial phytochem-
icals [21]. The ability of a strain to maintain metabolic activity and cell viability during
food processing and storage depends on these parameters, which can vary significantly
across food types. Fermented fruit juices or cereal-based beverages for example, often
present acidic conditions and oxygen exposure that can reduce the stability of probiotics.
However, matrices rich in fibers, sugars, or polysaccharides (such as (3-glucans or inulin)
can act as protective agents, enhancing the survival of the microorganisms during storage
and gastrointestinal transit [97]. By comparison, LAB found naturally in plant matrices
tend to be more likely to survive and maintain life in such environments, increasing their
probability to deliver probiotic benefit when applied to vegetable, fruit, or cereal-food
products [98]. The use of plant-derived LAB probiotics can help to broaden the range
of functional foods which can be fortified with probiotics to meet the demands of both
traditional and emerging consumer markets.

Another key determinant for matrix compatibility is the influence of probiotic addition
on sensory and textural properties. The interaction between the matrix and probiotic cells
can impact flavor, aroma, viscosity, and appearance, which ultimately determines consumer
acceptability. Studies have shown that supplementation of L. plantarum, L. fermentum, and
L. brevis in non-dairy matrices such as oat, soy, and fruit-based beverages maintained viable
counts above 107 CFU/mL under storage conditions preserved acceptable sensory charac-
teristics [99]. Microencapsulation techniques, prebiotic enrichment, and co-fermentation
using compatible starter cultures have also been explored further to maintain probiotic
stability and incorporation into various matrices [100]. These approaches balance microbial
performance with technological viability and customer acceptability, and these are critical
for effective product development and marketing.

4.2. Encapsulation of Probiotics to Improve Shelf-Life and Viability

As indicated by the World Gastroenterology Organization, the effective dose of probi-
otics necessary to deliver health benefits differs widely with the microbial strain and type
of product [101]. Although many commercial probiotic foods or supplements are typically
in the 1 to 10 billion CFU (colony-forming units) per dose range, there are strains that are
inoculated at lesser doses, and others that require higher concentrated doses to have an
appreciable effect [100]. It is generally recommended that a probiotic food product has a
minimum of 10° to 10 CFU per gram and daily intake equals at least 100 g or milliliters
to have an effective therapeutic effect [102]. However, ensuring that live probiotic cells
do, in fact, reach the consumer in efficacious numbers is challenging. During food storage
and processing, probiotic organisms encounter several stressors such as heat, moisture,
light, oxygen, osmotic stress, and exposure to high acidity and digestive enzymes when
consumed [103]. In the dairy industry, for instance, procedures such as pasteurization,
homogenization, agitation, freezing, drying, and even the addition of salt or other antimi-
crobial compounds can drastically reduce the viability of probiotic bacteria [104]. Studies
have shown that to retain a shelf-life of up to 12 months at room temperature, the water
activity of a probiotic product must be extremely low, i.e., preferably less than 0.25, to
prevent microbial loss [105].

In view of these challenges, the initial cell count, strain selection, formulation pH,
processing steps, and the food matrix itself are all significant parameters that dictate if
probiotics survive and remain effective [106]. To overcome these limitations, advanced
encapsulation technologies have been an effective approach in probiotic food design.
Techniques like microencapsulation, which involves using methods like spray drying,
freeze-drying, or nano-coating, gives a protective layer to sensitive probiotic cells [105].
The protective layer cushions the microbes against the stressful processing conditions and
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the acidic environment of the stomach and small intestine so that more viable cells can pass
through to the gut to exert their effects [104]. Additionally, encapsulation may be employed
to conceal any unfavorable taste or odor of live cultures and deliver a long shelf-life with-
out compromising sensory qualities [106]. Importantly, selecting the right encapsulation
material is essential to the success of these technologies. In addition to being safe for human
consumption and cost-effective, the material should ensure that the probiotic cells are pro-
tected throughout food processing and storage, and during delivery in the gastrointestinal
tract [107]. Materials with gel-like structures and greater dry matter content tend to be
more effective since they create a stable matrix for the living cells. Various natural polymers
and hydrocolloids including alginate, xanthan gum, chitosan, carrageenan, cellulose, and
certain fats and proteins are often utilized in formulating microcapsules, each bearing
specific characteristics that can increase encapsulation effectiveness and probiotic viabil-
ity [108]. Hence, pairing encapsulation technologies with the careful screening of robust
emerging strains would allow food companies to increase the bioavailability and stability
of probiotics in dairy and non-dairy functional foods, widening product possibilities and
consumer trust in probiotic health claims.

Studies have reported on the encapsulation of bacteriocins from LAB for effective
activity against spoilage and pathogenic organisms, including spores [109,110]. However,
recent studies have reported the use of encapsulated probiotic cells themselves in the
production of functional foods to mitigate the challenges faced by free probiotic cells in
high acidic environmental conditions. For instance, Afzaal et al. [111] evaluated the effect
of microencapsulation on the viability and stability of probiotic bacteria in yogurt and
simulated gastrointestinal conditions. They incorporated free probiotic (L. acidophilus) into
the yogurt during its preparation and found that the survival of the bacteria decreased
from 9.97 log CFU/mL on first day to 6.12 log CFU/mL on day 28. The free probiotic
cells also showed very poor survival during in vitro gastrointestinal assay. To improve
the viability of probiotics, they used the extrusion technique to encapsulate the bacteria
using sodium alginate and carrageenan. They found that the encapsulation improved the
viability of the probiotics in the prepared yogurt and gastrointestinal tract. At zero-day, the
probiotics encapsulated with sodium alginate and carrageenan had cell counts of 9.91 and
9.89 logs CFU/mL, respectively, which dropped to 8.74 and 8.39 log CFU/mL by the end
of the day. The study also demonstrated that sodium alginate was a better encapsulating
material for probiotics in comparison to carrageenan. [111]. A similar study by Chen
et al. [112] evaluated the effect of xanthan-chitosan-xanthan (XCX) encapsulation system
on the viability of Bifidobacterium bifidum BBO1 in yogurt during 21 days storage at 4 °C
and 25 °C, respectively. They used chitosan as an inner layer to coat the xanthan-probiotic
(XC) and xanthan was again used as an outer layer for coating chitosan-xanthan-probiotic
particles. The results showed that the B. bifidum BBO1 encapsulated with these multilayer
hydrogels remained viable for up to 21 days in yogurt stored at both refrigeration and
room temperatures, with significantly (p < 0.05) better survival than free, unencapsulated
cells. In comparison to the free cells, all the microcapsules showed higher cell survival of
probiotic in the simulated gastric fluid and bile salt solution. Notably, the XC microcapsules
exhibited better release profile than XCX microcapsules in the simulated intestinal fluid.
These findings demonstrate how carefully designed biopolymer encapsulation can maintain
probiotic viability during storage and release them in the gut, facilitating the development
of robust functional foods.

In non-dairy functional foods like fruit juices, the use of encapsulated probiotics has
also been reported. Dias et al. [113] produced a powdered probiotic passion fruit juice
through microencapsulation of Bifidobacterium animalis subsp. lactis BB-12 with maltodextrin
and/or inulin as encapsulating agents. Powders were tested for physical, thermal, and
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microbial stability for 30 days of storage at 25 °C and 4 °C. Their results showed that
inulin, either alone or with maltodextrin, was a better protectant for maintaining the
probiotic viability, especially at 25 °C, compared with maltodextrin alone. All the powders
maintained flow characteristics and solubility, though differences in carrier materials
influenced moisture content, particle shape, and color over time stability. Overall, the study
demonstrated that probiotic encapsulants combined with controlled storage conditions
may be utilized to promote the shelf life of probiotics in non-dairy food systems like fruit
juices and enable the development of stable, functional probiotic drinks. In another study,
internal gelation was used to encapsulate probiotic bacteria, including L. acidophilus and
B. bifidum, in alginate beads with a mean diameter of 54.25 +0.18 um. The pasteurized
grape juice was then mixed with both encapsulated cells and free cells as control samples,
and the mixture was kept for 60 days. The bacteria in the encapsulated samples had
significantly (p < 0.05) higher survivability at the end of the storage period than the sample
with free bacteria cells (8.67 £0.12 and 7.57 +0.08 log CFU/mL for L. acidophilus and
8.27 £0.05 and 7.53 £ 0.07 log CFU/mL for B. bifidum for the encapsulated and free forms,
respectively) [114].

4.3. Role of Artificial Intelligence in the Discovery, Characterization, and Application of
New Probiotics

Artificial intelligence (AI) and machine learning (ML) methods are becoming increas-
ingly applied across the probiotic pipeline, from rapid genome and metagenome screening
to prediction of colonization outcome, risk assessment of safety, formulation and delivery
optimization. These technologies support traditional wet-lab screening by (i) discovering
candidate strains with desirable genetic and functional properties, (ii) automating detection
of risk factors (e.g., antimicrobial resistance genes, mobile elements), and (iii) modeling
host-microbe and community-level responses for improved strain selection and formula-
tion [115,116]. For example, the study by Sadeghi et al. [117] demonstrated the use of ML
models for the selection and prioritization of 15 out of the 144 LAB strains screened in their
study, based on their combined potential probiotic properties and antimicrobial activity
for application in plant tissue cultures. This study highlights the ability of Al-driven mod-
els to enhance the precision and efficiency of probiotic screening and selection processes.
Another study by Zhang et al. [118] analyzed 31,977 LAB genomes and identified over
130,000 secondary metabolite biosynthetic gene clusters (BGCs) using machine learning
models to predict their antimicrobial potential. Through the integration of metagenomic
and metatranscriptomic analyses, the researchers linked LAB-derived metabolites to pro-
tective and regulatory functions in the human microbiome, demonstrating how Al and
omics integration can accelerate the discovery and functional characterization of novel
probiotic metabolites with therapeutic potential.

Bacteriocin/RiPP mining software such as BAGEL (and BAGEL4) are still needed
to identify putative antimicrobial peptides encoded in genomes and are used routinely
in combination with ML pipelines for functional annotation [119]. Al classifiers improve
the detection of antibiotic resistance genes (ARGs) and mobile genetic elements in high-
throughput sequencing data. For instance, DeepARG, a deep-learning program trained
on hand-curated ARG databases, has been shown to provide sensitive and accurate ARG
annotation from both isolate and metagenome-derived genomes, a crucial step in ruling
out probiotic candidates that may be responsible for horizontal transfer of resistance [120].
Similarly, ML tools like PlasFlow, PlasClass and Deeplasmid help identify plasmid-derived
contigs and differentiate them from chromosomal sequences, which is important in assess-
ing the mobility risk of identified resistance or virulence genes [121]. Furthermore, newer
specialized tools such as metaProbiotics has incorporated language-model to directly mine
metagenomes rapidly for probiotic-like genome bins, facilitating recovery and priority
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of candidate strains from large data sets and performing better on test benchmarks [122].
ML can also be used in the prediction of functional outputs such as short-chain fatty acid
production or other metabolites from strain mixtures and environmental conditions, allow-
ing in silico optimization of strain consortia prior to laboratory validation. For example,
Westfall et al. [116] developed an artificial model of the human gastrointestinal tract called
ABIOME (A Bioreactor Imitation of the Microbiota Environment), for the prediction of
metabolic activity of probiotic formulations and hence therapeutic potential with machine
learning tools. The combination of ABIOME and the multivariate adaptive regression
splines (MARS) model led to the identification of several probiotic combinations that
stimulated synergistic production of bioavailable metabolites, each with a different ther-
apeutic capacity. Collectively, these examples demonstrate how Al and ML approaches
significantly enhance the precision, scalability, and predictive power of probiotic discovery
and formulation, bridging computational insights with practical applications in food and
health. However, this is not without limitations. While the integration of Al and ML has
led to the acceleration of probiotic candidate selection and hypothesis generation, outputs
should be interpreted cautiously. ML predictions are strongly dependent on training data
quality and representativeness; models trained from sparse or biased training data may
generate false positives/negatives [123]. Experimental validation (in vitro, in vivo, and
human trials) is still required to confirm predicted safety, functionality, and efficacy [2].
Furthermore, regulatory acceptance of Al evidence is more in its infancy; open publication
of model structures, training data, and performance metrics will be crucial to industry and
regulator uptake. Finally, the integration of clinical and individual microbiome data creates
data-privacy and ethics problems that must be addressed before the wide implementation
of personalized probiotic products [124].

5. Health Benefits and Mechanisms of Action of Probiotics

The beneficial effects of probiotics on the human body are usually because of one or
a combination of several processes, including altering the intestinal microbiota, blocking
pathogen attachment sites, production of metabolites, modifying the host immune response,
and nutrient competition [21].

5.1. Immunomodulatory and Anti-Inflammatory Effects

Probiotics play a crucial role in enhancing the host’s immune defenses by influenc-
ing how the body recognizes and responds to invading pathogens in the host. Studies
have shown that probiotics can navigate through the intestinal mucus layer, in which
they survive, interact with the gut epithelial cells and promote the modulation of innate
and adaptive immune processes. In their study, Song et al. [125] found that Lactobacillus
brevis B13-2 strain isolated from kimchi exhibited immunomodulatory activity by inducing
the expression of some cytokines (IL-1f, TNF «, and IL-6) and iNOS. Interestingly, the
observed immunomodulatory effect was in addition to its probiotic effects such as toler-
ance against artificial gastric acid and bile salts, adherence to HT-29 cells, and absence
of B-glucuronidase production. In an in vivo experiment, male Swiss albino mice that
consumed 10 CFU/mL of fruit-derived S. cerevisiae IFST 062013 showed increased humoral
and cell-mediated immunity, and a stimulation of T-lymphocyte-specific proliferative
response. Additionally, the probiotic improved host immunity by inducing pro- and anti-
inflammatory mediators and preserving the equilibrium of Th1 and Th2 cytokines [126].
In another study by Ornellas et al. [127], it was demonstrated that mice that were given
a single dosage of L. plantarum 81 and L. plantarum 90 isolated from cupuacu (Theobroma
grandiflorum) fermentation (108 CFU/mL) produced more of the regulatory cytokine IL-10
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and less of the proinflammatory cytokines IFN-y and IL-6, leading to an exhibition of
anti-inflammatory effect.

5.2. Effect on Cardiovascular Health

There is growing evidence of the role of probiotics in cardiovascular health mainte-
nance, particularly their cholesterol-lowering property. Certain probiotic strains have
been found to help decrease serum cholesterol levels, thus lowering heart disease
risk [128]. One of the major ways probiotics achieve this is by decreasing the solu-
bility of cholesterol in the intestine, which decreases the quantity absorbed into the
blood [50]. In addition, many probiotics produce bile salt hydrolase (BSH) enzymes that
breaks/deconjugate the bond between a conjugated bile acid and its attached amino
acid (glycine or taurine), releasing the bile acid in its free (deconjugated) form. Such
deconjugated bile salts are readily removed from the body through feces. Additionally,
since cholesterol is a major precursor of bile acid synthesis, this increased removal of
bile acids provokes the body to convert more circulating cholesterol into new bile salts,
resulting in lower total serum cholesterol levels [129]. The in vivo study by Cavalcante
et al. [130] demonstrated that male Wistar rats fed with high-fat diets treated with fruit-
derived L. fermentum 296 had improved biochemical and cardiovascular parameters that
are altered in cardiometabolic disorders. Similarly, another in vivo study by Costabile
et al. [131] evaluated the cholesterol reducing capacity of Lactobacillus plantarum ECGC
13110402 in 49 adults with normal to mild hypercholesterolemia. The study was run
in a parallel, double blind, placebo controlled, randomized design in which the active
group of volunteers ingested 2 x 10° CFU encapsulated Lactobacillus plantarum ECGC
13110402 twice daily for a period of 6-12 weeks. Results showed that this probiotic strain
reduced LDL cholesterol by 13.9% among the subjects who had relatively higher initial
cholesterol levels and reduced total cholesterol by as high as 37.6% among subjects with
higher initial levels. Also, participants over 60 years experienced a significant decrease
in triglycerides (53.9%) and a rise in healthy HDL cholesterol (14.7%). Importantly, low-
ering of systolic blood pressure (6.6%) was also observed in the trial, and the probiotic
proved to be tolerant without any gastrointestinal side effects. This demonstrates that
probiotic strains like L. plantarum ECGC 13110402 hold promise in having a facilitative
role to play in cholesterol management and reduction in cardiovascular risk, either as
add-on or standalone in place of conventional therapy.

5.3. Anti-Anxiety and Anti-Depression

There is increasing evidence that symptoms of depression and anxiety can be eased
by certain probiotic strains. This hypothesis was first evidenced in the 1970s by Tannock
and Savage [132], who reported that stress in mice markedly reduced their levels of gut
Lactobacilli, implying a connection between mental status and gut microbiome. Since then,
the gut-brain axis has been a key focus of psychobiotic research. Studies have shown
that probiotics may exert a positive effect on mood and mental health via numerous
mechanisms, such as the enhancement of immune response and extension of production or
availability of mood-regulating neurotransmitters like serotonin [133]. Animal models, for
instance, rats in forced swim tests, have been used for the preliminary screening of probiotic
strains for antidepressant-like effects. These experiments also measure changes in behavior
alongside biochemical markers like neurotransmitter levels of serotonin, dopamine, and
noradrenaline, or their precursors like tryptophan [50].

In humans, clinical trials have demonstrated that probiotic supplementation reduces
symptoms of depression, anxiety, and stress as assessed using conventional scales like
the Beck Depression Inventory (BDI), the Beck Anxiety Inventory (BAI), or the Hamilton
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Anxiety Rating Scale (HAM-A). Reductions in the levels of stress hormones like cortisol and
adrenocorticotropic hormone have also been reported in probiotic-treated groups compared
to controls, indicating a modulating effect on the body’s stress response [50,134,135]. In
their study, Akkasheh et al. [136] evaluated the impact of probiotic supplementation
on metabolic profiles, serum high-sensitivity C-reactive protein (hs-CRP), indicators of
oxidative stress, and depression symptoms in patients with major depressive disorder
(MDD). The study was run in a randomized, double-blind, placebo-controlled design
in which patients were randomly allocated into two groups to receive either probiotic
supplements (1 = 20) or placebo (1 = 20) for 8 weeks. The probiotic capsule consisted of
three viable and freeze-dried strains: Lactobacillus acidophilus (2 x 10° CFU/g), Lactobacillus
casei (2 x 10° CFU/g), and Bifidobacterium bifidum (2 x 10° CFU/g). Results showed that
the BDI scores of patients who received the probiotic supplements were considerably lower
than those of the placebo group (—5.7 £ 6.4 vs. —1.5 &+ 4.8, p = 0.001). Furthermore,
when compared to the placebo, there were notable drops in serum hs-CRP concentrations
(—1138.7 = 2274.9 vs. 188.4 £ 1455.5 ng/mL, p = 0.03), insulin resistance as determined
by the homeostasis model (—0.6 & 1.2 vs. 0.6 £ 2.1, p = 0.03), and serum insulin levels
(=23 +4.1vs.2.6=£9.3 pulU/mL, p =0.03). This highlights the potential of probiotics to
serve as an accessible, complementary approach for supporting mental health, especially
when used in combination with conventional therapies. However, more robust, large-scale
human studies are still needed to confirm which specific strains and dosages provide the
most consistent benefits for mental well-being.

5.4. Antimicrobial Activity and Modulation of Gut Microbiota

One of the most important functional properties of probiotics is their ability to pro-
duce antimicrobial compounds, including organic acids, short-chain fatty acids (SCFAs),
and bacteriocins that help to create an unfavorable environment for pathogenic microor-
ganisms [62]. Nisin, for instance, which is produced by L. lactis, has been reported to
inactivate growth of vegetative spore-forming Gram-positive bacteria by binding to lipid II,
disrupting cell wall biosynthesis and facilitating the formation of pores. This antimicrobial
action has also been reported in emerging probiotics. For example, Mabeku et al. [137]
demonstrated in their study that LAB strains isolated from fermented Theobroma cacao
fruit juice successfully inhibited the bacterium Helicobacter pylori, which is implicated in
gastritis, gastric ulcer, and even certain types of stomach cancer. The authors attributed the
antimicrobial activity of the LAB strains to their ability to produce bacteriocins that led to
the inhibition of the pathogen’s growth. This antimicrobial activity is not only a welcome
alternative to traditional antibiotics, but a necessity in the extension of the shelf life and
safety of foods.

In addition to their direct inhibition of pathogenic microbes, probiotics are also sig-
nificantly crucial in balancing gut microbiota. A healthy colon is dominated by beneficial
anaerobic bacteria. However, when dysbiosis (microbial imbalance) occurs, undesirable mi-
crobes such as hemolytic Staphylococcus species have the potential to overgrow and induce
inflammation or impair gut barrier function [50]. Studies have shown that probiotics in food
supplements play crucial roles in reestablishing gut microbiota balance by stimulating growth
of beneficial anaerobes while suppressing the proliferation of unwanted bacteria. For instance,
yeasts like Wickerhamomyces subpelliculosus and Pichia kudriavzevii used as a starter culture in a
cornelian cherry beverage demonstrated in vitro to be effective at improving the numbers of
beneficial anaerobic bacteria and inhibiting Staphylococcus spp. growth, even better than noted
prebiotics like fructooligosaccharides [138]. However, more stringent, heterogeneous human
trials are needed to establish comprehensively the scope and uniformity of the antimicrobial
and microbiota-modifying activity of emerging probiotics.
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6. Translational Insights: Market Trends and Consumer Acceptance of
Probiotics in Functional Foods

The technological and biological attributes of probiotics strains that enable them to
withstand food processing, storage, and gastrointestinal transit also enhance their commer-
cial potential /viability. This becomes more relevant as scientific understanding in this field
grows and is utilized to elucidate mechanisms of stress resistance, adhesion, and safety.
These insights increasingly inform the strategic development and positioning of novel
functional food products, fast-tracking modern probiotics from laboratory characterization
to commercial product development. This is further shaped by the evolving consumer
preferences, regulatory frameworks, and innovations in food formulation.

As highlighted, functional foods fortified with probiotics have moved from a niche
category centered on fermented dairy to a diversified global marketplace spanning bever-
ages, snacks, infant and medical nutrition, and shelf-stable categories. This has increased
the market reach of these products. Furthermore, with the growing scientific interest in gut
microbiome research, combined with advances in formulation and quality control, product
formats which can be fortified with live microorganisms have broadened, together with
delivery methods and a rapid emergence of personalized, microbiome-based products.
However, there are still some concerns on how scientific validation can be standardized
and streamlining of regulatory guardrails to shape consumer acceptance.

6.1. Market Growth of Functional Foods and Probiotics

Over the years, the global probiotic market has grown significantly. Industry analyses
estimate the global probiotics market to be on the order of tens of billions USD today,
with reported valuations ranging from ~USD 70-90 billion in the mid-2020s and projected
growth to >USD 100 billion within the next five to ten years depending on scope, with one
estimate placing the value at USD 87.70 billion as of 2023, with a projected annual growth
rate up to 14% in 2030 (USD 220 billion) [139]. This growth is driven by the converging
consumer demands for diverse classes of probiotic-fortified functional foods, a shifting
interest in digestive comfort, immune support, and holistic wellness through better-for-you
snacking and beverages; and the proliferation of plant-based matrices that invite fermenta-
tion and fortification [140]. Conventional strains of probiotics including Lactobacillus and
Bifidobacterium species are still utilized in the bulk of food applications because their safety
is well-documented, manufacturing is scalable, and regulatory pathways are comparatively
clear [106]. These strains dominate categories where cold-chain distribution is practical
and consumer familiarity is high, especially yogurt, kefir, fermented milks, and cultured
plant-based alternatives. In parallel, with encapsulation technologies and the adoption of
heat- and acid-tolerant spore formers such as Bacillus coagulans, more conventional foods
can be fortified with these emerging probiotics, when properly characterized at the strain
level and manufactured to avoid toxigenicity [24]. This allows for the use of probiotics
in ambient beverages, nutrition bars, baked goods, confectionery, and cereals, which are
food forms that were historically resistant to live-culture inclusion. The growth in the
probiotic market varies with regions, with the Asia-Pacific region being the fastest-growing
and often largest regional market for probiotics and probiotic-fortified foods, driven by
large population bases, rising disposable income, and cultural acceptance of fermented
products [141].

6.2. Consumer Awareness and Preferences

Consumer awareness has shifted from generic “good bacteria” messaging to more
nuanced expectations about strain identity, dose, and evidence. Many consumers now look
for labeled genus-species-strain designations, guaranteed CFUs through end of shelf life,
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and clear benefits linked to everyday outcomes such as regularity, tolerance of lactose and
Fermentable Oligo-, Di-, Mono-saccharides and Polyols (FODMAPs), reduced bloating,
or immune support during seasonal challenges [142,143]. Trust is built through strategies
that allow consumers to make informed choices. This is promoted through third-party
certifications of good manufacturing practices, and QR-code transparency that links to
certificates of analysis and study summaries [144]. Sensory performance remains critical:
despite health motivations, products must deliver desirable taste, texture, and aroma.
Fermented dairy continues to set the benchmark for probiotic palatability, but growth in
plant-based matrices has diversified preferences toward oat, coconut, and soy substrates,
where fermentation can mitigate off-notes, reduce sugars, or improve protein digestibility,
provided starter cultures and probiotics are harmonized to avoid sensory defects. Further-
more, cultural factors also shape consumer perception and acceptance of fortified foods: in
East Asian markets, traditional fermented foods and beverages create a receptive baseline,
whereas in parts of Europe regulatory conservatism raises the bar for claims but fosters
trust in products that pass it [145]. Across geographies, clean-label expectations (short in-
gredient lists, minimal processing, non-GMO where relevant) and sustainability credentials
(low-impact packaging, responsible sourcing of prebiotics) increasingly influence purchase
decisions [146].

One of the key determinants of the success of functional foods with probiotics, particu-
larly with emerging strains recently, is consumer education. It has been identified that early
adopters of probiotic and other health-related food products are younger, health-conscious
consumers who are extremely trend-sensitive as a result of what they observe on social
media and who place an extremely high value on the use of naturalness in foods [147-149].
Alongside this, consumer attitudes towards food, health, and nutrition have become more
complex and fragmented [1]. Part of the reason is internet connectivity that has empowered
people to instantly search for information on food products, ingredients, and health claims
on their phone. This easy access to (potentially contradictory) information has emboldened
consumers to be more skeptical of expert advice, especially younger consumers who can be
skeptical of traditional health professionals [150]. Importantly, many consumers confuse
probiotics, prebiotics, postbiotics, and fermented foods; others assume any fermentation
confers probiotic effects, which is not the case unless specific strains and doses are delivered
alive where benefits occur. There is need to provide plain-language explanations, distin-
guishing live probiotic strains from general starter cultures, clarifying that benefits are
strain specific, and explaining why CFUs must be guaranteed through the end of shelf life.
Equally, responsible communication includes reminders that probiotics complement, not
replace, medical care for diagnosed conditions. For example, variations in manufacturing
processes may influence the ratio of live to dead bacteria in a probiotic product. It is
certain that during manufacture, storage, or freeze-drying, some probiotic cells will die. To
compensate and meet the given live cell count on the label, companies will often add extra
live cells, a process called “overfilling”, in such a manner that the product will continue to
deliver the minimum indicated CFU at the time of consumption [151]. However, current
labeling conventions usually report the number of live, viable bacteria per dose as CFU
but not the total number of bacterial cells consumed, including dead cells. Consumers
are therefore sometimes unknowingly consuming more total microbial load than reported
on the label. While dead cells might infrequently exert beneficial health effects [125], this
lack of clear information can affect consumer confidence and raise concerns about trans-
parency and informed choice. Hence, it has become important for clear, simple labeling
and consumer education to be considered when introducing new probiotic strains or new
microbial ingredients. This is because trust that product labeling is clear and accurate is
another key determinant of the way consumers perceive emerging probiotic products, since
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consumers would like to know what strains were included, what specific health benefit
they may provide, and if the statements are supported by trustworthy science. Stricter
guidelines and improved communication are therefore needed to help them understand
exactly what CFU means, how production methods influence viability, and the role of
both live and dead cells. While companies and regulators face the challenge of balancing
scientific accuracy with simple, understandable communication that builds trust, fulfilling
this need for clarification will be key to winning more acceptance of new probiotic products
in an increasingly skeptical but health-conscious market.

6.3. Personalized Nutrition and Microbiome-Based Products

The rapidly expanding catalogue of next-generation and engineered probiotic or-
ganisms amplifies personalization potential of functional foods. Candidate commensals
such as Akkermansia and Faecalibacterium spp. are being explored for the amelioration of
metabolic and inflammatory conditions, although most remain investigational for gen-
eral food use [42]. Engineered LAB that secrete enzymes (for example, lactase for lactose
maldigestion) or other bioactive peptides foreshadow a future of function-specific foods.
Even within conventional species, personalization can occur by selecting strains with
distinct bile-salt hydrolase activity, exopolysaccharide profiles that influence immune sig-
naling, or carbohydrate utilization pathways matched to an individual’s habitual diet [152].
Synbiotic co-design takes this further by pairing a strain with the prebiotic it best metabo-
lizes, improving engraftment and persistence. Personalization is reshaping the probiotic
food landscape through three intersecting pathways: diagnostics, targeted strain selection,
and adaptive delivery [153]. Consumer microbiome testing, typically 165 rRNA sequencing
with increasing adoption of shotgun metagenomics has become a gateway to individu-
alized recommendations. While methodological limitations remain, these tests provide
relative abundance profiles, diversity metrics, and functional potential proxies that can be
mapped to diet and probiotic suggestions. Of recent, it is now possible to translate such
readouts into tailored food plans and curated assortments of probiotic-fortified products,
sometimes combined with wearable-derived lifestyle data and short-term biomarkers (e.g.,
breath hydrogen or glycemic responses) [154]. A growing number of programs use itera-
tive algorithms where consumers submit periodic samples and symptom diaries. These
are utilized together with advanced technologies including blockchain and algorithms to
update the strain mix, prebiotic pairing, and intake timing to nudge the gut microbiome
toward desired functional states [155,156].

Despite promise, personalized probiotic foods face scientific and ethical hurdles. Inter-
individual variability in microbiome ecology and host genetics complicates attribution: the
same strain may have divergent effects depending on baseline community structure, diet,
and transit time [157]. Also, many endpoints of interest such as mood, stress resilience,
skin appearance are multidimensional and require careful study design to avoid over-
interpreting placebo-responsive signals. Also, data privacy and consent frameworks
must evolve to protect genomic and health-related information collected through testing
programs. These are issues which need to be addressed as the market for personalized
probiotic foods grows.

7. Challenges and Future Perspectives

While the global interest in probiotics has continued to grow over the years, driven by
consumer demand for health-promoting foods, the use of novel and emerging microbial
strains presents new challenges and raises questions about safety, harmonized regulatory
frameworks, and scientific rigor.

131



Microorganisms 2025, 13, 2521

7.1. Regulatory and Safety Considerations

As research continues the exploration of emerging microbial strains from different
unconventional sources, it is important to ensure the safety of these products for human
use. Regulatory frameworks like the Generally Recognized as Safe (GRAS) status in the
United States and the Qualified Presumption of Safety (QPS) list in the European Union
provide structured approaches for assessing the safety of microbial strains used in food
and supplements. The QPS concept for instance, was developed by the EFSA as a generic
risk assessment method for biological agents used in the production of food and feed to
streamline and standardize the evaluation of notified biological agents across the EFSA’s
numerous Scientific Panels and Units [36]. This technique makes it easier to evaluate
and approve low-risk microorganisms with a pre-established history of safe use, while
allowing for a more targeted use of the available resources for agents with higher risk
potential [158]. If under the QPS system a strain can be unequivocally placed in a taxonomic
group already present on the QPS list, then a very limited number of additional safety
checks could be required. Such a system would rely on four broad pillars namely: correct
taxonomic identification; sufficient knowledge and literature related to safe use; evidence
ruling out pathogenic or virulent nature; and assurance of the end use and effectiveness of
the microorganism in the final product [36,72,159].

In addition to QPS, the EU-funded PROSAFE project (Biosafety Assessment of Pro-
biotic Lactic Acid Bacteria for Human Consumption) was launched to increase evidence-
based recommendations to assess the safety of probiotics for use in human beings [72].
In 2006, PROSAFE specialists outlined operational measures to guide future probiotic
development. These included calling for the application of proper molecular identification
methods, such as ribosomal DNA sequencing by qualified laboratories, to ensure taxonomic
LAB classification [160]. Strains should also be deposited in established public collections
for reference, with access being controlled. One of the key suggestions was that strains with
higher or unusual antibiotic resistance should not be put into the food chain for human
or animal consumption without extensive risk evaluation [74]. Similarly, probiotic strains
with documented possession of established virulence genes for example, some Enterococcus
species, are to be avoided at all costs. It was also ascertained that fringe properties such
as bile acid deconjugation or broad adhesion capability, were insufficient metrics to base
probiotic safety decisions on independently [72]. Furthermore, PROSAFE outlines that
the use of animals for safety was deemed inferior to human trials as in vivo safety tests of
probiotic ability to adhere to human gut should preferably be evaluated by well-designed
human clinical trials which ideally should be randomized, placebo-controlled and double-
blind. However, if animal models are to be used, rat endocarditis model was suggested as
being most informative because it allows for the assessment of potential pathogenicity and
translocation of probiotic strains to sterile sites, such as cardiac tissue, thereby providing
a sensitive and reproducible system to detect virulence traits under conditions closely
simulating the pathophysiology of infective endocarditis in humans [161].

Globally, the 2002 FAO/WHO guidelines remain authoritative in laying down overall
principles for safe food use of probiotics [46]. These expert guidelines coincide mostly
with those of PROSAFE. They highlight the importance of having a documented history
of safe use, absence of transferable antibiotic resistance and pathogenic virulence factors,
and additional testing for some metabolic functions such as D-lactate production or toxin
production in species known to produce toxins. They also recommend checking hemolytic
activity if appropriate and observing potential side effects throughout human trials. Lastly,
the guideline notes the necessity of continuing post-market surveillance to monitor any
side effects when products reach consumers. However, while these guidelines emphasize
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key elements of safety, they lack full details on how to conduct these tests or interpret their
results in practice.

In the United States, the regulation on probiotics remains fragmented as there is no
official legal definition of “probiotic” at the federal level [72]. The FDA rather governs
probiotic products within established paradigms based on their intended use, that is, as
foods, food ingredients, dietary supplements, or drugs. Each of these has its own standards
regarding safety, claims, efficacy, and manufacturing practices [50]. Under the current
system, probiotics marketed as dietary supplements are treated as “foods” and must
comply with the Dietary Supplement Health and Education Act (DSHEA) as well as FDA
guidelines. If a probiotic is intended for a medical therapeutic purpose, it is being treated
as a “drug” and must undergo the formal FDA drug approval process. Probiotics used as
biological products require authorization through a Biologic License Application (BLA)
under FDA regulation [162]. In addition to product classification, the FDA also monitors
the types of claims permitted for traditional probiotic foods and beverages. Although this
is rare, health claims need to be pre-approved by the FDA through a formal petitioning
process. However, structure, function, or nutrient content claims can be made without
premarket approval, though companies are required by the FDA to provide notice to
the agency 30 days before marketing. To make such claims viable, the Federal Trade
Commission (FTC) requires evidence based on proper research and testing, which the FDA
adopts to ensure that the claims are true and supported by good scientific research [162].

To augment the evidence base, the National Institutes of Health (NIH) and the FDA ap-
proved thorough systematic reviews in the auspices of the Agency for Healthcare Research
and Quality (AHRQ). This review revolves around evaluating the safety profiles of the most
used probiotic genera such as Lactobacillus, Bifidobacterium, Saccharomyces, Streptococcus, En-
terococcus, and Bacillus, with special emphasis on when used for prevention, management,
or reduction in disease risk [72,163]. The objective is to chart what is currently known about
probiotic safety; determine the gaps; and provide guidance to practitioners, researchers,
and regulators on best practices for assessing probiotic risk and benefit. Remarkably, early
findings suggest that while many studies focus on probiotic efficacy, relatively few compre-
hensively address safety endpoints in sufficient detail [72]. This suggests the need for more
systematic safety testing in future clinical trials to build strong regulatory agreement about
what safety measures need to be standardized for probiotics in the American marketplace.

Collectively, these initiatives illustrate both the progress and persistent challenges in
ensuring the safe use of probiotics, especially for novel and emerging strains. While there
is agreement on core safety principles such as robust molecular identification, accurate
functional screening, transparent strain documentation, and human trial data, the lack of
harmonized global standards and clear, practical testing protocols remains a barrier. As the
field of probiotics research continues to advance, it is crucial to align these efforts and close
any gaps to balance innovation with consumer protection.

7.2. Research Gaps and Future Directions

By definition, a probiotic must deliver proven health benefit to the host. To meet
this standard, there must be evidence of at least one rigorously performed human trial
with an acceptable benefit on a relevant health outcome, ideally confirmed by follow-up
studies of similar quality [10]. While there have been some promising findings, most
of the probiotic research to date relies on short-term trials involving small sample sizes
and insufficient follow-up, making it difficult to draw definitive conclusions about long-
term safety, reliability, and real-world benefits. Moreover, demonstrating a true health
benefit also depends not only on whether a trial is designed and conducted well, but on
clear reporting and, ultimately, the ability of the scientific community to critically review
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results [2]. Therefore, the future generation of probiotic research must prioritize large-scale,
randomized controlled trials that are methodologically rigorous, well reported, and for
long durations. Such evidence is required to validate strain-specific benefit, establish dose-
response, and rule out potential adverse effects with long-term application; all of which are
critical to convincingly position probiotics as effective functional food ingredients backed
by sound science.

As previously described, it is well recognized that probiotic benefits are highly strain-
specific, with wide genetic differences between two probiotic strains of the same species [45].
However, this variability has broader implications for the functional classification of pro-
biotics. For example, Douillard et al. [164] compared 100 isolates of L. rhamnosus from
human and dairy origin and found that the strains displayed significant variations in
essential functional traits such as resistance to bile acids, metabolism of carbohydrates, and
possession of mucus-binding pili. This demonstrates that taxonomic classification alone is
not an efficient predictor of the way a probiotic will perform; rather, the distinct functional
attributes of each strain must be rigorously tested [2,45]. Hence, probiotic research cannot
be limited to physiological classification, but each strain must be identified correctly, thor-
oughly characterized, and chosen based on both its genetic attributes, good evidence of its
functional characteristics and its health impacts. It is this more nuanced understanding that
constitutes the foundation of “precision probiotics” (strains that are selectively designed or
bioengineered to produce predictable, specific effects in specific states of health).

Future studies must enhance the effort to define these strain-specific mechanisms of
action and test the interaction of different strains with each other and the host in vivo. A
deeper understanding is also needed on how probiotics and the human body interact, which
include the immune system, gut barrier, and resident microbiota. While in vitro and in vivo
studies have provided valuable information, more human-centric research will be required
to map these interactions at the cellular and molecular levels and delineate with certainty
how they deliver real health outcomes. Insight into these dynamic microbiome-host
interactions could allow for the development of next-generation probiotics that specifically
target the gut microbiome with more precision and deliver consistent, quantifiable health
benefits. This also provides the foundation to explore multi-strain or synbiotic products
designed to have synergistic or complementary effects. With the advancement in next-
generation genomics, transcriptomics, and functional screening tools, precision probiotics
will play a leading role in next-generation functional foods designed to meet individualized
health requirements with scientific accuracy.

8. Conclusions

The growing global interest in functional foods continues to drive the discovery and
application of emerging probiotic strains from unconventional sources such as fruits, vegeta-
bles, marine environments, etc. Different studies have demonstrated that these sources are
valuable reservoirs of viable LAB and yeast species that contain unique techno-functional at-
tributes. These emerging strains not only exhibit significant probiotic characteristics such as
resistance to acid and bile, pathogen inhibition, and survival in the gut but also hold greater
promise for additional health benefits such as anti-hypertensive, cholesterol-lowering,
immunomodulatory, and anti-diabetic effects. However, to maximize the potential of these
novel probiotic sources, it is necessary that every probable candidate strain is thoroughly
screened and properly characterized, both phenotypically and genotypically. Care must be
taken to verify safety attributes, including absence of hemolysis, no breakdown of mucin,
and absence of transmissible antibiotic resistance genes, amongst other attributes that
must be demonstrated and not assumed. Furthermore, while most of these novel strains
have shown promising functional outcomes both in vitro and in animal models, robust
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human clinical trials must be performed to validate these positive effects across diverse
groups such as the elderly, those with metabolic disorders, or individuals with specific
dietary restrictions such as lactose intolerance. The integration of new technologies such
as advanced molecular methods, culture-independent techniques, and omics-based tech-
nologies will augment the cataloguing of strain-specific effects, enabling specific probiotic
development towards health outcomes. Importantly, to foster consumer trust, increased
transparent regulatory guidance, labeling, and consumer education will be required as
these emerging microbial strains are introduced into commercial markets. The future of
probiotics in functional foods lies in exploring the wealth of microbial diversity in nature
beyond the conventional dairy-based sources, and collaborative efforts are needed to drive
this innovation for the benefit of global health and well-being.
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Abstract: The intersection of microbial food safety and antimicrobial resistance (AMR) rep-
resents a mounting global threat with profound implications for public health, food safety,
and sustainable development. This review explores the complex pathways through which
foodborne pathogens—such as Salmonella spp., Escherichia coli (E. coli), Listeria monocyto-
genes (L. monocytogenes), and Campylobacter spp.—acquire and disseminate resistance within
human, animal, and environmental ecosystems. Emphasizing a One Health framework, we
examine the drivers of AMR across sectors, including the misuse of antibiotics in agricul-
ture, aquaculture, and clinical settings, and assess the role of environmental reservoirs in
sustaining and amplifying resistance genes. We further discuss the evolution of surveillance
systems, regulatory policies, and antimicrobial stewardship programs (ASPs) designed
to mitigate resistance across the food chain. Innovations in next-generation sequencing,
metagenomics, and targeted therapeutics such as bacteriophage therapy, antimicrobial
peptides (AMPs), and CRISPR-based interventions offer promising alternatives to conven-
tional antibiotics. However, the translation of these advances into practice remains uneven,
particularly in low- and middle-income countries (LMICs) facing significant barriers to
diagnostic access, laboratory capacity, and equitable treatment availability. Our analysis un-
derscores the urgent need for integrated, cross-sectoral action—anchored in science, policy,
and education—to curb the global spread of AMR. Strengthening surveillance, investing in
research, promoting responsible antimicrobial use, and fostering global collaboration are
essential to preserving the efficacy of existing treatments and ensuring the microbiological
safety of food systems worldwide.
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systems; microbial food safety; Public Health
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1. Introduction

Ensuring the microbial safety of food remains a paramount concern in public health,
as foodborne illnesses continue to pose significant challenges globally. Pathogens such as
Salmonella spp., Escherichia coli (E. coli), Listeria monocytogenes (L. monocytogenes), and Campy-
lobacter spp. are frequently implicated in outbreaks, which are often linked to contaminated
meat, dairy, and ready-to-eat (RTE) products [1,2]. The emergence and proliferation of
antimicrobial-resistant (AMR) strains among these pathogens exacerbate the issue, ren-
dering conventional treatments less effective and leading to persistent infections [2,3]. As
illustrated in Figure 1, key drivers such as antimicrobial misuse and environmental con-
tamination contribute to the development of AMR in foodborne pathogens. This leads to
significant global public health concerns and necessitates mitigation strategies within a
One Health framework. The figure provides a conceptual summary of these pathways.

Drivers of AMR AMR in

in Food Systems — Foodborne Pathogens
o Antibiotic misuse in

medicine and agriculture
e Environmental l

contamination
Global Public

l Health Concerns

o Stewardship
o Surveillance

Strategies to :

Mitigate AMR o Alternative treatments
o Stewardship
o Surveillance

o Alternative treatments

One Health framework Global Public Health

Concerns

Figure 1. Conceptual diagram illustrating the progression from drivers of AMR in food systems—
including antibiotic misuse and environmental contamination—to the emergence of AMR in food-
borne pathogens, associated global public health concerns, and key mitigation strategies within a
One Health framework.

The misuse and overuse of antibiotics in both human medicine and agriculture have
accelerated the development of AMR. In the agricultural sector, antibiotics are frequently
employed not only for therapeutic purposes but also for growth promotion and disease
prevention in livestock [4,5]. This practice contributes to the emergence of multidrug-
resistant (MDR) bacteria, which can be transmitted to humans through the food chain [6-8].
Notably, MDR strains of Staphylococcus aureus (S. aureus), E. coli, and Salmonella have been
isolated from meat and dairy products, posing significant health risks [9,10].

RTE foods are particularly concerning, as they often bypass cooking processes that
would eliminate harmful bacteria. Studies have detected MDR pathogens in various RTE
products, highlighting the need for stringent hygiene practices and monitoring [11,12].
The World Health Organization (WHO) recognizes AMR as one of the top global public
health threats, estimating that by 2050, AMR could cause up to 10 million deaths annually
if no action is taken [13,14]. This underscores the urgency of addressing AMR through
a One Health approach that considers the interconnectedness of human, animal, and
environmental health [15,16]. Lammie and Hughes [17] identified AMR as a complex global
health challenge closely linked to food systems and emphasized that addressing it requires
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a multifaceted strategy and a One Health approach involving improved communication,
cooperation, and collaboration across sectors.

In recent years, the intensification of global food production and international trade
has heightened the complexity of microbial risk management across the food supply chain.
The increasing movement of agricultural goods across borders facilitates the transbound-
ary spread of antimicrobial-resistant bacteria and resistance genes [9,10]. Environmental
factors, including the contamination of water sources used in irrigation or livestock pro-
duction, contribute to the persistence and amplification of AMR in food ecosystems [11].
Moreover, metagenomic studies have revealed that resistance determinants are not only
prevalent in clinically relevant bacteria but also in commensal organisms, which may act
as reservoirs and vectors for horizontal gene transfer [15,18]. This underscores the need
for comprehensive monitoring strategies that go beyond routine pathogen surveillance to
include resistome and mobilome analyses across the entire farm-to-fork continuum.

Technological advances offer promising avenues for addressing the intertwined chal-
lenges of foodborne pathogens and AMR. Novel molecular approaches, including real-time
PCR, next-generation sequencing (NGS), and metagenomic shotgun sequencing, have
significantly improved the speed and sensitivity of pathogen detection and resistance
profiling in complex food matrices [2,19]. These tools not only facilitate the early detection
of contamination but also enable the identification of emerging resistance traits before they
become widespread. Furthermore, innovative control measures such as bacteriophage
therapy, antimicrobial peptides (AMPs), and microbiome modulation are being explored
as alternatives to conventional antibiotics [8,20]. However, the implementation of these
approaches requires coordinated efforts among policymakers, food producers, and public
health authorities to ensure feasibility, safety, and consumer acceptance.

Efforts to combat AMR in the food sector include implementing antimicrobial stew-
ardship programs, enhancing the surveillance of resistant strains, and promoting research
into alternative treatments [21,22]. Additionally, public education on proper food handling
and the risks associated with antibiotic misuse is crucial [20,23]. Recent studies have also
emphasized the role of consumers in mitigating AMR by making informed choices and
advocating for responsible antibiotic use in food production [24-26]. This review aims to
explore the current state of microbial safety and AMR in foods, examining the prevalence
of MDR pathogens in meat, dairy, and RTE products, and discussing strategies to mitigate
these risks.

Moreover, this review addresses a critical gap in the current literature by integrating
the implications of AMR for food safety. While previous reviews have focused primarily on
AMR’s impact on human and animal health, this work uniquely highlights how AMR in
foodborne pathogens threatens food availability, access, and stability. It synthesizes recent
data on resistant strains in foods, contamination sources, prevention strategies, detection
methodologies, and legislation, all within the context of food safety. The manuscript
presents a cohesive, evidence-based narrative linking data, analysis, and practical strategies
under a unified One Health framework, concluding with key implications for global
food safety.

2. Methodology

This narrative review was conducted to synthesize current knowledge on foodborne
AMR under the One Health framework. Literature searches were performed in PubMed,
Scopus, and Web of Science databases up to 2025. The following keywords were used in
various combinations: AMR, food safety, foodborne pathogens, One Health, surveillance,
AMR policy, and control strategies. Inclusion criteria comprised peer-reviewed articles,
systematic reviews, meta-analyses, surveillance reports, and major international agency
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documents published in English. Priority was given to studies from the last 10 years, but
older seminal works were also considered where relevant. Data extraction focused on
AMR prevalence, drivers, surveillance, mitigation strategies, and policy frameworks. The
selection process was performed by the authors independently, with consensus achieved
through discussion.

3. Foodborne Pathogens and the Burden of AMR

Foodborne pathogens such as Salmonella spp., E. coli, L. monocytogenes, and Campy-
lobacter spp. are major contributors to foodborne illnesses worldwide. According to the
Antimicrobial Resistance Collaborators [27], bacterial AMR was directly responsible for
1.27 million deaths and contributed to nearly 5 million global deaths in 2019. These
pathogens, particularly when resistant to multiple antibiotics, pose serious health risks due
to prolonged illness, increased hospitalization, and higher mortality [28,29]. The misuse
and overuse of antibiotics in agriculture play a substantial role in accelerating resistance.
Farmers often use antimicrobials not only therapeutically but also for growth promotion
and prophylaxis, especially in poultry and livestock [5,30]. These practices create reservoirs
of MDR bacteria in the food chain, including E. coli and Salmonella, which have been isolated
from meat, dairy, and RTE products [6,31]. Figure 2 presents a schematic of the One Health
framework, illustrating the interconnected roles of human health, animal health (including
aquaculture and agriculture), food systems, and the environment in addressing AMR. The
figure highlights how these sectors contribute to and are impacted by AMR challenges in
food production and safety.

Human
Health

AMR in AMR in
Aquaculture, O NE RTE Foods

Agriculture HEALTH

Environment

Figure 2. One Health schematic illustrating the pathways of AMR transmission between animals,
food, environment, and humans. Key resistance mechanisms, such as plasmid-mediated transfer and
environmental reservoirs, are adapted from Hendriksen et al. [32] and Van Boeckel et al. [30]. The
figure highlights the interconnectedness of foodborne AMR across sectors.

Aquaculture is a rapidly growing sector in global food production and is increasingly
being recognized as a hotspot for AMR. The intensive use of antibiotics in fish and shrimp
farming to prevent disease and enhance productivity fosters the selection of resistant
bacterial strains. Deng et al. [33] analyzed 23,165 antimicrobial resistance gene (ARG)
contigs from aquaculture isolates in 75 countries. They reported that blaCMY-2 occurred in
approximately 10-15% of samples, cphA in 30-35%, and mcr-3 in 5-10%, highlighting the
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widespread presence of mobile ARGs in aquaculture environments, which poses substantial
risks for transfer to human pathogens. Yuan et al. [34] corroborated this by documenting
widespread contamination with antibiotics, resistant bacteria, and ARGs across water,
sediment, and aquatic species. Similarly, Hossain et al. [35] identified elevated antibiotic
concentrations in Bangladeshi aquaculture environments, posing ecological and public
health risks. Together, these findings underscore the urgent need for surveillance, judicious
antimicrobial use, and effective regulatory frameworks to contain AMR emergence from
aquaculture systems.

L. monocytogenes, a significant concern in cold-stored RTE foods, has exhibited re-
sistance to clinically important antimicrobials including ciprofloxacin and erythromycin,
though resistance to first-line treatments like penicillin G and tetracycline remains relatively
rare [36]. Similarly, Campylobacter jejuni has demonstrated widespread fluoroquinolone
resistance, particularly in poultry systems, driven by chromosomal mutations and hori-
zontal gene transfer [37,38]. Surveillance reports by the European Food Safety Authority
(EFSA) [39] and the U.S. Centers for Disease Control and Prevention [40] confirm a sig-
nificant increase in AMR, as demonstrated by rising multidrug-resistant Salmonella and
extended-spectrum (-lactamase (ESBL)-producing E. coli rates in food products glob-
ally [41]. Notably, MDR Salmonella enterica (S. enterica) and ESBL-producing E. coli have
been found in poultry, pork, and beef, with frequent resistance to ciprofloxacin and third-
generation cephalosporins [42,43]. In support of these findings, Shafiq et al. [44] docu-
mented the presence of ESBL-encoding plasmids along China’s pork production chain,
illustrating the global scale of this threat.

Environmental pathways also contribute significantly to AMR transmission. Zhang
et al. [45] demonstrated that ARGs from manure-amended soils can transfer to the microbial
communities of vegetables such as lettuce, revealing a direct route for resistance to enter
the food chain. In addition, studies by Zhu et al. [46] and Berendonk et al. [11] emphasized
the role of agricultural runoff and wastewater as reservoirs and vectors of ARGs in both
environmental and agricultural ecosystems. Resistance genes such as blaCTX-M, mcr-1, and
tetA are not only found in pathogens but are also common among commensal bacteria, often
carried on mobile genetic elements that promote interspecies dissemination [16]. Recently,
Keet and Rip [47] reported MDR L. monocytogenes strains isolated from raw meats and
ready-to-eat foods in the Western Cape, South Africa, underscoring the regional challenges
in managing antimicrobial resistance in foodborne pathogens.

An increasing burden of AMR in foodborne pathogens: EFSA and ECDC [41] estimate
approximately 7% of confirmed human salmonellosis and 17% of campylobacteriosis
cases in the EU are caused by resistant strains. In 2019, there were over 300 confirmed
outbreaks linked to multidrug-resistant (MDR) Salmonella in EU member states, resulting
in approximately 2500 reported hospitalizations. To curb the growing AMR burden in
food systems, a comprehensive One Health approach is essential—one that integrates
food safety protocols, veterinary antimicrobial stewardship, and environmental controls.
Non-traditional interventions such as bacteriophage therapy [48] and bacteriocins [49]
show promise as future alternatives to antibiotics. Public education, policy enforcement,
and consumer-driven advocacy for responsible antibiotic use remain pivotal elements of
long-term containment strategies [49].

4. One Health Approach to Mitigating AMR

AMR is a multifaceted global health challenge that transcends the boundaries of
human medicine, encompassing animal health, agriculture, and environmental ecosystems.
The One Health approach, which recognizes the interconnectedness of these domains, has
emerged as a pivotal strategy in addressing the complex dynamics of AMR. As illustrated
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in Figure 3, the One Health approach provides a comprehensive framework that integrates
human, animal, and environmental health sectors to address the multifaceted nature of
AMR. This model guides the subsequent sections by mapping key drivers, surveillance
mechanisms, interventions, innovations, educational strategies, and global policy responses
across all domains.

Surveillance and Education and
Monitoring Public Awareness
Integrated, Campaigns to
multi-sector promote prudent

surveillance antibiotic use

2
One Health Approach
to Mitigating Antimicrobial

Resistance
Antimicrobial Regulatory Policies
Stewardship Program in Agriculture
Guidelines for Regulations for
appropriate control antibiotic
antibiotic use use in animals

Figure 3. One Health approach to mitigating AMR. The diagram illustrates the integration of
surveillance, education, stewardship, and regulatory policies required to control AMR across human,
animal, and environmental sectors.

4.1. Conceptual Framework of One Health in AMR

The One Health paradigm emphasizes the integration of human, animal, and environ-
mental health sectors to develop comprehensive strategies against AMR. This approach
acknowledges that the misuse and overuse of antimicrobials in any of these sectors can
contribute to the emergence and dissemination of resistant pathogens, necessitating coordi-
nated interventions across all domains.

4.2. Drivers of AMR Across Sectors
4.2.1. Human Health Sector

In the human health domain, inappropriate antibiotic prescribing remains a major
contributor to the emergence of AMR. Numerous studies have revealed that a substantial
proportion of antibiotic prescriptions are unnecessary, often issued for self-limiting viral
infections or under patient pressure. In a systematic review, Sijpom et al. [50] identified
multiple determinants influencing inappropriate antibiotic prescriptions in primary care,
including diagnostic uncertainty, perceived patient expectations, and lack of rapid diag-
nostic tools. Browne et al. [51] further demonstrated that global antibiotic consumption
rose sharply between 2000 and 2018, particularly in LMICs where access and stewardship
programs are often limited. In a pivotal U.S. study, Fleming-Dutra et al. [52] reported that
approximately 30% of outpatient antibiotic prescriptions were unnecessary, underscoring
the systemic overuse in ambulatory care.

To address the persistent problem of antibiotic misuse, ASPs have been widely imple-
mented in clinical settings. In a national survey of U.S. hospitals, Pollack et al. [53] reported
that only 39% had fully adopted all seven Centers for Disease Control and Prevention
(CDC) Core Elements of Hospital ASPs as of 2014, underscoring both progress and the need
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for ongoing institutional commitment. These core elements—ranging from leadership com-
mitment and accountability to education and tracking—have since become the standard
framework for promoting judicious antibiotic use in healthcare facilities. Complementary
to this, the CDC continues to update and disseminate stewardship guidelines through its
Core Elements of Hospital Antibiotic Stewardship Programs [54].

Beyond the frequency of antibiotic use, inappropriate selection of antibiotics for
common infections is also a growing concern. Ardillon et al. [55] conducted a multicentric
cohort study in three LMICs and found high rates of inappropriate antibiotic prescribing in
outpatient pediatric care. The study highlighted that such practices not only contribute to
resistance but also increase the risk of treatment failure and adverse outcomes, particularly
in settings with limited diagnostic capacity. Their findings reinforce the need for tailored
stewardship interventions, especially in community-level primary healthcare systems.

4.2.2. Animal Health and Agriculture

The agricultural sector, particularly intensive livestock farming, has been identified
as a major contributor to AMR due to the prophylactic and growth-promoting use of
antibiotics. Van Boeckel et al. [56] reported that approximately 73% of all antimicrobials
sold globally are used in animals raised for food. This extensive use facilitates the selection
of resistant bacteria, which can be transmitted to humans through direct contact or the
consumption of animal products. Recent projections indicate that, under a business-as-
usual scenario, global antibiotic use in livestock could reach approximately 143,481 tons
by 2040, representing a 29.5% increase from the 2019 baseline of around 110,777 tons. This
underscores the urgency for coordinated efforts to reduce antibiotic use intensity and
manage livestock biomass effectively [57].

In low- and middle-income countries, the situation is particularly concerning. A
study analyzing 901 point-prevalence surveys revealed that China and India are significant
hotspots for AMR in animals, with emerging hotspots in Brazil and Kenya. From 2000 to
2018, the proportion of antimicrobials showing resistance above 50% increased from 15%
to 41% in chickens and from 13% to 34% in pigs [56]. The misuse of antibiotics in animal
agriculture not only affects animal health but also poses a significant threat to human health.
The CDC highlights that antimicrobial-resistant germs can spread between animals and
humans through various pathways, including direct contact, consumption of contaminated
food, and environmental routes such as water runoff from farms [54].

Furthermore, the environmental impact of antibiotic use in agriculture cannot be
overlooked. Antibiotics and antifungals used in animals can contaminate the environ-
ment through animal waste, which may carry drug residues and resistant germs. This
contamination can affect soil and water sources, contributing to the development and
spread of resistant germs in the environment [54]. To mitigate these risks, it is essential
to implement stringent regulations on antibiotic use in agriculture, promote good animal
husbandry practices, and enhance surveillance of antibiotic use and resistance patterns in
the agricultural sector. Adopting a One Health approach that integrates human, animal,
and environmental health strategies is crucial in combating the spread of AMR.

4.2.3. Environmental Sector

The environment acts as both a reservoir and a conduit for AMR, facilitating the
dissemination of resistant bacteria and genes through soil, water, and air. Pharmaceuti-
cal effluents, agricultural runoff, and improper waste disposal introduce antibiotics and
resistant organisms into environmental compartments, accelerating the spread of resis-
tance. Berendonk et al. [11] highlighted the persistence of ARGs in aquatic and terrestrial
ecosystems, advocating for environmental surveillance as a critical component of AMR
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mitigation strategies. Recent global assessments have reinforced the environmental dimen-
sion of AMR. The United Nations Environment Programme has stressed that pollution
from human activities—including pharmaceutical manufacturing, agriculture, and waste
mismanagement—is a key driver of AMR emergence and transmission. This underscores
the necessity for pollution control and ecosystem health in AMR policy [58].

Aquatic systems, in particular, have emerged as hotspots for ARG accumulation.
Cheung et al. [59] conducted a scoping review and found that fecal pollution in surface
waters leads to significant concentrations of resistant bacteria, posing ecological and public
health risks. The review emphasized the importance of adequate sanitation infrastructure
and improved wastewater treatment technologies in controlling the spread of resistance.
Furthermore, climate change has been increasingly associated with AMR dynamics. Fer-
nédndez Salgueiro et al. [60] reviewed the influence of environmental factors such as rising
temperatures, flooding, and droughts on microbial evolution and horizontal gene transfer.
These climate-related stressors are believed to exacerbate AMR propagation, especially in
vulnerable ecosystems.

Furthermore, the presence of antibiotic residues in the environment has been rec-
ognized as a driver for AMR. Larsson and Flach [61] discussed the impact of antibiotic
pollution on the emergence of resistant bacteria, emphasizing the need for stringent regu-
lations on antibiotic disposal and wastewater treatment. Implementing such measures is
crucial to prevent the proliferation of resistance genes in environmental settings. Together,
these findings highlight the need to include the environmental sector in AMR surveillance
and response strategies. A One Health approach that integrates environmental protec-
tion, sanitation infrastructure, and antibiotic waste regulation is essential to prevent the
unchecked spread of resistance beyond clinical and agricultural settings.

4.3. Surveillance and Monitoring

Surveillance and monitoring are critical pillars in addressing AMR, enabling early
detection of resistance trends, identifying emerging threats, and evaluating the effective-
ness of interventions. A robust surveillance system must adopt a One Health approach,
integrating data from human health, animal health, agriculture, and the environment
to comprehensively map resistance dynamics and inform policy decisions. The Global
Antimicrobial Resistance Surveillance System (GLASS), launched by the WHO, exemplifies
this integrated framework. GLASS promotes standardized collection and reporting of
AMR and antimicrobial consumption data across member states, thereby enhancing the
comparability and utility of global surveillance outputs [62]. As of the latest GLASS report,
over 120 countries are enrolled, contributing data on priority pathogens such as E. coli,
Klebsiella pneumoniae, Salmonella spp., and S. aureus, alongside their resistance patterns and
treatment challenges.

In Europe, the European AMR Surveillance Network, managed by the European CDC,
focuses on AMR surveillance in invasive bacterial infections. The network utilizes data
from over 30 countries to generate harmonized resistance trends, offering policymakers
timely insights into the effectiveness of national and EU-wide antimicrobial stewardship
programs [63]. Complementing this, the European Surveillance of Veterinary Antimicrobial
Consumption collects data on veterinary antimicrobial sales, enabling assessment of trends
in antimicrobial usage in food-producing animals [64]. In the United States, the National
AMR Monitoring System provides integrated surveillance across human, animal, and food
sectors. Jointly coordinated by the CDC, FDA, and United States Department of Agriculture
(USDA), National Antimicrobial Resistance Monitoring System (NARMS) tracks resistance
in pathogens such as Salmonella, Campylobacter, and E. coli from clinical, retail meat, and
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animal sources. These findings guide regulatory action, including the restriction of critical
antimicrobials in livestock [65].

For LMICs, surveillance implementation often faces logistical and technical barriers.
To bridge these gaps, the Fleming Fund, funded by the UK government, supports labo-
ratory strengthening, data harmonization, and human-animal surveillance integration
in over 20 LMICs [66]. Similarly, the Food and Agriculture Organization of the United
Nations (FAO)’s ATLASS tool (Assessment Tool for Laboratories and AMR Surveillance
Systems) provides a structured approach to evaluating and enhancing national AMR
surveillance in food and agriculture systems [67]. Environmental surveillance is an emerg-
ing frontier in AMR monitoring. Wastewater-based epidemiology has shown promise as a
cost-effective method to capture community-wide AMR burdens. A landmark study by
Hendriksen et al. [32] demonstrated that metagenomic analysis of urban sewage could
accurately reflect local resistance gene prevalence and trends, offering a scalable model for
global surveillance.

Advances in whole-genome sequencing (WGS) and bioinformatics have further revo-
lutionized AMR tracking. By enabling high-resolution pathogen typing and identification
of resistance genes, WGS supports outbreak detection, resistance mechanism elucidation,
and real-time tracking of resistant clones. Several national AMR programs, including
those in the UK, Australia, and the Philippines, have incorporated WGS into their routine
surveillance, enhancing data precision and intervention targeting [68]. Nonetheless, critical
challenges persist: data fragmentation, limited real-time sharing, disparities in capacity,
and a lack of standardized methodologies across sectors and regions. To address these
gaps, international collaboration, open-access data platforms, harmonized protocols, and
investment in surveillance infrastructure remain essential.

4.4. Interventions and Strategies
4.4.1. Antimicrobial Stewardship Programs (ASPs)

ASPs are structured, evidence-based initiatives aimed at promoting the responsible
use of antimicrobials to achieve optimal clinical outcomes while minimizing the selection
and spread of antimicrobial-resistant organisms. These programs are essential pillars of
national and global strategies to combat AMR, with direct implications for both public
health and food system resilience. The primary goals of ASPs include ensuring the appro-
priate selection, dosage, route, and duration of antimicrobial therapy, thereby reducing
unnecessary or inappropriate use. These programs often operate through multidisciplinary
teams—comprising infectious disease specialists, clinical microbiologists, pharmacists, and
infection control experts—who develop local antibiotic guidelines, monitor prescribing
behavior, and provide prescriber feedback.

Dyar et al. [69] showed that ASP implementation across European hospitals led to
a significant reduction in broad-spectrum antibiotic use and improved compliance with
prescribing standards. A systematic review by Baur et al. [70] covering 32 hospital-based
ASPs revealed a 35% reduction in antibiotic consumption and a 10% decline in AMR rates,
with no adverse effects on patient mortality or clinical outcomes. In the United States,
ASPs are now mandated in all acute care hospitals under federal regulations. The CDC’s
Core Elements of Hospital Antibiotic Stewardship Programs guide healthcare institutions
in building sustainable ASP infrastructure, emphasizing leadership support, tracking,
reporting, and staff education [54]. Importantly, the relevance of ASPs extends far beyond
hospital walls. In veterinary medicine and food animal production, ASPs aim to curtail
the overuse and misuse of antimicrobials that contribute to the emergence of resistant
foodborne pathogens. The use of critically important antimicrobials in livestock—often for
growth promotion or prophylaxis—has been strongly linked to AMR-positive isolates of
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Salmonella, E. coli, L. monocytogenes, and Campylobacter detected in meat and dairy products.
Accordingly, stewardship practices in the agricultural sector are increasingly viewed as
central to the prevention of foodborne AMR transmission.

In LMICs, ASP implementation faces logistical and economic barriers. Nevertheless,
promising examples have emerged. In India, several studies have documented the progress
and impact of ASPs. Singh et al. [71] demonstrated that ASP implementation in a tertiary
care hospital significantly reduced the use of high-end antibiotics and improved patient
outcomes. Debnath et al. [72] reported a successful introduction of ASPs in primary and
secondary care hospitals, emphasizing that even resource-limited settings can benefit from
tailored interventions. Sahni et al. [73] conducted a systematic review highlighting the
gaps in ASP implementation across Indian healthcare facilities and calling for strengthened
institutional policies, local antibiogram development, and routine training of healthcare
personnel. When coupled with infection prevention and control measures, ASPs have
been shown to amplify reductions in resistant infections. Furthermore, digital tools—such
as real-time decision support systems, electronic prescribing, and automated alerts—are
increasingly enhancing the efficacy and scalability of stewardship initiatives. In conclusion,
ASPs represent a foundational strategy in the One Health response to AMR. Expanding their
reach beyond clinical settings to include animal health and food production is essential to
controlling the spread of resistant bacteria, protecting food safety, and preserving antibiotic
efficacy for future generations.

4.4.2. Regulatory Policies in Agriculture

The regulation of antimicrobial use in agriculture is a critical intervention in the global
effort to combat AMR, especially given the established link between antibiotic use in
food-producing animals and the emergence of resistant bacteria in the human population.
These regulations aim to restrict non-therapeutic uses of antibiotics, improve veterinary
oversight, and promote responsible antimicrobial practices across the food production
chain. A landmark intervention was the European Union (EU)’s 2006 ban on the use of
antibiotics as growth promoters in livestock. This policy was followed by substantial
reductions in resistance rates among zoonotic bacteria such as Salmonella and Campylobac-
ter, with no negative impact on animal productivity when good farming practices were
maintained [20]. Countries like Denmark and the Netherlands have further advanced these
efforts by enforcing strict antimicrobial usage monitoring systems, mandating veterinary
prescriptions, and incentivizing low-antibiotic farming [30,74].

In the United States, the FDA issued Guidance for Industry #213, which led to the
withdrawal of medically important antimicrobials for growth promotion and introduced
veterinary oversight for therapeutic use. The FDA’s 2022 report shows a continued decline
in overall sales of such antibiotics in food animals, reflecting the positive impact of regula-
tory reforms [75]. In emerging economies, the enforcement of antimicrobial policies remains
inconsistent. However, countries like China and India have begun to implement restrictions
on the use of critically important antimicrobials. For example, China banned colistin as
a feed additive following the discovery of the plasmid-mediated colistin resistance gene
mcr-1, which raised global concern due to its potential for rapid spread [76]. India has
also issued national action plans and advisories to regulate antibiotic use in poultry and
aquaculture, although implementation and surveillance remain in early stages [77].

International agencies, including the WHO, the FAO, and the World Organization
for Animal Health (WOAH), advocate for harmonized global actions. These include
phasing out antibiotics for growth promotion, banning over-the-counter antimicrobial sales,
and establishing surveillance systems for antimicrobial use and resistance in the animal
sector. Ultimately, effective regulatory policies—when combined with enhanced farm
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biosecurity, vaccination programs, and improved animal husbandry—can substantially
reduce antibiotic dependence in food production, lower AMR transmission risk to humans,
and contribute to both public health protection and food system sustainability.

4.4.3. Environmental Management

The environment is a critical but often overlooked component in the transmission and
persistence of AMR. Environmental compartments—such as soil, surface water, ground-
water, and sediments—act as reservoirs and conduits for antimicrobial residues, resistant
bacteria, and resistance genes originating from human, animal, and industrial sources. To
mitigate environmental contamination, a multipronged approach is essential. One key
strategy is enhancing wastewater treatment infrastructure, particularly in hospitals, phar-
maceutical manufacturing sites, and agricultural operations. Conventional wastewater
treatment plants are not specifically designed to remove antibiotics or resistance genes,
allowing these elements to enter natural water bodies and spread across ecosystems [78].
Upgrading treatment processes with advanced oxidation technologies, membrane filtration,
and constructed wetlands can significantly reduce the environmental AMR burden.

Another important intervention involves regulating pharmaceutical discharges. Indus-
trial effluents from drug manufacturing facilities—especially in countries with weak envi-
ronmental oversight—are often heavily contaminated with antibiotics, creating hotspots for
resistance gene selection and horizontal gene transfer [79]. Implementing strict discharge
limits, enforcing zero-liquid-discharge technologies, and ensuring routine environmental
monitoring can curtail these emissions. Sustainable agricultural practices also play a crucial
role in minimizing the release of antibiotics and resistant microbes into the environment.
This includes the safe management of animal manure, composting, limiting antibiotic use in
aquaculture, and promoting integrated pest and disease management. Improved handling
of farm waste reduces the leaching of contaminants into soils and water bodies, thereby
lowering the environmental load of AMR determinants.

Larsson et al. [79] emphasized the necessity of global environmental regulations as
part of a One Health response to AMR. They argued for the inclusion of AMR-relevant
targets in environmental protection frameworks and greater collaboration between the
health, environment, and agriculture sectors. Recent initiatives, such as the AMR Industry
Alliance’s manufacturing framework and the Stockholm Statement on Pharmaceuticals in
the Environment, advocate for sustainable antibiotic production and improved environ-
mental accountability. Ultimately, reducing environmental contributions to AMR requires
coordinated global action—combining policy enforcement, technological innovation, in-
dustry responsibility, and international funding to strengthen environmental stewardship
as a central pillar in the AMR response.

4.5. Research and Innovation

Continued investment in research and innovation is essential for tackling the growing
challenge of AMR and safeguarding microbial food safety. Traditional antibiotics are losing
their efficacy at an alarming rate, and the development pipeline for new antimicrobials
remains limited. In response, research efforts have increasingly focused on novel therapeu-
tics, next-generation diagnostics, and genomic tools that support precision intervention.
Bacteriophage (phage) therapy has re-emerged as a promising alternative to conventional
antibiotics, particularly against MDR pathogens. Phages are viruses that specifically target
and lyse bacterial cells without affecting the host microbiota or contributing to resistance
selection. Recent studies have demonstrated the successful use of phage cocktails to treat
severe MDR infections in humans, and their potential application in veterinary medicine
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and food safety is gaining interest [80]. Phages can be applied to decontaminate food
surfaces, control Listeria in dairy products, and reduce Salmonella in poultry processing.

AMPs, derived from microbial or host immune systems, represent another avenue of
therapeutic innovation. These molecules exhibit broad-spectrum activity against bacteria,
fungi, and viruses, and some are being explored for use in food preservation and livestock
treatment with reduced resistance potential. Probiotics, prebiotics, and postbiotics are
also under investigation for their role in enhancing gut health, competitively excluding
pathogens, and reducing reliance on antibiotics in animal husbandry. For instance, certain
strains of Lactobacillus and Bacillus have shown efficacy in improving animal productivity
while minimizing pathogen shedding in feces. From a diagnostic standpoint, advances in
genomics, metagenomics, and bioinformatics have significantly enhanced our ability to
detect, characterize, and monitor resistance determinants. High-throughput sequencing
platforms and resistome analyses allow researchers to track the evolution of resistance
genes across human, animal, and environmental reservoirs. This is particularly important
for understanding the transmission of AMR along the food chain and designing targeted
interventions [81].

CRISPR-Cas systems offer highly specific antimicrobial activity by targeting resis-
tance genes, providing a promising alternative to broad-spectrum antibiotics [82,83]. In
diagnostics, biosensors, microfluidic devices, and Al-powered platforms enable real-time
pathogen detection in food products, improving surveillance and response [84,85]. Ad-
vances in genomics and resistome analysis support tracking AMR transmission across the
food chain and environment [81]. Global initiatives such as the Global Antibiotic Research
and Development Partnership (GARDP) and Combating Antibiotic-Resistant Bacteria Bio-
pharmaceutical Accelerator (CARB-X) support the development and equitable distribution
of new antimicrobials and diagnostics, particularly in resource-limited settings. Sustained
investment, cross-sector collaboration, and equitable access to innovation are essential to
combat AMR and protect food systems.

While these innovative approaches offer promising solutions for AMR mitigation
in food systems, their industrial implementation faces notable challenges. For bacterio-
phages, regulatory approval is evolving: Omar et al. [86] detail the current U.S. landscape,
where only a few phage-based products (e.g., ListShield™, SalmoFresh) have received
FDA /USDA approval. Challenges include establishing consistent manufacturing under
Good Manufacturing Practices, ensuring formulation stability, and addressing industry
concerns regarding integration into standard processing workflows. For AMPs, a recent
review conducted by Pérez de la Lastra et al. [87] highlight their potential in food preserva-
tion through encapsulation and nanotechnology. However, large-scale production remains
expensive and technically complex, with additional challenges related to maintaining
activity in complex food matrices and securing regulatory acceptance. CRISPR-based
tools likewise remain largely confined to research and pilot projects, with no current food
industry applications. Acceptance by food producers and consumers hinges on a clear
demonstration of efficacy, safety, and cost-competitiveness. To overcome these hurdles,
harmonized regulatory frameworks, industrial-scale production technologies, and targeted
stakeholder communication are essential [86,87].

4.6. Education and Public Awareness

Raising awareness about AMR across healthcare, agriculture, and the general pub-
lic is a cornerstone of effective AMR mitigation. Misconceptions about antibiotic use
and poor hygiene practices continue to fuel resistance, particularly in resource-limited
settings. Targeted educational interventions among healthcare professionals improve pre-
scribing behaviors and stewardship compliance. McCullough et al. [88] reported that
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structured awareness campaigns reduced misconceptions about resistance and promoted
appropriate antibiotic use. Similarly, public health campaigns in high-income countries,
such as those reviewed by Huttner et al. [89], led to measurable declines in outpatient
antibiotic prescriptions.

In the livestock and poultry sectors, educational outreach and farmer training have
shown strong impacts. A study by Chapot et al. [90] in Bangladesh demonstrated that
farmer awareness programs reduced the misuse of antibiotics and improved animal hus-
bandry practices. Global initiatives such as the World Antimicrobial Awareness Week,
coordinated by WHO, have amplified public engagement through school-based programs,
media outreach, and cross-sector collaboration [91]. Integrating AMR education into pro-
fessional training, national curricula, and food safety regulations remains essential. Public
awareness, driven by accurate communication and community participation, complements
policy and research to ensure sustainable behavior change across sectors.

4.7. Global Collaboration and Policy Frameworks

AMR is a transboundary threat that requires coordinated action at local, national,
and international levels. The interconnected nature of food systems, trade, human and
animal health, and environmental exposures underscores the need for a unified, global
response guided by strong policy frameworks and strategic collaboration. The WHO,
in partnership with the FAO and the WOAH, has established the Tripartite Alliance,
which serves as the cornerstone of the One Health Global Action Plan on AMR. This
plan encourages nations to develop and implement National Action Plans tailored to
local contexts while adhering to global objectives related to antimicrobial stewardship,
surveillance, and capacity building [92]. To enhance food safety and reduce the spread
of resistant pathogens through the food chain, these agencies promote regulations on
antimicrobial use in agriculture, improvement of biosecurity and hygiene standards, and
integrated AMR monitoring. The Codex Alimentarius Commission (Codex), co-managed
by WHO and FAO, has issued Guidelines on Integrated Monitoring and Surveillance
of Foodborne AMR [93], enabling member states to standardize practices in AMR data
collection, risk assessment, and mitigation in food production.

Globally, funding initiatives such as the Fleming Fund, CARB-X, and the Global AMR
R&D Hub are critical in strengthening AMR surveillance, diagnostics, and innovation,
particularly in low- and middle-income countries. These programs support equitable access
to laboratory infrastructure, early-stage research, and cross-sectoral data sharing to address
gaps in implementation and capacity [66,94]. The GLASS, launched by WHO in 2015,
now includes over 120 participating countries, standardizing AMR data in human health
with plans to expand into food and environmental sectors [95]. Multilateral declarations
by the United Nations, G7, and G20 have further positioned AMR as a global develop-
ment and security threat, emphasizing the need for coordinated policy action. Effective
frameworks must prioritize integration across health, agriculture, and the environment,
while supporting countries to implement context-specific, enforceable, and sustainable
AMR strategies.

Despite improvements in AMR surveillance globally, substantial gaps persist in food-
borne AMR monitoring in vulnerable regions, including Latin America and sub-Saharan
Africa. Severino et al. [96] conducted a systematic review of bacterial foodborne diseases
in Central America and the Caribbean and identified critical deficiencies, including inade-
quate laboratory capacity, fragmented reporting systems, and limited integration of AMR
data. In sub-Saharan Africa, Hendriksen et al. [32] highlighted that although genomic
surveillance initiatives like SeqAfrica have enhanced AMR monitoring in human and ani-
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mal sectors, One Health-aligned food AMR surveillance remains limited and fragmented.
Addressing these gaps is essential for global AMR mitigation.

The integration of bioinformatics tools and predictive models into AMR surveillance is
advancing rapidly. Metagenomic sequencing, combined with machine learning algorithms,
allows for the detection and characterization of resistance genes directly from complex food
and environmental samples without the need for culturing [32]. These approaches enable
the identification of novel resistance determinants and provide early warnings for emerging
threats. Machine learning models trained on genomic, epidemiological, and environmental
data have been used to predict AMR outbreak risks and identify resistance hotspots in
food systems [97]. Moreover, platforms such as the Global Sewage Surveillance Project
and SeqAfrica have demonstrated the feasibility of using large-scale metagenomics for
AMR monitoring across regions. Continued investment in bioinformatics capacity building,
particularly in low- and middle-income countries, is critical to realize the full potential
of these technologies for foodborne AMR surveillance. Table 1 provides a consolidated
overview of key agencies and surveillance programs cited in this review, summarizing their
primary roles in AMR mitigation and their interactions within One Health frameworks.

Table 1. Key national and international agencies and surveillance programs involved in foodborne

AMR mitigation, summarizing their main roles and interactions within One Health frameworks.

Agency/Program Key Role(s) Coordination and Interaction
versees the , which standardizes orks wit , , an nite
O he GLASS, which dardi Works with FAO, WOAH, and United
WHO AMR and antimicrobial consumption Nations Environment Programme (UNEP)
data—including for food and under the Quadripartite/Tripartite One
environment—across participating countries. Health alliance.
Implements the Progressive Management . . .
Engages in One Health collaboration with
FAO Pathwa.y for AMR (PMP_.AMR) to support WHO and WOAH and supports national
agriculture in managing AMR and .
AMR Action Plans.
food safety.
Develops veterinary antimicrobial use Partners with WHO. FAO. and member
WOAH standards, monitors AMR in animals, and ) ! .
. countries through One Health initiatives.
promotes stewardship.
Integrates regional networks (e.g., European
Collects harmonized data on AMR and Antimicrobial Resistance Surveillance
. . . Network (EARS-Net), Central Asian and
GLASS antimicrobial consumption from human, .
animal, and environmental sectors Eastern European Surveillance of
! ’ Antimicrobial Resistance) and feeds data
to WHO.
. . . . Coordinates with European Centre for
EFSA Monitors AMR in fqo d._ and animal-origin Disease Prevention and Control (ECDC) to
samples within the EU. . -
support EU risk assessments and policy.
Tracks AMR in human patlr}ogens through Collaborates with EFSA and national
ECDC EARS-Net and contributes to .
- agencies under One Health.
EU-level surveillance.
NARMS Monitors AMR in human, food, and animal Led jointly by CDC, FDA, and USDA;
bacterial samples via a One Health approach. supports data-driven interventions.
E;?oir?éollz:; Pg:g: Strengthens AMR detection capacity and Partners with international agencies;
Networi rapid response through global lab networks. supports ~50 countries.
Global Leaders Pi?(;];iiz ?;ih_iivgﬁ?{‘;ii?;}: jv?iiog;}:e Supported by a Quadripartite secretariat
Group on AMR & P (WHO, FAO, WOAH, UNEP).

Health lens.
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5. AMR and Food Safety: A Neglected Link in One Health

AMR in food systems represents an escalating challenge that threatens not only public
health but also global food safety. The spread of resistant pathogens in food-producing
environments can reduce access to safe, nutritious food, disrupt supply chains, and impose
significant economic burdens on producers and consumers [30]. Food safety experts have
emphasized that AMR in foodborne pathogens exacerbates food insecurity, particularly in
LMICs, where food systems are most vulnerable [98].

5.1. Prevalence of Resistant Strains in Foods

A growing body of evidence demonstrates that foods of animal and aquatic origin
serve as significant reservoirs for AMR bacteria, contributing to the global AMR burden
and posing serious public health risks. In China, Tang et al. [99] examined retail pork
and chicken meat samples from Zhejiang Province and found that 13% of E. coli isolates
carried the colistin-resistance gene mcr-1; most of these isolates also produced extended-
spectrum [3-lactamases (ESBLs), indicating co-resistance to critical antibiotics. In Vietnam,
Nhung et al. [100] reported that over 50% of Salmonella isolates from retail meat were
MDR, with high levels of resistance to fluoroquinolones and extended-spectrum (3-lactams,
raising significant food safety concerns in the region. Phung et al. [101] also identified
L. monocytogenes strains in RTE meat products, with several isolates displaying resistance
to ampicillin and erythromycin—antibiotics commonly used in the clinical management
of listeriosis.

In South Africa, Kayode and Okoh [102] analyzed L. monocytogenes isolates from
RTE foods and reported high levels of AMR. Among 194 isolates, 53% were resistant to
ceftriaxone, 61.9% to trimethoprim, and 62.9% to oxytetracycline. Notably, 83.5% of the
isolates were multidrug-resistant, reflecting significant risks associated with RTE foods.
In Egypt, Adel et al. [103] investigated S. enterica from retail meats and slaughterhouses,
finding that 82.4% of isolates were multidrug-resistant. Among these, 41.2% produced
ESBLs, and 67.6% carried plasmid-mediated quinolone resistance genes such as gnrA, qnrB,
and gnrS, contributing to reduced efficacy of fluoroquinolone therapies. In Spain, Bort
et al. [104] assessed Campylobacter spp. along the broiler production chain. Of 125 iso-
lates, 97.6% exhibited resistance to at least one antibiotic, with particularly high levels
of resistance to fluoroquinolones and macrolides—two key classes used in the treatment
of campylobacteriosis. Collectively, these findings demonstrate that AMR hazards are
widespread across the food chain and underscore the urgent need for integrated monitor-
ing, prudent antimicrobial use in agriculture, and comprehensive food safety strategies at
the global level.

5.2. Sources of Contamination

AMR contamination of foods can originate at multiple critical points across the agri-
cultural, processing, and distribution continuum, posing significant challenges to food
safety and public health. On farms, resistant bacteria can emerge and proliferate due to the
widespread use of antibiotics not only for therapeutic purposes but also for prophylaxis and
as growth promoters in food-producing animals [30]. Such practices exert selective pressure
on microbial communities, facilitating the emergence and persistence of multidrug-resistant
strains that can be transmitted through animal products. Crops may also serve as vehicles
for AMR contamination. The application of animal manure as fertilizer, particularly when
inadequately treated, introduces resistant bacteria and mobile genetic elements into agri-
cultural soils [11]. Contaminated irrigation water—often carrying residues of antibiotics
or resistant microorganisms from human and animal waste—represents an additional
significant source of AMR dissemination in horticultural production [105]. These resistant
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bacteria can colonize plant surfaces or internal tissues, making their removal challenging
during post-harvest handling.

At the slaughterhouse and food processing stages, poor hygiene practices can lead to
direct cross-contamination of carcasses and meat products. Equipment, surfaces, and work-
ers’ hands may act as vectors for the spread of resistant pathogens between contaminated
and uncontaminated products [106]. The risk is compounded by the formation of biofilms
on processing equipment, drains, and other hard-to-clean surfaces. Biofilms can harbor
AMR bacteria and serve as reservoirs of resistance genes that persist despite standard sanita-
tion measures [107]. These biofilms not only protect bacteria from environmental stressors
but also enhance horizontal gene transfer among microbial populations. Furthermore,
the distribution and retail environment can introduce additional contamination points.
For example, inadequate temperature control, poor handling, and cross-contact between
raw and ready-to-eat foods can facilitate the survival and spread of AMR bacteria [108].
Packaging materials and food contact surfaces may also contribute if not properly managed.
Taken together, these diverse sources illustrate the complex and interconnected pathways
through which AMR can enter and propagate within the food chain, underscoring the need
for integrated surveillance and control measures at every stage from farm to fork.

5.3. Biochemical and Molecular Mechanisms of AMR in Foodborne Pathogens

AMR in foodborne pathogens is driven by several key biochemical and molecular
mechanisms that enable bacteria to survive antibiotic exposure. Efflux pumps play a major
role in multidrug resistance. The AcrAB-TolC system in E. coli and Salmonella and the Cme-
ABC system in Campylobacter actively export antibiotics such as tetracyclines, macrolides,
and fluoroquinolones, reducing their intracellular concentration [109]. Additional pumps
such as EmrAB and MdfA contribute to resistance in Salmonella against a broader range
of antibiotics.

[-lactamase production, particularly ESBLs like CTX-M and TEM variants, hydrolyze
-lactam antibiotics, rendering them ineffective. ESBL-producing E. coli and Salmonella
have been frequently detected in retail meats and food handlers [110]. These enzymes
are often plasmid-mediated and co-occur with other resistance genes. Plasmid-mediated
quinolone resistance (PMQR) genes such as qnrA, qnrB, qnrS, and oqxAB protect DNA
gyrase or enhance efflux, contributing to fluoroquinolone resistance in Enterobacterales
from food sources [111].

Target site modifications also contribute to AMR. Mutations in the quinolone
resistance-determining regions (QRDRs) of gyrA and parC confer resistance to fluoro-
quinolones in Salmonella and Campylobacter [112]. Ribosomal target alterations, such as
methylation of 23S rRNA, contribute to macrolide resistance. Colistin resistance medi-
ated by mcr genes (e.g., mcr-1) has emerged globally. These genes encode a phospho-
ethanolamine transferase that modifies lipid A, reducing colistin binding and efficacy. They
are plasmid-borne and widespread in Enterobacterales from food sources [113].

Integrons and transposons facilitate the capture and spread of multiple resistance
genes. Class 1 integrons are commonly identified in Salmonella and E. coli from animal and
food sources, often linked to multidrug resistance [114]. Environmental co-selection mecha-
nisms are gaining attention. Disinfectant use and heavy metal exposure in food production
environments may co-select for AMR, enhancing efflux activity and persistence of resis-
tance genes. Understanding these mechanisms is crucial for guiding surveillance strategies,
designing targeted diagnostics, and developing effective AMR mitigation measures within
One Health frameworks.
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5.4. Prevention of Contamination

To reduce AMR contamination in foods, integrated farm-to-fork interventions are
essential and must involve coordinated actions at every stage of the food production chain.
On the farm level, the adoption of good agricultural practices and good veterinary prac-
tices plays a fundamental role. These practices emphasize the prudent and responsible
use of antimicrobials, limiting their use to genuine clinical needs, and promoting alterna-
tives such as vaccination, enhanced biosecurity, improved housing conditions, and better
nutrition to reduce disease burden [30]. Biosecurity measures are also vital for limiting
the spread of AMR. These include controlling access to farms, enforcing strict sanitation
protocols for equipment and personnel, providing clean feed and water, and ensuring
that the introduction of new animals or materials does not bring resistant bacteria into the
farm environment [115]. Regular monitoring of antimicrobial use and resistance patterns
supports early detection of emerging threats and informs better management practices.

At the slaughterhouse and food processing levels, the implementation of Hazard
Analysis and Critical Control Point systems and adherence to good hygiene practices are
indispensable. These systems help identify critical points where contamination could occur
and set out measures to prevent or control hazards, including those related to AMR [98].
Proper cleaning and disinfection of equipment, maintenance of processing lines, and staff
training in hygienic handling all contribute to minimizing cross-contamination. Finally,
education of food handlers, retailers, and consumers about safe food handling, appropriate
cooking practices, and the risks associated with AMR is an important supporting measure
to limit the spread of resistant bacteria from foods to humans.

5.5. Detection Methods for AMR in Foods

Advances in diagnostic technologies now enable the rapid, sensitive, and precise
detection of AMR determinants in various food matrices, supporting surveillance, outbreak
investigations, and risk assessments. Among molecular tools, quantitative real-time PCR
(qPCR) remains one of the most widely used methods for detecting and quantifying
specific resistance genes, such as blaCTX-M, mecA, and mcr-1, with high specificity and
sensitivity [116]. qPCR’s advantages include rapid turnaround time, cost-effectiveness, and
applicability to high-throughput screening, though it is limited to detecting known target
genes. For comprehensive profiling, WGS is increasingly employed to characterize the
full resistome of foodborne pathogens, providing detailed insights into resistance genes,
mobile genetic elements, and their potential for horizontal gene transfer. WGS is now a
cornerstone in national and international AMR surveillance programs, enabling source
attribution and monitoring of resistance trends [117].

Metagenomic approaches allow for culture-independent detection of AMR genes
in complex microbial communities, including those present in ready-to-eat foods, raw
produce, or environmental samples associated with food production. These methods
provide a holistic view of both culturable and unculturable organisms and the resistome
they carry, making them powerful tools in risk assessment frameworks [118]. Emerging
biosensor technologies, such as electrochemical sensors and nanomaterial-based platforms,
are under active development for on-site AMR detection in food products. These methods
offer the promise of rapid, point-of-care screening with minimal sample preparation and
could play a key role in future food safety monitoring systems [119]. Together, these
complementary approaches greatly enhance our ability to detect, monitor, and respond to
AMR contamination along the food chain.
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5.6. Legislation and Policy

Policy frameworks at national and international levels are essential for addressing
AMR in food systems, as they provide the regulatory backbone for surveillance, antimi-
crobial use, and risk mitigation. At the global level, integrated approaches based on the
One Health concept are increasingly recognized as critical to tackling AMR across human,
animal, and environmental interfaces [29]. This includes establishing clear guidelines and
standards for antimicrobial use in food-producing animals and promoting harmonized
monitoring and reporting systems. In the EU, efforts to address AMR include the promo-
tion of integrated surveillance and risk management strategies that span human health,
veterinary, and food production sectors. This approach aims to reduce antimicrobial use
in agriculture while strengthening food safety and security [120]. National action plans
in countries such as Thailand and the United Kingdom explicitly link AMR mitigation
strategies to food safety objectives, combining regulatory controls with incentives for best
practices, surveillance, and public awareness initiatives [15].

The development and enforcement of such policies require sustained commitment,
inter-sectoral collaboration, and adequate resources to ensure meaningful reductions in
AMR risks along the food chain. A synthesis of recent studies (2018-2024) on the prevalence
of antimicrobial-resistant pathogens in various food products across different regions is
presented in Table 2. These studies illustrate the global distribution of MDR strains in
meat, poultry, ready-to-eat foods, aquaculture products, and animal sources, highlighting
the widespread nature of AMR and its direct relevance to food safety and security. The
table summarizes key findings regarding resistance patterns, food types, and geographical
coverage, supporting the critical need for integrated surveillance and control measures.

Table 2. Recent studies (2018-2024) on the prevalence of antimicrobial-resistant pathogens in food

products across different regions.

Study (Author, Year) Country/Region Food Type Key Findings on AMR
Retail pork and 13% E. coli carried mcr-1; most
Tang et al. [99] China chickgn meat co-produced ESBLs, indicating
co-resistance to critical antibiotics
>50% Salmonella MDR; high
Nhung et al. [100] Vietnam Retail meat resistance to fluoroquinolones
and ESBLs
82.4% S. enterica MDR; 41.2% ESBL
Retail meats and producers; 67.6% carried
Adel etal. [103] Egypt slaughterhouse isolates plasmid-mediated quinolone
resistance genes (qnrA, gnrB, qnrS)
83.5% L. monocytogenes MDR; 53%
Kayode & Okoh [102] South Africa RTE foods resistant to ceftriaxone; 61.9% to
y trimethoprim; 62.9% to
oxytetracycline
97.6% Campylobacter resistant to
Bort et al. [104] Spain Broiler production chain >1 antibiotic; high resistance to
fluoroquinolones and macrolides
. . . . ESBL-producing, colistin-resistant
Shafiq et al. [44] Pakistan Food-producing animals E. coli isolated from healthy animals
High prevalence of MDR E. coli; first
Zhang et al. [42] China Retail aquatic products report of mer-I-positive

ESBL-producing E. coli ST2705 and
ST10 in fish
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5.7. Implications for Food Security

AMR in foodborne pathogens presents a serious and growing threat to global food
security. Contamination of food products with MDR bacteria can lead to supply chain
disruptions through product recalls, trade bans, and loss of consumer confidence, directly
reducing the availability of safe food [99,103]. The economic consequences of AMR-related
food safety incidents, including increased production costs and market losses, dispro-
portionately affect vulnerable populations and limit equitable access to nutritious foods,
particularly in LMICs [15,100].

Furthermore, AMR reduces the effectiveness of veterinary treatments essential for
animal health and productivity, contributing to lower yields and threatening the stability
of food systems. Food utilization is also impacted, as AMR-related foodborne infections
increase illness burden, impair nutrient absorption, and elevate healthcare costs [102]. The
persistence of AMR in the food chain exacerbates vulnerabilities during crises (e.g., pan-
demics, natural disasters), further undermining the stability pillar of food security. Ad-
dressing AMR is therefore essential not only for food safety but also as a cornerstone for
ensuring resilient, equitable, and sustainable food systems. This calls for coordinated One
Health actions that integrate AMR mitigation into food security, agriculture, and public
health policies at local, national, and global levels [29].

Foodborne AMR threatens not only infectious disease control but also nutritional se-
curity, particularly in vulnerable populations. Outbreaks associated with AMR pathogens,
precautionary culling of livestock, and trade restrictions can reduce the availability and
affordability of animal-source foods. For example, Grace [98] highlighted how livestock-
associated AMR reduces productivity and increases costs in low-income countries, indi-
rectly impacting protein access. Van Boeckel et al. [30] demonstrated that rising AMR
trends in food animals correlate with increased production costs and trade restrictions,
affecting protein supplies. Additionally, Schar et al. [121] emphasized that AMR-related
restrictions on aquaculture products in Asia have affected fish availability in local diets,
contributing to nutritional insecurity. These nutritional shocks are compounded in settings
where alternative protein sources are scarce or unaffordable. Foodborne AMR thus repre-
sents a dual threat to public health and food security, underscoring the need for integrated
AMR mitigation strategies that also safeguard equitable nutrition.

6. Strategic Priorities and Challenges in One Health AMR Mitigation
6.1. Operationalizing One Health: Bridging Policy and Practice

The One Health approach is widely recognized as a crucial strategy to address AMR,
yet translating it into operational frameworks remains a challenge [122]. In LMICs, frag-
mented governance, limited resources, and weak surveillance infrastructure hinder mul-
tisectoral integration. Cella et al. [122] highlight that national action plans often struggle
with implementation due to a lack of political prioritization and institutional capacity.
Even when action plans are in place, many countries lack the mechanisms to translate
strategic goals into enforceable legislation, coordinated inter-agency action, or sustainable
funding models. Moreover, institutional silos between ministries of health, agriculture,
and environment often lead to parallel, uncoordinated efforts that undermine the spirit of
One Health. Strengthening inter-ministerial coordination through dedicated One Health
platforms and policy coherence mechanisms is essential. Capacity-building efforts must
also prioritize the training of personnel in multisectoral thinking, data sharing, and inte-
grated risk assessment. Successful examples, such as Denmark’s integrated surveillance
model [123], demonstrate that cross-sectoral collaboration, stakeholder engagement, and
consistent investment are key enablers. Tailoring such models to fit local governance
contexts can help improve implementation and ownership at the national level.
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6.2. Innovation and Equity: Addressing the Access Gap

While advances in diagnostics, bioinformatics, and therapeutics have opened new
avenues for AMR mitigation, these innovations are largely concentrated in high-income
countries. In LMICs, for example, limited access to rapid molecular diagnostics signif-
icantly delays pathogen identification and susceptibility testing, leading to empirical
broad-spectrum antibiotic use and poorer clinical outcomes. A case study from Kenya
revealed that only 15% of tertiary hospitals had functioning microbiology laboratories
capable of culture and sensitivity testing, forcing clinicians to prescribe antibiotics based
on syndromic diagnosis rather than confirmed data [124]. Similarly, a WHO-supported
assessment in Southeast Asia found that genomic surveillance capacity was either absent or
underutilized in over 70% of surveyed laboratories, resulting in critical delays in resistance
tracking and outbreak containment [125].

Organizations such as the GARDP and the WHO Global Access Initiative for New
Antibiotics (SECURE) initiative advocate for equitable access to life-saving antibiotics and
diagnostics. A recent study published in The Lancet Infectious Diseases revealed that fewer
than 7% of people with severe drug-resistant infections in LMICs receive the antibiotics
they need [81]. This lack of access not only causes significant suffering and high mortality
but may also contribute to the growing threat of AMR. The study, which examined data
from eight countries, found a severe shortfall in appropriate antibiotic treatments, with
access ranging from just 0.2% in Kenya to 14.9% in Mexico and Egypt [126]. Experts argue
that global strategies must balance antibiotic innovation with broader access, especially
in poorer nations. Drawing parallels to HIV treatment efforts, researchers have called for
treatment targets and global action to improve antibiotic accessibility. To address these
disparities, it is essential to implement policies that promote both the development of new
antimicrobial agents and the equitable distribution of existing ones. This includes investing
in healthcare infrastructure, enhancing laboratory capacities, and ensuring that LMICs
have the necessary resources to combat AMR effectively.

6.3. Enhancing Surveillance: Integrating Environmental Data

Integrated surveillance is essential to capture the full spectrum of AMR across human,
animal, and environmental domains. However, most national and international surveil-
lance systems still primarily focus on human and veterinary sectors, neglecting the critical
role of environmental reservoirs. Environmental compartments—such as surface waters,
wastewater, soils, and sediments—serve as hotspots for antibiotic residues and ARGs
originating from healthcare facilities, pharmaceutical manufacturing, and agricultural
runoff [11]. Recent studies have highlighted the global spread of ARGs through aquatic
environments. For instance, Hendriksen et al. [32] demonstrated the use of metagenomics
in wastewater-based surveillance across 60 countries, revealing diverse resistance genes
including those for last-resort antibiotics such as colistin. This approach offers a scalable,
cost-effective way to monitor resistance trends and complements clinical surveillance data.
Xiong et al. [127] further emphasized that fecal contamination and poor sanitation infras-
tructure significantly exacerbate environmental AMR dissemination, especially in LMICs.

The Joint Programming Initiative on AMR (JPIAMR) and WHO have both called
for harmonized environmental surveillance protocols to integrate AMR tracking across
sectors [95,128]. While progress has been made in some regions—such as the inclusion
of waterborne AMR in the European AMR surveillance network (EARS-Net)—broader
implementation remains limited. In low-resource settings, environmental surveillance
faces challenges including limited laboratory capacity, lack of standardized indicators,
and fragmented data sharing mechanisms [129]. To close this gap, environmental AMR
surveillance should be incorporated into National Action Plans (NAPs) and supported
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through international funding platforms such as the Fleming Fund. Countries like Sweden
and the Netherlands have established successful wastewater AMR monitoring programs
that could serve as models for global adaptation [79]. Ultimately, a One Health-aligned
surveillance system must integrate human, animal, and environmental data to enable the
timely detection of resistance hotspots, guide policy interventions, and promote sustainable
antimicrobial use practices.

6.4. From Awareness to Behavior Change

Raising public and professional awareness about AMR is a foundational intervention,
but awareness alone does not ensure behavioral change. Chukwu et al. [130] conducted
a systematic review showing that while awareness campaigns often increase knowledge,
they have limited impact on changing prescribing behaviors without structural support.
Similarly, Haenssgen et al. [131] found that in Southeast Asia, increased antibiotic knowl-
edge did not translate into reduced demand for antibiotics, highlighting the importance
of context-specific behavioral interventions. Horwood et al. [132] emphasized the role
of peer influence, benchmarking, and real-time prescribing feedback in improving clini-
cian adherence to antimicrobial guidelines. In a randomized trial, In a randomized trial,
Meeker et al. [133] demonstrated that integrating behavioral nudges into electronic health
record systems led to measurable improvements in prescribing quality. Verma et al. [134]
documented the positive impact of incorporating AMR education into undergraduate
medical and veterinary curricula across India, noting a significant increase in knowledge
retention and reported stewardship practices. Finally, Sirota et al. [135] concluded that
AMR education programs grounded in social and behavioral science were more likely to
result in sustained behavioral change compared to traditional lecture-based approaches.

6.5. Strengthening Global Policy Frameworks

Global agencies such as the WHO, FAO, and the WOAH have developed strategic
frameworks to guide AMR mitigation efforts [67,91]. These frameworks promote multisec-
toral collaboration, capacity building, and integrated surveillance systems based on the
One Health concept. However, national uptake of Codex guidelines and related global
action plans is uneven [67,136]. The ACT project by FAO helps countries adapt global AMR
standards to local contexts, offering technical assistance, training, and policy guidance. A
notable example is Thailand’s National Strategic Plan on AMR (2017-2021), which incor-
porated WHO guidance and established coordination among ministries of public health,
agriculture, and environment. The plan resulted in measurable reductions in antibiotic use
in humans and animals, supported by robust surveillance and community engagement.

Similarly, Sweden has demonstrated the effectiveness of sustained investment and
cross-sectoral coordination in curbing AMR through the Swedish Strategic Programme
Against Antibiotic Resistance (STRAMA) initiative. STRAMA has led to a significant decline
in antibiotic prescriptions and improved public awareness through educational campaigns
and strict prescribing regulations. Multilateral commitments, such as those made by the
G7 and the United Nations, have elevated AMR on the global health agenda [137,138], but
sustained political will and investment are required to operationalize these commitments at
the country level. Integrating global recommendations into national action plans, ensuring
multisectoral stakeholder buy-in, and establishing monitoring frameworks are critical steps
for long-term policy effectiveness. To facilitate a clearer understanding of the conclusions
drawn in this review, Table 3 presents a structured summary of the main thematic areas
explored, the corresponding key findings, and strategic recommendations. This table
underscores the multifaceted nature of foodborne AMR and provides a concise roadmap
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for researchers, policymakers, and public health professionals working to address this

global threat through the One Health approach.

Table 3. Summary of Major Findings and Strategic Recommendations for Combating Food-

borne AMR.
Thematic Area Key Finding Reference Strategic . Reference
Recommendation
Hl,;g; r}r)1 lfr\lieaﬁzn%e é)ofleI? R Implement farm-to-fork
Microbial Food monocyto (;ne.s anl q ’ microbiological monitoring
Safety and AMR Cam lo%mier inl foods [41] programs targeting RTE [139]
Threats 4 ’ and minimally
especially ready-to-eat rocessed foods
products across the EU p
Non-therapeutic use of sntimicrobia e, enforce
Antibiotic Use in antimicrobials (e.g., growth ) 7
. . . ! [30] veterinary oversight, and [139]
Food Production promotion) is a major AMR L
driver in livestock promote stewardship in
animal sectors
Sewage and agricultural Integrate environmental
Environmental runoff harbor diverse AMR samples (wastewater,
Reservoirs genes, reflecting [32] manure, soil) into AMR [139]
environmental surveillance; enhance
contamination pollution control
Fragmented governance Establish inter-ministerial
One Health hinders multisectoral [122] One Health coordination [122]
Implementation coordination in platforms and capacity
AMR control building in risk analysis
Underrepresentation of Broaden AMR surveillance
. animal and environmental to include metagenomic
Surveillance Gaps . . [41] and wastewater [32]
; data in national approaches; support LMIC
AMR systems implementation
Aquaculture AMU is rising Invest in affordable
Innovation and (~93,000 t in 2017, projected [30,140] diagnostics in LMICs; [140]
Access Inequalities +11.5% by 2030); LMIC ’ support regional labs and
diagnostics remain limited rapid molecular tools
Behavior Change AMR awareness campaigns nuilnt:;grazeefigglziﬁslon
and Public alone often fail to change [141] and ileé tfr)onic reIs) cribin ! [133]
Awareness prescribing behavior mep 8
feedback in stewardship
. Support local adaptation;
Policy and Global A.MR strat? gles have embed AMR plans into
variable national
Governance implementation: fundin [142] national health and [141]
Challenges P g & development agendas;

remains inadequate

secure sustainable financing

7. Conclusions

The convergence of microbial food safety and AMR presents a formidable and evolv-

ing threat to global health, food security, and sustainable development. This review has

elucidated the multifaceted nature of foodborne AMR, highlighting critical points of emer-
gence, transmission, and amplification across human, animal, and environmental domains.

The widespread use and misuse of antibiotics in agriculture, aquaculture, and human
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medicine have facilitated the persistence and dissemination of MDR pathogens such as
Salmonella spp., E. coli, L. monocytogenes, and Campylobacter spp. throughout the food chain,
especially in RTE products. Tackling this crisis requires a robust One Health approach
that integrates antimicrobial stewardship, surveillance, regulation, innovation, and public
education. Advances in molecular diagnostics, whole-genome sequencing, and resistome
profiling have been improving our ability to detect, monitor, and predict resistance patterns,
while alternative interventions such as phage therapy, bacteriocins, and probiotics offer
promising tools for reducing antibiotic dependence. However, innovation must be matched
by equitable access—particularly in LMICs where laboratory capacity, surveillance infras-
tructure, and treatment availability remain limited. Sustained political commitment, global
policy harmonization, and integrated action plans are essential for operationalizing the
One Health framework. Embedding environmental monitoring, regulating antibiotic use
in food systems, and fostering behavioral change through education will be key to slowing
the tide of AMR. As the food system continues to globalize, a coordinated international
response is critical to safeguard both human health and food safety in the face of rising
resistance. These findings underscore the need for integrated, farm-to-fork interventions,
robust surveillance systems, and policy frameworks that address AMR risks in foods. In
conclusion, tackling AMR in food systems is integral to safeguarding food security and
requires harmonized One Health strategies spanning agriculture, food safety, veterinary
care, and public health.
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Abstract: The global consumption of fresh and ready-to-eat (RTE) fruits and vegetables
has surged due to increasing awareness of their nutritional benefits. However, this trend
has been accompanied by a rise in foodborne illness outbreaks linked to microbial con-
tamination. This narrative review synthesizes current knowledge on the prevalence and
diversity of foodborne pathogens in fresh produce, including bacterial, viral, and fungal
agents. It critically evaluates both conventional and emerging detection methods, rang-
ing from culture-based techniques and immunoassays to advanced molecular diagnostics,
biosensors, flow cytometry (FC), and hyperspectral imaging (HSI). Additionally, this review
discusses cutting-edge control strategies, such as natural antifungal agents, essential oils,
biocontrol methods, and non-thermal technologies like cold plasma and UV-C treatment.
Emphasis is placed on sampling methodologies, sustainability, One Health perspectives,
and regulatory considerations. By highlighting recent technological advances and their
limitations, this review aims to support the development of integrated, effective, and safe
microbial control approaches for the fresh produce supply chain.

Keywords: foodborne pathogens; fresh produce; microbial safety; rapid detection; public
health

1. Introduction

The global increase in consumption of fresh, raw, and RTE fruits and vegetables is
largely driven by heightened public awareness of their health benefits. These foods are rich
in essential vitamins, minerals, phytochemicals, and dietary fiber, and have been strongly
associated with reduced risks of cardiovascular disease, type 2 diabetes, stroke, and all-
cause mortality [1-4]. However, this positive dietary shift has coincided with a notable
rise in foodborne illness outbreaks linked to fresh produce, primarily due to microbial
contamination [5,6].

Unlike animal-based foods that typically undergo thermal processing, fruits and veg-
etables are often consumed raw, without any microbial inactivation steps, thereby increas-
ing the likelihood of ingesting foodborne pathogens [7]. While bacterial pathogens such as

Microorganisms 2025, 13, 1447 https://doi.org/10.3390/microorganisms13071447
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Escherichia coli (E. coli) O157:H7, Salmonella enterica (S. enterica), and Listeria monocytogenes (L.
monocytogenes) are most frequently implicated in produce-related outbreaks, non-bacterial
pathogens also pose considerable risks [8,9]. Enteric viruses—particularly norovirus and
hepatitis A virus—can survive on fresh produce surfaces and persist through common
decontamination methods [10]. Moreover, protozoan parasites such as Cryptosporidium spp.,
Giardia duodenalis, and Cyclospora cayetanensis have been increasingly detected on fruits
and vegetables, contributing to foodborne illness worldwide [11,12]. These pathogens may
resist sanitizing treatments or internalize within produce tissues, complicating detection
and elimination efforts. Consequently, safety strategies for fresh produce must consider
a broader spectrum of pathogens—beyond bacteria—to effectively reduce foodborne dis-
ease risk.

Contamination can occur at various stages along the farm-to-fork continuum. In the
preharvest phase, sources include untreated irrigation water, manure, contaminated soil,
and animal intrusions [13]. During harvest and postharvest, factors such as unhygienic
handling, equipment contamination, improper washing, and inadequate storage can in-
troduce or amplify microbial risks [14,15]. Leafy greens are particularly vulnerable due to
their morphology, which favors bacterial adhesion and biofilm formation [16]. The global-
ization of the food supply chain further complicates produce safety. Extended transport
and storage durations increase the window for microbial proliferation and cross-border
contamination [17]. E. coli and L. monocytogenes were responsible for additional outbreaks,
including those with high morbidity and mortality [14,18].

Traditional culture-based methods, while reliable, are time-intensive and not ideal for
perishable commodities. Consequently, advanced molecular and rapid detection methods
have gained attention. Recent studies have increasingly evaluated techniques such as
real-time PCR, multiplex PCR, and loop-mediated isothermal amplification (LAMP) for
detecting foodborne pathogens in fresh produce, demonstrating high sensitivity, specificity,
and potential for rapid on-site diagnostics [19,20]. Immunological assays like enzyme-
linked immunosorbent assay (ELISA) and PCR-ELISA hybrids provide practical tools
for routine testing [21]. Innovations in biosensor technology, including electrochemical
platforms based on bacteriophage T7, offer real-time, on-site pathogen detection with high
sensitivity [22]. HSI and FC provide complementary approaches for detecting viable and
non-culturable pathogens on complex surfaces [23,24].

On the control side, non-thermal technologies such as cold plasma, UV-C irradiation,
and antimicrobial edible coatings have shown promise for decontaminating produce with-
out compromising sensory quality [25,26]. Plasma-activated water (PAW) has emerged
as an effective and eco-friendly decontamination method [27,28]. Despite these advances,
implementation barriers remain, including regulatory inconsistencies, high costs, limited
infrastructure in low-income regions, and the need for specialized technical skills [29]. This
review synthesizes current knowledge on microbial contamination, detection technologies,
and control strategies for raw and RTE fruits and vegetables, aiming to inform future
research directions and practical solutions for enhanced produce safety.

This narrative review is based on a structured search of peer-reviewed literature pub-
lished between January 2000 and April 2024. Searches were conducted using scientific
databases including PubMed, Web of Science, and Scopus. Keywords used in various

VZaTi

combinations included “foodborne pathogens”, “fresh produce”, “detection methods”,
“decontamination technologies”, “antimicrobial resistance”, and “microbial safety”. Ar-
ticles were selected based on their relevance to microbial contamination, detection, and
control strategies in raw and RTE fruits and vegetables. Additional sources were identified

through manual cross-referencing of citations in key publications.
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Building upon these foundations, this review offers a novel contribution by critically
integrating both traditional and emerging detection and control strategies for foodborne
pathogens in fresh produce with a broader and more interdisciplinary scope than previously
published reviews. While Abdelshafy et al. [7] primarily focused on bacterial contamination,
our work expands the discussion to include fungal spoilage, natural antifungal agents, and
innovative preservation technologies. We also incorporate cutting-edge developments such
as CRISPR-based diagnostics, HSI, and smart packaging solutions published between 2023
and 2025. Moreover, this review emphasizes sustainability, regulatory frameworks, and
One Health perspectives, framing microbial safety not only as a technical challenge but
also as an ecological and public health priority. These distinctions establish this review as a
more comprehensive and forward-looking resource for addressing microbial safety in raw
and RTE fruits and vegetables.

2. Epidemiology of Produce-Linked Foodborne Illnesses and
Contamination Pathways

Unlike animal-derived foods that are typically subjected to cooking or thermal treat-
ment, fresh produce is often consumed without any microbial inactivation step, significantly
increasing the risk of exposure to pathogens. According to a review of CDC data from
2006 to 2023, S. enterica was responsible for 34 outbreaks linked to fresh produce in the
United States, resulting in 7256 illnesses and 10 deaths. In the same period, E. coli O157:H7
caused 16 outbreaks with 998 illnesses and 10 deaths, while L. monocytogenes was implicated
in 10 outbreaks that led to 303 cases and 54 deaths [7,14]. Recent studies have reported
similar contamination trends in Saudi Arabia. A study by Kuddus et al. [30] analyzing RTE
salads from restaurants in Hail city found significant microbial loads, including coliforms
and intestinal parasites, even after multiple washings, indicating potential health risks
associated with the consumption of such salads.

2.1. Epidemiological Trends and High-Risk Commodities

Several categories of produce are consistently linked to foodborne outbreaks. Aiyedun
et al. [31] highlighted leafy greens, cucumbers, tomatoes, cantaloupes, and sprouts as the
most commonly implicated commodities in both North America and Europe. Leafy greens
are particularly prone to microbial contamination due to their irregular surfaces, large
surface area, and ability to internalize bacteria through stomatal openings or damaged
tissue [16]. Outbreak data show that produce-associated bacterial pathogens account for
a significant portion of foodborne outbreaks globally. Havelaar et al. [18] estimated that
36% of all foodborne illnesses in the United States and 42% in the European Union could
be attributed to contaminated fruits and vegetables. International surveillance studies
further support this trend. For example, Wartha et al. [32] reported frequent detection of
L. monocytogenes, E. coli, and Staphylococcus aureus (S. aureus) in RTE salads in Germany.
Similarly, Bai et al. [33] found multidrug-resistant Clostridium perfringens in vegetable
markets across China, while Oyedele et al. [34] detected toxigenic E. coli strains in raw
produce in Nigeria. In a Canadian assessment by Zhang et al. [35], L. monocytogenes was
found in 0.51% of fresh-cut fruits and 0.24% of vegetables, while Salmonella and E. coli
0157:H7 were not detected. These results underscore the sporadic yet significant risk
associated with opportunistic pathogens in produce.

Other produce types, including herbs like coriander and parsley, have also been linked
to contamination. Elsafi et al. [36] identified various antibiotic-resistant bacteria, including
Enterobacter cloacae, Klebsiella spp., and Citrobacter freundii, on leafy vegetables such as
parsley and lettuce in Saudi Arabia’s eastern region. Notably, some isolates exhibited
resistance to ampicillin, highlighting the potential for dissemination of resistant strains
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through fresh produce. In addition to bacterial contamination, the presence of fungi such
as Aspergillus and Penicillium spp. on vegetables has raised concerns about mycotoxin
production. Pandey et al. [37] emphasized that these fungi are common in tropical and
subtropical regions, where high humidity favors their growth. Mycotoxins like ochratoxin
A, produced by these fungi, pose significant health risks, including nephrotoxicity and
carcinogenicity.

2.2. Contamination Pathways: From Preharvest to Retail

Microbial contamination of fresh produce can occur at virtually any stage along the
production and distribution chain. In the preharvest environment, key contamination
sources include the use of untreated or inadequately treated irrigation water, contact
with contaminated soil, improperly composted manure, animal feces, and intrusion by
wildlife [13,38]. A notable example is the 2006 outbreak of E. coli O157:H7 associated with
spinach, which was traced to irrigation water contaminated by cattle feces [14]. During
harvesting and handling, contamination may be introduced through the use of dirty tools,
containers, gloves, or worker hands. The reuse of equipment across different fields without
sufficient sanitation greatly increases the potential for cross-contamination [38,39]. Recent
investigations have also highlighted the role of irrigation water quality in pathogen transfer.
For example, Allende and Monaghan [40] reviewed multiple cases where Salmonella, Listeria,
and pathogenic E. coli were introduced through water sources, particularly in regions
lacking microbial water quality monitoring.

In the postharvest phase, including processing, storage, and retail display, additional
microbial risks are introduced. Improper washing and cutting, unsanitary packaging condi-
tions, and inadequate temperature control may facilitate bacterial survival and proliferation.
Psychrotrophic pathogens such as L. monocytogenes are particularly concerning, as they
are capable of growing at refrigeration temperatures [32]. Moreover, contact surfaces like
conveyor belts and packaging materials can harbor bacteria and serve as long-term reser-
voirs if not regularly sanitized [35]. According to the findings of Olaimat and Holley [6],
poorly maintained equipment and wet processing environments offer ideal conditions for
biofilm formation, allowing pathogens to persist despite routine cleaning. These biofilms,
especially in niches like blade assemblies and drains, can intermittently release viable cells
into produce batches.

At the retail and consumer levels, produce may be stored near raw meat, subjected
to improper refrigeration, or handled without adequate hygiene, further increasing the
risk of contamination and cross-contact with harmful microorganisms [41,42]. Moreover,
consumer behavior plays a substantial role. As shown by Redmond and Griffith [43],
consumers often fail to wash produce adequately or separate it from raw animal products,
creating additional routes for pathogen transfer within household kitchens.

2.3. Emerging Risk Factors: Climate Change, Globalization, and Antimicrobial Resistance

Emerging risk factors are reshaping the landscape of microbial safety in fresh produce.
Climate change—through its effects on temperature, rainfall, and drought cycles—can
influence pathogen persistence in agricultural environments [44,45]. For example, in-
creased rainfall can result in runoff carrying fecal contaminants into irrigation water
sources [17,46,47]. Simultaneously, urbanization and water scarcity have driven the reuse
of untreated or poorly treated wastewater for irrigation in many developing countries,
creating direct pathways for contamination [13]. A comprehensive review by Lake and
Barker [48] emphasized that while precise predictions are challenging, climate-related fac-
tors such as rising temperatures and altered precipitation patterns are expected to increase
the prevalence and survival of foodborne pathogens in the environment. The study called
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for improved modeling and surveillance systems to anticipate food safety risks under
future climate conditions.

Globalization extends the distribution chain, often increasing the time between harvest
and consumption. This added delay creates more opportunities for microbial prolifera-
tion and cross-border contamination. As produce travels across multiple countries and
through various handlers, traceability becomes increasingly complex, and response times
in outbreak scenarios are delayed [7,15,49,50]. Bintsis [51] highlighted that the expansion of
global food trade has significantly elevated the risk of foodborne pathogen dissemination,
including antibiotic-resistant strains, due to extended transport chains and variability in
food safety standards across exporting countries.

A particularly alarming development is the growing threat of antimicrobial resistance
(AMR). Multidrug-resistant Campylobacter spp., L. monocytogenes, and S. aureus have been
isolated from vegetables in multiple countries [52,53]. These bacteria are not only more
difficult to treat when infections occur, but they may also act as vectors for resistance
gene transfer in the environment. Kim and Ahn [54] and Hashempour-Baltork et al. [55]
both reported the presence of AMR genes in E. coli and Enterococcus strains isolated from
fresh produce, highlighting the potential for produce to serve as a reservoir for resistance
dissemination. Peng et al. [56] demonstrated through metagenomic analysis that mobile
genetic elements carrying resistance genes—including those for beta-lactams, tetracyclines,
and sulfonamides—are widespread across human, animal, and environmental sources in
China. Their study revealed that fresh produce can serve as a bridge in this resistance-
sharing network, underscoring the importance of a One Health approach to surveillance.

3. Detection Methods for Foodborne Pathogens in Fresh Produce

Ensuring the microbiological safety of fresh and RTE fruits and vegetables requires de-
tection tools that are not only sensitive and specific but also rapid and adaptable to real-time
monitoring. Effective pathogen detection also depends critically on sampling methodology,
which forms the foundation for accurate analysis. Sampling of fresh produce must account
for the heterogeneous distribution of pathogens across surfaces and internal tissues. For
culture-based approaches, Uyttendaele et al. [57] recommend the aseptic collection of
25-50 g of produce, followed by homogenization and enrichment to optimize pathogen
recovery. Swabbing and rinse techniques are commonly used for surface contamination as-
sessment; comparative studies highlight that rinsing outperforms swabbing, especially for
creviced produce [58]. In molecular methods such as qPCR and LAMP, effective removal of
PCR inhibitors (e.g., polyphenols and polysaccharides) through optimized DNA extraction
is essential. Miao et al. [59] demonstrated a one-step RT-qPCR capable of detecting S.
enterica at 10 CFU/g in fresh-cut vegetables after a short enrichment, highlighting the
importance of both sensitive amplification and efficient sample preparation.

For FC, Buzatu et al. [60] developed a high-sensitivity, real-time detection system
and highlighted that rinsate pre-filtration and optimized staining greatly enhance accurate
L. monocytogenes enumeration in produce matrices. HSI protocols require intact samples
under controlled lighting and precise sample positioning; Lorente et al. [61] and EIMasry &
Sun [62] emphasized that these parameters directly influence spoilage and microbial detec-
tion accuracy. Finally, maintaining cold-chain logistics and conducting prompt analysis
(preferably within 24 h) are universally recommended to prevent microbial proliferation or
die-off, as outlined by the Canadian Food Inspection Agency [63]. Appropriate sampling
protocols are essential to ensure reproducibility across detection platforms and validity
in assessing decontamination efficacy. Furthermore, the sensitivity and reproducibility of
these methodologies vary. qPCR and RT-qPCR can detect pathogens at levels as low as
10-100 gene copies per reaction, while FC enables rapid quantification with high repro-
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ducibility in viable cell detection [60,64]. HSI shows strong spatial sensitivity but is more
variable due to lighting conditions and sample geometry [61]. Clearly defined sampling

protocols are therefore critical for ensuring data reliability across methods.

Figure 1 illustrates the diverse range of diagnostic methods currently employed to de-
tect foodborne pathogens in fresh produce. These tools span from traditional culture-based
techniques and immunological assays to advanced molecular and spectroscopic platforms.
Methods such as PCR and qPCR offer rapid and specific DNA-based identification, while
MALDI-TOF MS and HSI enable non-culture-based, high-resolution profiling of microbial
presence. The inclusion of novel technologies like biosensors and CRISPR-based diagnos-
tics reflects ongoing innovations aimed at enhancing detection sensitivity, speed, and field
applicability. Together, these methods form a comprehensive toolkit that supports proac-
tive microbial risk assessment and real-time safety monitoring across the fresh produce

supply chain.
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Figure 1. Detection methods for foodborne pathogens in fresh produce. This infographic illustrates
eight major diagnostic approaches: culture-based methods, PCR, quantitative PCR (qPCR), ELISA,
MALDI-TOF MS, HSI, FC, CRISPR-based detection, and biosensor technologies. Each method varies

in its detection principle, sensitivity, and suitability for rapid or field-based application.

While traditional detection methods, such as culture-based techniques and immuno-
logical assays, have long served as the cornerstone of microbial diagnostics in fresh produce,
they come with significant limitations. Culture-based methods, including selective enrich-
ment and plating followed by biochemical or serological confirmation, remain the gold
standard due to their high specificity and ability to recover live organisms for downstream
analysis. They are widely accepted in regulatory frameworks and are cost-effective in
terms of materials. However, these methods are labor-intensive, require skilled technicians,
and are notably slow, often taking 5 to 10 days to yield actionable results. Moreover, they
often fail to detect viable but non-culturable (VBNC) pathogens that may survive stress

conditions such as refrigeration or sanitization [29,65].

Immunological assays, particularly enzyme-linked immunosorbent assays (ELISAs),
offer quicker turnaround times and relatively simple operation. They are especially suitable
for large-scale screening in routine quality control settings. Yet, their sensitivity can be
compromised in complex food matrices, and they are prone to false positives or negatives
due to cross-reactivity between structurally similar antigens [21]. These limitations restrict
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their utility when low levels of contamination must be accurately detected or when rapid
results are critical.

To overcome these challenges, molecular and spectroscopic techniques have become
increasingly prevalent. Quantitative PCR (qPCR) provides high sensitivity and specificity,
enabling the detection of even low concentrations of pathogenic DNA in produce sam-
ples [66]. Its real-time amplification allows for quantification, which is essential for risk
assessment. However, qPCR performance can be affected by inhibitors present in leafy
greens or other matrix components, necessitating careful sample preparation. Droplet
digital PCR (ddPCR) offers an even higher degree of accuracy and quantification by par-
titioning samples into thousands of micro-droplets, thus minimizing interference from
inhibitors and improving reproducibility [67]. Despite their analytical advantages, both
gPCR and ddPCR require high-cost instruments and reagents, as well as well-trained
personnel, limiting their accessibility in low-resource settings.

MALDI-TOF MS represents a powerful proteomic tool for rapid species-level iden-
tification. It operates by generating mass spectra of bacterial proteins, which are then
compared to reference libraries [68-71]. MALDI-TOF MS offers excellent throughput, low
per-sample costs after setup, and minimal reagent consumption. However, its effectiveness
is reduced when working directly with mixed microbial populations or environmental
matrices, and spectral library limitations can impair accurate identification of novel or
atypical strains.

Next-generation detection strategies include biosensor technologies, which offer porta-
bility, rapid analysis, and potential integration into automated systems. These devices
employ biological recognition elements—such as antibodies, aptamers, or bacteriophages—
combined with transducers that convert binding events into measurable signals. Elec-
trochemical, magnetoelastic, and optical biosensors have shown success in detecting
pathogens like Salmonella, E. coli, and Listeria directly from lettuce and spinach sur-
faces [22,72]. Still, widespread deployment remains limited by sensor robustness, matrix
effects, and the need for calibration and validation.

CRISPR-based diagnostics are among the most promising innovations in molecular de-
tection. Systems such as SHERLOCK and DETECTR leverage CRISPR-associated proteins
(e.g., Casl2, Cas13) for highly specific nucleic acid detection, sometimes down to attomolar
concentrations. These platforms have been adapted for food safety monitoring using lateral
flow formats or fluorescence readouts [72,73]. Their advantages include programmability,
speed, and compatibility with minimal infrastructure. Nonetheless, commercial adoption
is still nascent due to regulatory and scalability challenges.

HSI, an advanced non-invasive technique, combines spatial and spectral data to
detect microbial contamination and spoilage by analyzing unique spectral fingerprints.
HSI can detect microbial growth, even in its early stages, on complex surfaces such as
spinach, strawberries, and tomatoes [74-77]. However, implementation is limited by high
equipment costs, the need for sophisticated data interpretation algorithms, and sensitivity
to environmental lighting conditions. In parallel, the development of intelligent biosensors
integrated with mobile technologies is reshaping real-time decision-making in food safety
systems. Chen et al. [78] demonstrated a next-generation biosensor platform incorporating
aptamer recognition, smartphone-based readout, and cloud connectivity, enabling rapid,
decentralized pathogen detection. These systems align with the growing demand for
on-site testing tools that are both accessible and scalable.

In summary, no single detection method is universally superior. Traditional culture-
based and immunoassays remain essential for baseline and confirmatory testing, especially
in regulatory and export settings. However, the increasing complexity of global food supply
chains and the need for rapid, high-throughput, and field-deployable solutions underscore
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the importance of adopting newer molecular and spectroscopic tools. A comparative
assessment of sensitivity, specificity, time-to-result, cost, technical complexity, and field
applicability is crucial for selecting the appropriate platform for a given context. Blended
strategies—combining traditional methods with modern technologies—may offer the most
robust framework for safeguarding the microbial safety of fresh produce.

4. Control Strategies for Microbial Contamination in Fresh Produce

Traditional disinfection treatments such as chlorinated water washes, peracetic acid
(PAA), and hydrogen peroxide rinses have historically formed the backbone of microbial
control in the fresh produce industry. Chlorine-based sanitizers remain the most widely
used due to their low cost, broad-spectrum efficacy, and ease of integration into large-scale
washing systems [79,80]. However, they also present several critical limitations. The efficacy
of chlorine is significantly reduced in the presence of organic matter, and its use can lead
to the formation of potentially harmful chlorinated by-products such as trihalomethanes,
raising safety and environmental concerns [81,82]. Additionally, increasing consumer and
regulatory scrutiny is focused on chemical residues left on fresh produce surfaces [83].

PAA and hydrogen peroxide are viewed as residue-free alternatives with potent
oxidizing capabilities. However, they may be less effective against biofilm-embedded
or internalized pathogens, and improper concentrations can damage delicate fruits and
vegetables, negatively impacting texture and shelf life [84,85]. From a regulatory standpoint,
these sanitizers must comply with maximum residue limits and often require post-treatment
rinsing, adding to operational complexity. In response to these challenges, emerging
non-thermal decontamination technologies are being increasingly explored as promising
alternatives that reduce or eliminate chemical use while preserving sensory and nutritional
quality. These include cold plasma, UV-C, pulsed-light treatment, ozone-based sanitation,
and electrolyzed water, all of which have shown substantial efficacy in inactivating a wide
range of foodborne pathogens without compromising produce quality [86,87].

Additionally, natural antimicrobial agents—such as essential oils, pomegranate peel
extracts, and chitosan-based edible coatings—offer eco-friendly solutions with significant
antimicrobial activity, although their effectiveness may vary depending on concentration,
food matrix, and storage conditions [88,89]. Smart packaging systems, including oxygen
scavengers and antimicrobial films, further support microbial suppression and extend
product shelf life [90]. A visual overview of these principal control strategies is illustrated
in Figure 2. These approaches collectively represent a multifaceted strategy to enhance
microbial safety and quality in both raw and RTE fruits and vegetables, aligning with
sustainability and consumer health priorities.

The following subsections provide an in-depth evaluation of these control strategies,
including both emerging and established interventions. Each method is examined in terms
of its mechanism of action, efficacy against foodborne pathogens, impact on produce quality,
and feasibility for commercial implementation. By dissecting the strengths and limitations
of individual approaches—ranging from nonthermal technologies like cold plasma and
UV-C to bio-based treatments such as essential oils (EOs) and smart packaging—this review
aims to offer a comprehensive, evidence-based roadmap for enhancing microbial safety in
raw and RTE fruits and vegetables.
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Figure 2. Strategies for microbial contamination control in fresh produce. This infographic high-
lights eight integrated approaches, including nonthermal decontamination (cold plasma and UV-C
light), natural antimicrobials (essential oils and antifungal agents from pomegranate peels), ad-
vanced delivery systems (edible coatings and smart packaging), and preventative hygiene measures.
These technologies work individually or synergistically to reduce microbial load while preserving
produce quality.

4.1. Cold Plasma (CP)

CP is a promising nonthermal decontamination technique utilizing ionized gases
rich in reactive oxygen and nitrogen species. These species interact with bacterial cell
membranes, leading to irreversible oxidative damage. The application of PAW has shown
considerable efficacy in reducing microbial populations in fresh produce. For example, de
Aratjo Bezerra et al. [91] demonstrated that CP treatments reduced total aerobic bacteria on
fresh-cut pears below the detection limit after treatment at 8 kV for 2 min. Additional stud-
ies confirmed the synergistic effects of combining CP with hydrogen peroxide, improving
microbial inactivation on leafy greens and apples [25]. Mahnot et al. [92] reported that CP
treatment significantly reduced microbial load on fresh-cut strawberries without compro-
mising sensory attributes. Misra et al. [93] investigated the effects of CP generated within a
sealed package on the physical quality parameters and respiration rates of strawberries.
Their findings suggest that CP treatment can effectively decontaminate strawberries while
retaining their quality.

4.2. Ultraviolet-C (UV-C) Light

UV-C light is effective against surface-bound pathogens by damaging microbial DNA.
Its efficacy increases when paired with Modified Atmosphere Packaging (MAP), a technique
that alters the gaseous environment inside packaging—typically by reducing oxygen and
increasing carbon dioxide—to suppress microbial growth and extend shelf life. Li et al. [94]
reported that UV-C + MAP reduced microbial counts in fresh-cut carrots by over 1 log
CFU/g compared to control samples. In raspberries, electron beam irradiation decreased
mesophilic bacterial counts by 2 log CFU/g over seven days of storage [95]. Choi et al. [96]
demonstrated that combining UV-C irradiation with modified MAP significantly enhanced
microbial inactivation on cherry tomatoes during cold storage. The treatment achieved
a >2log CFU/g reduction in S. enterica serovar Typhimurium populations and extended
the product’s shelf life without compromising its sensory quality. This dual approach
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highlights the synergistic potential of UV-C and MAP in improving microbial safety and
maintaining the freshness of fresh produce. Wang et al. [97] highlighted the potential of
UV-C LED systems in reducing microbial loads on blueberries, emphasizing the importance
of system design for effective surface decontamination.

4.3. Pulsed-Light (PL) Technology

Pulsed-light (PL) technology is a promising non-thermal decontamination technique
that delivers short-duration, high-intensity pulses of broad-spectrum light (ranging from
200 to 1100 nm), including UV, visible, and infrared light. This intervention is particularly
effective at inactivating surface microorganisms through mechanisms involving DNA
damage, protein denaturation, and disruption of cell membranes. Its application in the
fresh produce sector has gained momentum due to its minimal impact on food quality
and its alignment with clean-label processing trends. Multiple studies have confirmed the
efficacy of PL in reducing microbial contamination on fruits and vegetables. Bialka and
Demirci [98] demonstrated that water-assisted PL treatment achieved up to 3.9 log CFU/g
reductions in E. coli O157:H7 and S. enterica on raspberries without damaging the fruit.
Similarly, Gémez-Lépez et al. [99] reported a 4-log reduction of Listeria monocytogenes on
packaged lettuce, while maintaining product quality.

Moreover, Ramos-Villarroel et al. [100] found that PL effectively reduced microbial
counts on blueberries and strawberries when combined with water-assisted delivery, achiev-
ing significant decontamination with minimal sensory alteration. These findings are sup-
ported by Moreira et al. [101], who observed a >3 log CFU/g reduction in Listeria innocua
on fresh-cut apples using PL at a fluence of 1.4 J/cm?, while maintaining color and texture
stability during storage. Further reinforcing these results, Krishnamurthy et al. [102] eval-
uated the microbial inactivation kinetics of L. monocytogenes and Salmonella on tomatoes
and mangoes and found that PL treatments achieved >4 log CFU/g reductions without
any significant deterioration in visual appearance. More recently, Woldemariam et al. [103]
explored PL applications in spice and dry produce safety, demonstrating its effectiveness in
reducing both microbial loads and mycotoxins in red pepper powder, which underscores
its broad-spectrum utility beyond conventional applications.

The effectiveness of PL treatment depends on several parameters, including fluence
(total energy delivered), number of pulses, treatment distance, produce surface geometry,
and light absorption characteristics. Water-assisted PL systems have proven particularly
effective in mitigating surface shadowing and improving uniform exposure. The advan-
tages of PL include minimal heat generation, rapid processing time (typically seconds),
chemical-free sanitation, and compatibility with automation in postharvest processing
lines. Nevertheless, challenges such as equipment cost, surface irregularities, shielding
microbes, and potential minor discoloration with overexposure must be addressed to opti-
mize commercial implementation. Despite these limitations, PL stands out as a sustainable
and consumer-friendly technology for enhancing microbial safety in fresh and minimally
processed produce.

4.4. Essential Oils (EOs)

EOs such as rosemary, eucalyptus, cinnamon, thyme, and oregano possess bioactive
compounds—most notably thymol and carvacrol—that exhibit broad-spectrum antimi-
crobial activity against foodborne pathogens. These oils can be applied through multiple
delivery methods, including direct incorporation into food matrices, coating or dipping of
produce, incorporation into edible films, or use in vapor-phase treatments. For example,
vapor-phase application has shown promising results in fresh produce preservation. Xylia
et al. [104] reported that eucalyptus and rosemary EO vapors significantly inhibited bacte-
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rial growth and preserved cucumber quality during cold storage, suggesting this method
is effective for surface decontamination without altering taste or texture [105].

In meat products, EOs are often incorporated directly at specific concentrations. Vi-
dakovi¢ Knezevic¢ et al. [106] observed strong antilisterial effects of thyme and oregano EOs
in both biofilm models and minced pork meat systems, with minimum inhibitory concen-
trations ranging from 0.09 to 1.78 uL/mL. Similarly, Nedi¢ et al. [107] found that adding
0.6% oregano or thyme EO to fermented sausages effectively eliminated L. monocytogenes
by day 14 of ripening. Notably, a lower concentration (0.3%) maintained antimicrobial
action while minimizing changes to sensory quality.

To improve EO efficacy and stability, recent studies have explored synergistic appli-
cations with non-thermal technologies. When combined with ultrasound or cold plasma,
the antimicrobial action of EOs is enhanced due to increased permeability of microbial
membranes and better distribution within the food matrix [105]. These approaches not
only reduce the required concentration of EOs but also mitigate potential impacts on flavor
and aroma, making them suitable for industrial-scale use in RTE foods.

4.5. Edible Films and Coatings

Edible films and coatings are gaining increased attention as sustainable and efficient
carriers of antimicrobial agents for fresh produce preservation. Typically derived from
biopolymers such as chitosan, alginate, pectin, and starch, these biodegradable matrices are
applied directly to the surface of fruits and vegetables to create semi-permeable barriers that
regulate gas exchange, reduce moisture loss, and act as carriers for bioactive compounds.
Kosti¢ et al. [26] demonstrated that chitosan-based films enriched with oregano essential
oil significantly inhibited E. coli, Bacillus subtilis, and Staphylococcus epidermidis on coated
fruit surfaces, showing broad-spectrum antimicrobial efficacy. Innovations in formulation
have also explored polyphenol-enhanced coatings; for instance, tannic acid/chitosan-citric
acid coatings extended the shelf life of strawberries by more than 100 h and achieved over
90% bacterial growth inhibition [108]. Yang et al. [109] developed edible films composed of
chitosan enriched with turmeric and green tea extracts, which were applied to strawberries.
These coatings effectively suppressed the growth of Botrytis cinerea, delayed ripening,
and preserved total phenolic content and antioxidant activity during cold storage at 4 °C,
demonstrating functional and nutritional benefits.

Similarly, Rojas-Grati et al. [110] showed that alginate and gellan-based coatings
supplemented with antibrowning agents maintained the visual and sensory quality of
fresh-cut Fuji apples. The coatings significantly reduced enzymatic browning, preserved
firmness, and slowed microbial spoilage, supporting their utility in minimally processed
fruit applications. Furthermore, edible coatings are increasingly integrated with emerging
preservation technologies. For example, the combination of edible coatings with pulsed-
light treatment or ozonation has been reported to enhance decontamination efficiency while
minimizing chemical usage and preserving organoleptic properties. These synergistic
approaches are being explored to meet consumer demands for chemical-free, safe, and
high-quality fresh produce. Collectively, these findings reinforce the potential of edible
films and coatings as environmentally friendly, multifunctional strategies to enhance the
microbial safety, quality, and shelf life of raw and RTE fruits and vegetables.

4.6. Electrolyzed Water

Electrolyzed water (EW), especially slightly acidic electrolyzed water (SAEW) and
neutral electrolyzed oxidizing water, has emerged as an environmentally friendly and
highly effective method for sanitizing fresh produce. These fluids exhibit strong antimi-
crobial action due to hypochlorous acid and other active chlorine species, which damage
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microbial membranes, proteins, and DNA without leaving harmful residues or byproducts.
A proteomic study by Chang et al. [111] (equivalent here to a recently conducted SAEW
proteomic analysis) revealed that SAEW treatment induced oxidative stress and denatured
ribosomal proteins in L. monocytogenes, subsequently leading to VBNC states—an important
consideration for food safety monitoring.

In terms of practical decontamination, Guentzel et al. [112] (similar to early EW-
spinach washing trials) found that using neutral EW (approx. 100 ppm free chlorine) with
mild agitation reduced E. coli, Salmonella enterica, and L. monocytogenes by 4-5 log CFU/g on
spinach and lettuce in a water bath. Another impactful study by Afari et al. [113] reported
that automated produce washing using neutral-pH EW (155 mg/L free chlorine, pH 7.5)
achieved reductions of 4.2-5.9 log CFU/g for E. coli O157:H7 and 4.6-6.0 log CFU /g for
Salmonella typhimurium across romaine lettuce, iceberg lettuce, and tomatoes.

Moreover, Hamidi et al. [114] demonstrated that combining neutral EW with PAA
produced synergistic effects, achieving >2.5 log reductions in E. coli, Salmonella, and L.
monocytogenes on mixed produce and meat samples. Beyond planktonic cells, SAEW is
also effective against biofilms: Chang et al. [111], in a recent ultrasonication-assisted SAEW
study, showed >1.5 log CFU/mL reduction of Listeria and E. coli biofilms on stainless steel
surfaces, illustrating the benefit of combining EW with physical agitation.

Despite its advantages, EW’s effectiveness can be influenced by factors such as organic
matter load, free chlorine concentration, and pH. Over-dilution or inappropriate applica-
tion may lead to insufficient microbial inactivation or induction of viable-but-nonculturable
states. Therefore, optimizing operational parameters and integrating EW with other physi-
cal or chemical treatments (e.g., ultrasonication or agitation) can improve its efficacy. In
conclusion, EW represents a safe, effective, and sustainable alternative to traditional sani-
tizers for fresh produce, with broad applicability in both small- and large-scale operations.

4.7. Ozone Treatment

Ozone treatment has become an effective non-thermal method for microbial decon-
tamination of fresh produce, applied in either gaseous or aqueous forms. It operates
through the strong oxidative capacity of ozone, which damages microbial cell membranes,
proteins, and nucleic acids, ultimately leading to cell death. One of the advantages of
ozone is that it rapidly decomposes into oxygen, leaving no harmful residues, making
it particularly suitable for organic and sustainable food processing systems. Aqueous
ozone (ozonated water) has been widely studied for its use in postharvest washing of fruits
and vegetables. A comprehensive meta-analysis by Hong et al. [115] evaluated multiple
ozone application methods and reported that sparging or bubbling ozone through water
could achieve 2—4 log CFU/g reductions in Salmonella, L. monocytogenes, and E. coli on pro-
duce like spinach, lettuce, and berries. Their review emphasized that treatment efficiency
depends on factors such as water temperature, pH, ozone concentration, and contact time.

Gibson et al. [116] demonstrated that ozonated water at 13 mg/L significantly reduced
Salmonella enterica, Listeria innocua, and E. coli on tomatoes and leafy greens by more
than 4 log CFU/g, without altering texture or flavor. Their study also highlighted that
ozone exposure times between 5 and 10 min are generally sufficient for effective microbial
reduction. Gaseous ozone is also utilized, particularly in packaging and storage settings.
Macias-Gallardo et al. [117] investigated the use of continuous low-dose gaseous ozone
(0.3-1.0 ppm) during cold storage of strawberries. They found a significant reduction in
fungal growth and maintenance of fruit firmness and color at 0.3 ppm, although higher
concentrations led to mild oxidative changes. This illustrates the need for precise control to
balance microbial safety and product quality.
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Ozone treatment has demonstrated antifungal efficacy against key spoilage organisms
such as Botrytis cinerea and Penicillium expansum. Luo et al. [118] showed that daily exposure
to 79 ppm gaseous ozone significantly reduced fungal growth on kiwifruit while preserving
quality. Similarly, Ozkan et al. [119] reported effective suppression of fungal decay on table
grapes using 1.5 ppm ozone gas during storage. When combined with interventions like
MAP or ultrasonication, ozone further enhances microbial inactivation. Its residue-free
nature and broad-spectrum activity make ozone an eco-friendly option for decontami-
nating minimally processed and organic produce, provided application parameters are
carefully optimized.

4.8. Hurdle Technology

Combining multiple treatments such as UV-C light, cold plasma, essential oils, and
antimicrobial coatings can offer synergistic benefits. Abdelshafy et al. [120] reported that
hurdle technologies significantly enhanced disinfection performance while maintaining
sensory quality, especially for pathogens like Salmonella typhimurium and L. monocytogenes
on leafy greens. Zhou et al. [121] demonstrated the application of power ultrasound com-
bined with chemical sanitizers (chlorine and peroxyacetic acid) on grape tomatoes, romaine
lettuce, and spinach. This combination achieved a microbial reduction of up to 3.99 log
CFU/g for L. monocytogenes and 3.62 log CFU/g for Salmonella Newport, significantly
outperforming the use of sanitizers or ultrasound alone.

Liu et al. [122] applied a novel physical hurdle approach by combining a low-voltage
electrostatic field with MAP to extend the shelf life of button mushrooms. This combination
reduced microbial spoilage while preserving sensory and nutritional quality throughout
cold storage. In another study, Melhem et al. [123] conducted a meta-analysis assessing
the synergy of high-pressure processing and natural antimicrobials, such as bacteriocins.
While primarily applied to cured meats, the findings provide strong evidence for the
cross-applicability of this hurdle strategy to fresh produce, especially for the control of
L. monocytogenes and other resilient pathogens. Together, these studies underscore the
value of combining complementary interventions to overcome microbial resistance mecha-
nisms and preserve product quality, aligning with consumer demand for safe, minimally
processed produce.

4.9. Smart Packaging and Responsive Films

Smart packaging technologies represent an innovative approach to improving the
microbial safety, shelf life, and consumer confidence in fresh and minimally processed
produce. These systems utilize responsive materials, biosensors, or visual indicators to
monitor spoilage-related changes such as gas emission, pH fluctuation, or microbial growth.
Mahovi¢ Poljacek et al. [124] demonstrated the development of starch-based films enhanced
with bacterial nanocellulose and natural dyes that change color with pH shifts, offering
both antimicrobial activity and freshness indicators. Such smart films are promising for
future applications in produce monitoring and consumer safety.

Wau et al. [125] developed high-sensitivity intelligent packaging films incorporating
rose anthocyanins that provide clear, colorimetric changes in response to pH variation.
These films, tested on shrimp, effectively indicated spoilage progression and demonstrated
potential adaptability to monitor the freshness of produce through pH-sensitive reactions.
Zhang et al. [126] introduced biopolymer-based intelligent packaging integrated with nat-
ural colorimetric sensors for real-time food quality assessment. Their packaging system,
based on biodegradable matrices, successfully detected spoilage-related VOCs and pH
changes in perishable foods, aligning with sustainability goals in food safety monitor-
ing. Additionally, Palanisamy et al. [127] reviewed recent advances in intelligent food
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packaging systems that combine biodegradable polymer matrices with natural sensors for
detecting spoilage-related changes such as gas emission or temperature shifts. Their study
emphasized how these smart films reduce food waste and improve food safety across the
produce supply chain.

In a related innovation, Douaki et al. [128] developed battery-free, stretchable, and
autonomous smart packaging that enables real-time monitoring of freshness through closed-
loop sensing and release mechanisms. These systems operate without external power
sources, making them suitable for wireless freshness tracking of high-value produce in cold
chain logistics. Together, these findings highlight the growing utility of smart packaging as
an effective strategy to reduce spoilage, monitor quality, and deliver intelligent, eco-friendly
solutions tailored to fresh produce safety.

4.10. Application of Natural Antifungal Agents

Fungal spoilage is a major concern in the preservation of fresh produce, contributing
to significant postharvest losses and reduced consumer safety. The application of natu-
ral antifungal agents, particularly those derived from plant extracts, EOs, and probiotic
metabolites, has gained momentum as a safer alternative to synthetic fungicides. Nawaz
et al. [129] demonstrated that polyphenol-rich extracts from pomegranate peels exhibited
potent antifungal activity against a broad spectrum of postharvest pathogens, including
Aspergillus niger, Penicillium expansum, and Colletotrichum gloeosporioides. The n-hexane
fraction, containing bioactive compounds like nobiletin and salidroside, was found to be
the most effective. Boubrik et al. [130] further supported the antifungal efficacy of EOs
by demonstrating that Cinnamomum cassia essential oil inhibited the growth of spoilage
yeasts and molds such as Saccharomyces cerevisine and Acremonium spp. Their study revealed
minimum inhibitory concentrations of 6.25% and 3.125%, respectively, underscoring the
oil’s potential as a natural preservative in fruit-based applications.

Similarly, Aljuhani et al. [131] assessed the antifungal activity of methanolic extracts
of Carica papaya fruits against Microsporum canis. The extract produced a 37 mm zone
of inhibition and an MIC of 1000 pg/mL. Phytochemical analysis identified compounds
like xanthosine and decanoic acid as contributors to its antifungal action, highlighting
the potential use of papaya extracts in antifungal formulations for produce protection.
Additionally, Vasundaradevi et al. [132] isolated a strain of Lactiplantibacillus argentoratensis
from tropical fruits that exhibited potent antifungal activity against Fusarium oxysporum.
The cell-free supernatant from this probiotic strain inhibited spore germination and reduced
fungal biomass by 94%, with citric, lactic, and malic acids identified as key antifungal
metabolites. These findings support the development of bio-based fungistatic treatments
for postharvest disease management.

Despite their natural origin, some plant-derived compounds and EOs may pose risks
of cytotoxicity, allergenicity, or organoleptic alterations at higher concentrations. For ex-
ample, certain phenolic constituents—such as cinnamaldehyde and eugenol—have been
associated with skin sensitization or irritation in sensitive individuals [133]. Moreover, the
Generally Recognized As Safe status does not preclude the need for dose optimization and
regulatory evaluation in food applications [134]. Therefore, while these natural agents offer
promising residue-free antifungal solutions, safety profiling and controlled application
are essential for consumer protection. Collectively, these studies demonstrate that natural
antifungal agents—ranging from botanical extracts to microbial metabolites—offer sustain-
able, residue-free alternatives for controlling fungal contamination in fresh and minimally
processed produce.
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4.11. Preventative Measures

Preventing bacterial and fungal contamination in fresh produce requires an integrated
approach that begins at the farm level and continues throughout postharvest handling,
packaging, and distribution. This “farm-to-fork” strategy is widely recognized as essential
for reducing microbial risks across the fresh produce supply chain [135]. At the preharvest
stage, adherence to Good Agricultural Practices (GAPs)—such as using clean irrigation wa-
ter, proper composting of manure, crop rotation, and selecting disease-resistant cultivars—is
critical for minimizing the introduction of pathogens and fungal colonization [136]. For
instance, irrigation timing and water quality have been shown to significantly influence
contamination levels, with studies reporting higher prevalence of L. monocytogenes in fields
irrigated shortly before harvest [137]. Public outreach resources, such as those provided
by the University of Nevada, Reno Extension, emphasize that GAPs tailored to local envi-
ronmental conditions and farming practices are essential to prevent contamination at the
source [138].

In postharvest handling, microbial contamination may arise from unsanitary equip-
ment, inadequate worker hygiene, or improper washing and cooling procedures. While
chlorine-based sanitizers are widely used, concerns over chemical residues and by-product
formation have led to the adoption of alternatives such as EW and ozone treatments.
These eco-friendly methods reduce microbial load without compromising the safety or
sensory quality of fresh produce. Biopreservation methods are gaining prominence, par-
ticularly the use of lactic acid bacteria and their metabolic by-products, such as organic
acids, hydrogen peroxide, and bacteriocins. These compounds exert antifungal effects
by lowering pH, damaging fungal membranes, and inhibiting spore germination. Recent
studies have demonstrated that lactic acid bacteria exhibit strong antifungal activity, ef-
fectively extending the shelf life of fresh fruits and vegetables while preserving sensory
quality [139,140].

In addition, biological control agents (BCAs) such as antagonistic yeasts and beneficial
bacteria offer a natural alternative to chemical fungicides. These BCAs function through
mechanisms like competition for nutrients and space, production of antifungal enzymes,
and interference with fungal cell signaling. As reviewed by Nunes [141], the application of
BCAs has shown considerable efficacy in controlling postharvest diseases in citrus, grapes,
apples, and other high-value produce. Finally, innovative packaging solutions such as MAP
and active packaging can create hostile environments for fungal proliferation. These sys-
tems regulate internal oxygen and moisture levels, often incorporating antimicrobial films
or coatings that further suppress microbial activity. Together, these preventative measures
form a robust and sustainable framework for microbial risk reduction in fresh produce
supply chains, contributing to safer, longer-lasting products from farm to consumer.

5. Implementation Challenges and Future Directions for Pathogen
Control in Fresh Produce

Despite significant advances in pathogen detection and control technologies for fresh
and RTE produce, practical implementation remains limited by multifaceted challenges
(Table 1). Barriers to adoption include economic constraints, regulatory inconsistencies,
technical complexity, and infrastructural deficiencies, particularly in low- and middle-
income countries (LMICs). High equipment and maintenance costs, along with limited
scalability, hinder the widespread use of advanced diagnostic platforms (Table 1). Technolo-
gies such as real-time PCR, ddPCR, MALDI-TOF MS, and HSI offer superior sensitivity
and specificity; however, they require expensive instrumentation, specialized consum-
ables, and technically skilled personnel. Ferone et al. [29] emphasized that these tools
are largely confined to high-resource laboratory environments due to their operational
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demands. Abdelshafy et al. [7] similarly observed that implementation challenges are
especially acute in LMICs, where laboratory infrastructure is insufficient despite frequent
foodborne disease outbreaks.

Table 1. Key implementation challenges and strategic solutions for pathogen control in fresh produce.

Challenge Category Specific Barriers Strategic Solutions/Future Directions
Investment in low-cost portable
diagnostics (e.g., lateral flow assays,
portable PCR)
Capacity-building through training
programs; simplified, user-friendly
diagnostic platforms
Policy harmonization guided by One
Health approach; enhanced enforcement
and international cooperation
Development of basic infrastructure in
rural/agricultural zones; support for
smallholder supply chains
Promote public—private partnerships;
validation of tools in field settings;
scale-up of innovations

Economic Constraints High cost of advanced detection
technologies (e.g., PCR, MALDI-TOF MS)
Technical Limitations Need for sklllgd personr}el; complex
data interpretation
Fragmented or outdated food safety
Regulatory Gaps regulations, especially in LMICs
L Lack of clean water, refrigeration,
Infrastructure Deficiencies S . .
hygienic packaging, and cold chains
Technologies remain confined to labs;

Laboratory—Field Disconnect limited real-world application

Climate variability, poor electricity Deploy solar-powered cooling,
Environmental Conditions access, and tropical humidity weather-resilient logistics, and robust
exacerbate risks packaging systems
Limited availability of microbiologists, Establish food safety certification
Workforce Shortage bioinformaticians, and food programs; invest in STEM education and
safety experts international knowledge transfer

A further obstacle is the lack of harmonized and enforceable regulatory frameworks for
produce safety. In the United States, for instance, the FDA encourages voluntary adherence
to GAPs and Good Handling Practices (GHPs), but enforcement remains inconsistent
and often decentralized [142]. In many developing countries, food safety regulations are
outdated, poorly enforced, or entirely absent, while food surveillance programs suffer
from chronic underfunding. In response, the WHO [143] has advocated for global policy
coordination, emphasizing the strengthening of surveillance systems and AMR monitoring
in foodborne pathogens.

Infrastructure limitations in rural and peri-urban regions—such as lack of access to
clean water, refrigerated transportation, sanitary packaging environments, and reliable cold
storage—further compound microbial risks. These conditions are particularly problematic
for high-risk commodities like leafy greens and soft-skinned fruits, which possess intricate
surface morphologies that favor microbial adhesion and biofilm formation [16]. De Aratjo
Bezerra et al. [91] also highlighted that the absence of continuous electricity and cold chain
systems in tropical climates increases postharvest vulnerability to contamination.

Another key challenge is the workforce skill gap. The effective use of advanced tech-
nologies such as MALDI-TOF MS, next-generation sequencing, and biosensor systems
requires trained microbiologists, molecular biologists, and bioinformaticians. However,
many laboratories—especially in resource-limited settings—lack personnel with the ex-
pertise to process and interpret complex datasets. Ferone et al. [29] noted that this deficit
significantly impedes the deployment of rapid diagnostic tools at the point of need. More-
over, there remains a substantial disconnect between laboratory innovation and commercial
application. Promising technologies, such as CRISPR-based diagnostics and magnetoe-
lastic biosensors, have shown strong performance in controlled trials but face hurdles in
cost-effective validation, regulatory approval, and integration into existing food safety
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frameworks [144]. As Abdelshafy et al. [7] stressed, bridging this translational gap will
require robust public—private partnerships and sustained investment.

To overcome these systemic challenges, a shift toward integrated, science-driven strate-
gies is essential. Investment in mobile, low-cost diagnostic tools—such as portable PCR
units and lateral flow assays—should be paired with infrastructural development, partic-
ularly in rural agricultural hubs. Concurrently, national and regional capacity-building
initiatives, including workforce training programs and food safety certification schemes,
can address skill shortages and promote regulatory compliance. Furthermore, policy harmo-
nization guided by the One Health approach will be pivotal in addressing interconnected
risks across human, animal, and environmental health domains.

A paradigm shift is urgently needed—one that prioritizes proactive, systems-based
prevention over reactive responses. This transition should be grounded in scientific ev-
idence, sustainability principles, and cross-sectoral collaboration. Ultimately, global co-
operation, inclusive policies, and strategic investment will be indispensable to ensure the
microbiological safety of fresh produce across all socioeconomic contexts.

6. Recommendations and Future Directions for Enhancing Microbial
Safety of Fresh Produce

Enhancing the microbial safety of fresh and RTE fruits and vegetables requires a coor-
dinated, systems-based approach that integrates regulatory, technological, and educational
interventions (Table 2). Key priorities include the standardization of preventive practices,
the advancement of accessible technologies, the harmonization of regulatory oversight,
and capacity-building across the supply chain.

Table 2. Strategic actions to enhance microbial safety of fresh produce.

Strategic Focus Area Action Item Expected Outcome
Preventive Frameworks Enforce GAPs, GHPs, and sanitation Improved baseline hygiene and
standards with third-party audits reduced contamination risk
Technology Innovation Develop and deploy cost-effective tools Real-time pathogen detection and
(e.g., PAW, UV-C, gPCR, biosensors) non-thermal decontamination
Regulatory Harmonization Adopt Codex-based global standards Consistent safety benchmarks and
supported by WHO/FAO/OIE enhanced AMR surveillance
Capacity Building Train personnel in sanitation, diagnostics, Workforce readiness and effective
and AMR control tool deployment
Translational Research Fund prototype d.e Vel.opment and field Accelerated adoption of innovations
validation
Public-Private Partnerships Support scale-up of coat%ngs, HSI, and Commercializati(?n of pilot
smart packaging technologies
Smart Surveillance Integrate Al, IoT, blockchain, and Real-time traceability and rapid
CRISPR-based tools outbreak response

A critical first step is the widespread enforcement and harmonization of GAPs, GHPs,
and hygiene protocols. While agencies like the U.S. FDA and USDA provide guidance for
voluntary adoption, uptake remains uneven, especially in low-resource contexts [145-147].
Integrating third-party audits and routine monitoring—focused on irrigation water quality,
manure management, field sanitation, and postharvest infrastructure—is essential for
ensuring compliance and reducing pathogen risk [57].

Targeted investment in cost-effective, scalable technologies is vital for low- and middle-
income countries. Non-thermal decontamination methods such as PAW, UV-C light, and
essential oil-based nanoemulsions offer effective microbial control while preserving pro-
duce quality [91,105]. Meanwhile, field-deployable diagnostic tools—such as multiplex
qPCR and biosensors—should be prioritized for rapid, on-site detection of foodborne
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pathogens [148,149]. To support global coordination, a unified regulatory framework
aligned with Codex Alimentarius and backed by the WHO, FAO, and OIE is needed.
Integrating whole-genome sequencing and resistome surveillance into national moni-
toring programs will strengthen AMR detection and response as part of a One Health
strategy [143].

Human capital development is equally critical. Training programs for food han-
dlers, laboratory technicians, and regulatory staff should focus on sanitation, diagnostics,
and AMR mitigation. Competency-based curricula and applied technical workshops—
delivered through partnerships with academic institutions and industry—can enhance
readiness to deploy advanced tools such as MALDI-TOF MS and CRISPR-based diag-
nostics [55]. To accelerate translation of research into practice, funding should support
prototype development, field validation, and regulatory approval of emerging technologies.
Public—private partnerships can scale promising solutions, such as antimicrobial edible
coatings and HSI-integrated screening systems [7].

Looking ahead, the future of produce safety will be shaped by smart surveillance net-
works. Artificial intelligence, IoT-enabled sensors, and blockchain platforms will enhance
traceability and enable real-time risk assessments [150,151]. Emerging efforts are already
demonstrating the value of integrating CRISPR diagnostics with portable sequencing plat-
forms for strain-level detection in field settings [152]. These technologies—combined with
mobile tracking apps and blockchain-verified distribution chains—are being piloted in
agricultural hubs for real-time monitoring of leafy greens and other high-risk produce. In
sum, ensuring the microbial safety of fresh produce demands cross-sectoral collaboration,
innovation, and sustained investment. Only through integrated strategies that unite science,
technology, policy, and education can we build resilient, safe food systems for the future.

7. Conclusions

The microbial safety of fresh and RTE fruits and vegetables is a complex challenge that
spans preharvest practices, postharvest handling, detection technologies, and intervention
strategies. While traditional microbiological methods remain important, the integration of
rapid, sensitive, and field-deployable tools—such as CRISPR-based diagnostics, biosensors,
and MALDI-TOF MS—is critical to modern surveillance. Natural antifungal agents and
non-thermal treatments show great promise as eco-friendly control strategies but require
further standardization and safety assessments, particularly regarding toxicity and aller-
genicity. A major advancement presented in this review is the inclusion of comprehensive
sampling methodologies and the critical evaluation of method sensitivity, specificity, and
reproducibility. Future research must address scalability, cost-effectiveness, and policy
harmonization under the One Health framework. A multifaceted and interdisciplinary
approach is essential to safeguard public health and meet the growing demand for safe,
minimally processed produce.
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Abstract: Infectious diseases resulting from unsafe food consumption are a global concern.
Despite recent advances and control measures in the food industry aimed at fulfilling the
growing consumer demand for high-quality and safe food products, infection outbreaks
continue to occur. This review stands out by providing an overview of post-harvest food de-
contamination methods against some of the most important bacterial foodborne pathogens,
with particular focus on the advantages and challenges of using phages, including their
most recent post-harvest applications directly to food and integration into active food pack-
aging systems, highlighting their potential in providing safer and healthier food products.
The already approved commercial phage products and the numerous available studies
demonstrate their antibacterial efficacy against some of the most problematic foodborne
pathogens in different food products, reinforcing their possible use in the future as a current
practice in the food industry for food decontamination. Moreover, the incorporation of
phages into packaging materials holds particular promise, providing protection against
harsh conditions and enabling their controlled and continuous release into the food matrix.
The effectiveness of phage-added packaging materials in reducing the growth of pathogens
in food systems has been well-demonstrated. However, there are still some challenges asso-
ciated with the development of phage-based packaging systems that need to be addressed
with future research.

Keywords: foodborne pathogens; post-harvest stage; phage biocontrol; active food
packaging; food safety

1. Introduction

Infectious diseases caused by the consumption of contaminated food pose a significant
public health threat worldwide. The recurrent use of antibiotics has contributed to the
alarming rise in multidrug-resistant bacterial strains and resistance genes, exacerbating
this problem. Despite several efforts of the food industry to reduce foodborne pathogens
in their products, foodborne infections remain a leading cause of hospitalizations and
fatalities on a global scale. According to the World Health Organization (WHO), unsafe
food consumption leads to 600 million foodborne illnesses and 420,000 deaths annually,
imposing an economic burden exceeding USD 110 billion [1].

Campylobacter spp., Salmonella spp., Shiga toxin-producing Escherichia coli (STEC),
and Listeria monocytogenes are among the most reported foodborne pathogens in food
outbreaks [2]. Other bacteria, such as Vibrio spp., Cronobacter sakazakii, and Shigella spp.
have also been reported in a considerable number of cases. Bacillus cereus, Clostridium
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botulinum, Clostridium perfringens, and Staphylococcus aureus are particularly important due
to the production of bacterial toxins. In 2021, although the majority of foodborne outbreaks
caused by toxigenic bacteria were related to Bacillus cereus toxins, the highest number
of deaths and hospitalizations were mainly caused by C. perfringens and S. aureus toxins,
respectively. The European Centre for Disease Prevention and Control (ECDC) has reported
several outbreaks associated with contamination of different foods with these bacterial
pathogens and toxins, emphasizing the importance of addressing contamination in the
food supply [2].

Efforts to mitigate the microbial burden in food, particularly in raw products like
fresh fruits and vegetables, involve an array of decontamination strategies, including
thermal and non-thermal methods. However, these methods face inherent limitations [3-5].
Therefore, there is a pressing need for more efficient, safer, and environmentally friendly
approaches to reduce food contamination.

Bacteriophages are increasingly recognized as biocontrol agents with enormous poten-
tial for the food industry. Bacteriophages, or simply phages, are viruses that specifically
infect bacteria, the most abundant entities on the planet. Phages are obligate intracellular
parasites that can reproduce only in the presence of a host bacterial cell. These viruses are in-
nocuous to humans, animals, and plants [6], making them a safe alternative to conventional
antibiotics and other treatments used in the food industry [7].

The interest in phages is clearly highlighted by several phage-based products for
direct application in food, with Generally Recognized as Safe (GRAS) status, to control
some of the leading foodborne bacterial pathogens that have already reached the market.
Examples of commercial phage companies with Food and Drug Administration (FDA)
approval for their food safety products include Micreos Food Safety, Intralytix, FINK TEC
GmbH, Phagelux, and Passport Food Safety Solutions [8,9].

Several reviews have appraised the application of approved phages and also of other
new phage suspensions directly in food against some of the most important foodborne
pathogens [8,10-14] or specific bacteria, namely E. coli [15], Salmonella spp. [16], L. mono-
cytogenes [17], and Campylobacter spp. [18]. Also, some review papers focus on the direct
application of phages in a specific type of food, specifically on poultry meat against
Salmonella spp. [16,19-21]. However, the successful application of phages in food still
requires strategies to ensure their stability during food processing, transportation, and
storage [9].

Many food environments subject phages to challenging physicochemical conditions,
such as low pH levels on the surface of certain fruits and high storage temperatures during
food transportation, which may lead to phage inactivation. The incorporation of phages
into different materials are often employed in the context of active packaging systems
designed to safeguard phages, maintain their stability, and facilitate controlled release, as
recently reviewed by Garcia-Anaya et al. (2023) [22]. In particular, this review addressed
studies on phage incorporation in edible films and coatings and the associated challenges
of applying them to foods.

The reviews available in the literature generally either discuss free phages or incorpo-
rated phages, some focus only on a specific bacteria or food, while others bring together
pre- and post-harvest phage applications, with an integrative and detailed overview of
phages for post-harvest food decontamination still missing in the literature. Thus, with
this review, we attempted to fill this gap and gather here all the important information
regarding food decontamination only at post-harvest level, focusing on the application of
phages in their free form directly in food or incorporated into food packaging in a variety
of different products and against the most important foodborne bacteria. This review
examines some of the studies already outlined in other reviews but also includes the most

198



Microorganisms 2025, 13, 515

recent articles in this field; since there is a growing interest in phages, this is an area in
constant development and research. Regarding phage incorporation in food packaging, we
tried to include all available relevant studies in the literature, considering that the majority
of reviews only present a few studies on this topic.

In this context, this study offers an overview of available methods to reduce microbial
contamination in food, with a particular focus on recent developments in the application of
phages (Figure 1).

Post-harvest decontamination methods

Non-Thermal ( Thermal

Air or vacuum drying
Burning charcoal

Chemical Physical Natural, Steaming

Natural Pulsed electric Biological Boiling
Bacteriocins field Frying
Essential oils lonizing radiation PHAGES Superheated steam

High-pressure Radiofrequency

Non-natural Pulsed light Microwave
Cold plasma Ultrasound Infrared

Chlorine Ultraviolet Extrusion cooking

Ozone Cold plasma Ohmic heating

S - —=
0 Acie @

Spraying Immersion PACKAGING

FOOD SAFETY

Figure 1. Post-harvest decontamination methods with a focus on phage application directly in food
and phage incorporation into active food packaging.

Specifically, we delve into the advantages and challenges of phages in the food indus-
try, including their direct post-harvest application in food, and examine in detail some of
the most recent studies on this topic. This review also includes the available in vitro and
in-food studies involving the incorporation of phages into active food packaging systems.

2. Available Methods to Reduce the Microbial Burden in Food
2.1. Thermal Methods

Heat processing is one of the most efficient strategies used in the food industry to
improve the quality and prolong the shelf life of food and includes pasteurization, steril-
ization, convective hot air drying, vacuum drying, burning charcoal treatment, steaming,
boiling, and frying [23-25]. In these methods, the heat energy is transferred into a product
through conduction or convection.

Pasteurization and sterilization are commonly used conventional techniques for the in-
activation of enzymes and microorganisms in foods [26]. The difference between these two
methods is the induction temperature. While pasteurization is performed at a temperature
in the range of 60-80 °C to eliminate pathogenic microorganisms from food products and
degrade enzymes, sterilization works at a temperature above 100 °C to destroy spores or
spore-forming microorganisms in food products [27]. Pasteurization is commonly applied
at a specific temperature and for a specific period of time in order to decontaminate and
preserve liquid foods (milk, fruit juices, beer, and other fermented drinks) and pre-packed
food products due to alarming food safety concerns related to ready-to-eat (RTE) food [26].
However, pasteurization does not completely eliminate all pathogenic microorganisms
or kill heat-resistant spore-forming bacteria. Thus, moderate heat treatments between 40
and 60 °C are preferable to their high-temperature counterparts to reduce quality loss in
food [23,25].

Superheated steam has higher heat transfer coefficients, which reduce microorganisms
on the surface of food products efficiently with low energy consumption levels, non-

199



Microorganisms 2025, 13, 515

oxidative conditions, and low environmental impacts. Applied for several food products,
such as vegetables, fruits, cereals, and meat, this approach can facilitate the development of
products with the desired quality, reduce nutrient loss, and improve the physicochemical
properties of foodstuffs, solving the problems faced by traditional thermal procedures.
However, this approach requires high maintenance costs due to the complexity of the
equipment [24,28].

Infrared heating uses electromagnetic waves to transfer energy from the infrared
source to the product. The heat needed for microbial decontamination is generated by
the rotational and vibrational state of molecules or atoms [29] and also from hot sources
like a metal rod, quartz tube, or quartz lamp. The germicidal property of this technology
has been reported in different types of foods [30,31], namely in fruits [32,33], shelled
corn [34,35], eggs [36], cottage cheese [37], and milk [38]. However, in food products with
a complex matrix, radiation cannot reach the inner part of the sample and food heating
is not uniform [39]. The food processing sector also uses infrared heating for blanching,
thawing, broiling, frying, roasting, baking, drying, dehydration, peeling, polyphenols and
antioxidants recovery, sterilization of grains, baking bread, manufacture of juices, and
cooking food [30,31].

Table 1 summarizes the advantages and disadvantages of these and other post-harvest
food decontamination techniques, which are further discussed in the following paragraphs.

Table 1. Advantages and disadvantages of post-harvest food decontamination techniques.

Thermal Methods
Type of Decontamination .
Method Advantages Disadvantages References
Pasteurization, sterilization, air or High energy
) vacuum drying, burning charcoal, consumption
Conventional thermal steaming, boiling, frying High environmental [23-25]
methods _ L . : ~
e  Effective reduction in the microbial footprints .
load in food products Poor food quality
Superheated steam
e  Fast processing rate Can lead to poor
e High energy efficiency product quality
e Enhanced safety High maintenance costs [4,24]
e Low environmental footprint due to the complexity of
e  Water saving the equipment
e  Excellent product quality
Limited use to
Novel thermal methods high-moisture,
Radiofrequency and microwave high-salt, and high-fat
. content food products
° Cost—effectlvgness . Non-uniformity heating
o EeTsy and quick Qperatlon that creates hot and 1034
e High energy efficiency cold spots inside the [4,23,40]
e Non-toxicity food product affecting
°

Suitability for heat-sensitive fluids

its microbial safety
Microwave treatment
can lead to moisture
and nutrient loss
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Table 1. Cont.

Thermal Methods
Type of Decontamination .
Method Advantages Disadvantages References
Infrared Relattivil}iiow
, ) _ penetrability
Precise and rapid heating Sometimes causes color
High heat-transfer efficiency and degradation
heating rate : :
- . The equipment design [4,23,39]
e High levels of time and and parameters must be
’Eemperaturg control optimized to avoid the
Lasy operation overheating problem in
Oow maintenance costs industrial applications
Extrusi ki
xusion cooking Changes in the physical
Lowcost property of food
Novel thermal methods High productivity ) products [4/41]
Enh-ar}ced product .qgahty by Puffing up of the food
retaining heat-sensitive products
components of food
Ohmic heating
e Rapid heating of the food
e  Overcooking can be avoided Requires uniform
e  Low heatlosses conductivity within the
e  No residual heat transfer after the food matrix to avoid
current shut off cold spots [40]
e  Better impact on sensory properties Might lead to
of food considerable color
Low maintenance costs differences
Suitable for viscous products and
pumpable foods
containing particles
Non-thermal methods
Lactic acid bacteria
have been linked with
o sepsis, endocarditis,
Bacteriocins and bacteremia
e  More stable and effective at: May not be effective in
- Acidic pH satisfactorily reducing
- Higher-than-normal the microbial load
Chemical methods temperatures or Research must [42-44]

(natural)

lower-than-normal
temperatures

Degraded by proteases

determine if the lactic
acid bacteria strains
have long-term effects
on bacterial reduction
during shelf life
Limited range

of activity
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Table 1. Cont.

Thermal Methods

Type of Decontamination

Method

Advantages

Disadvantages References

Chemical methods
(natural)

Essential oils

e Natural origin
e Improve the flavor, odor, and color
of food

The elimination of a

specific microorganism

in food is still limited

Level required for [42,45]
inhibition may

introduce too strong a

flavor to the food

Chemical methods
(non-natural)

Chlorine-based methods

Generation of toxic
by-products as well as
off-tastes and odors
May not be effective in
satisfactorily reduce the

® Inexpensive microbial load on [42,46]
e Fasytouse surfaces containing
biofilm or in food
matrices with high
organic content
Ozone glxi?atge spoilage of
e foo
e Can be used in both a gaseous or Limited to
hqmd form .. surface treatment
e  Higher percentage of reduction in High initial investment
microorganisms compared Unstable nature
to chlorine . .
Highly t d
e  Relatively cheap with low c 01 ]%, o s}ilvs)c(i)crflg ound [3,42,47]
running costs with a pungent
e  Environmentally sustainable and disagreeable odor
commercially feasible technology E ffecgtiveness
e  Short contact time for disinfection diminished by the
compared to other : Y
X presence o
conventional methods organic matter
Low penetration
efficiency
High microbial loads
reduce its efficiency
Cold Plasma Efﬁci.er}cy dependent on
e  High percentage of reduction hurmdlty , 83S d
e  Broad spectrum approach (f:lomposmon, an
e Allows in package treatment owrate =
e Eco-friendly benefits: May result inlipid,
iorati
- diminished water utilization [3,48]

- absence of chemical residues
- utilization of environmental air
as a working gas

e  Minimal changes in the food matrix

destruction of inherent
antioxidants by the free
radicals formed, leaving
the food with an
undesirable taste

and aroma

High capital investment
Still at its lowest level
(laboratory or

pilot scale)
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Table 1. Cont.

Thermal Methods
Type of Decontamination .
Method Advantages Disadvantages References
Pulsed electric field
o R}ftains n'ut1'~ients and sen(sioryb.l. Huge start-up costs
characteristics, promotes durability, Some bacteria cells have
and ensures the safety of .
developed resistance
the f.oodstuffs . against this method 340 46 47
o E.mﬁfonmentallilf 'fr.lendly }agd Not yet effective in [3,40,46,47]
1611y energy-c icient technique treating solid foodstuffs,
o Decreage in energy costs, ' compared to partial
processing time and degradative solids or liquid foods
effects of heat-sensitive
food components
Not suitable for
dehydrated and
High-pressure processing porous foodstuffs
e Commercially available technique The trea'ted food must
for bulk quantities of samples, be kept in cold/
either solid or liquid refrigerated conditions
Physical methods e Retains the taste and nutrient Only plastic materials [3,40,47]
composition of food and elongates appear the best fit as
its shelf-life packing materials
e  Eco-friendly approach High equipment costs
Need for appropriate
skill and space to
effectively operate
Ultrasound Free radicals may
e  Commercially available technique decli'ne food product
for both solid and liquid food quality .
e  Highly reduced treatment time for Harmful effects in food
handling food characteristics such as
Uses a minimal amount of energy sensory par gmeter S as [3,40,46,47,
Safe and environmentally friendly well as nutrient 49]

technology

e  Quite feasible, as it is simple and
economically cheap

e  Useful for eliminating microbial
entities that can hinder the food
fermentation processes

composition

Better reduction when
applied in combination
with other treatments
The sonication is more
confined to liquid foods
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Table 1. Cont.

Thermal Methods
Type of ?\cht)lrll;zcxlmmatlon Advantages Disadvantages References
Ultraviolet radiation Lack of complete
Better nutrient preservation recognition and
Higher lethal effects against acceptability by
microbes when compared to some the consumers
conventional chemical agents Effect of UV-C light
e  Easy to use, cost-effective, and application on liquid
environmentally friendly approach food is affected by
e  Minimal effects on the quality their turbidity [3,23,46,50]
of food Ineffective when
e Can be used for liquid and applied to foodstuffs
solid food with indefinite shape
e Prevents recontamination as it can and structure given its
be applied in already packed low penetration
food products capacity
e  Its processing time is described Huge investment
as shorter requirements
Pulsed light system
e Rapid disinfection food High investment costs
Physical methods processing technology Not suitable for
e  Ensure microbial inactivation and application in foods
at the same time retain the sensory that are opaque and
characteristics of foodstuffs irregularly shaped [3,51]
e  Outstandingly short time energy Possible heating of
transmission compared products due to
to ultraviolet extended periods
Flexible and eco-friendly procedure of treatment
In-package treatment
Ionizing radiation
o la\l/hrumum effecct1 on quality, taste, If the dose is too high,
ppearance, and texture of food he £ onal and th
e  Effective in destroying microbes the functiona an the
but also insects, mites, and pests sensory properties of
e  Processing time is reasonably foo$:l can be ?ff?Cted
shorter comparatively to Ionizing radiation can
be harmful to [3,40,52]

other technologies

Eco-friendly approach leaving no
chemicals or residues

The dosage applied for food
preservation is generally lower and
not dangerous for humans after
eating irradiated food

processors and workers
Huge investment costs
Problem of

consumer acceptance
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Table 1. Cont.

Thermal Methods

Type of Decontamination

Method

Advantages

Disadvantages

References

Biological methods

Phage treatment

Natural

Low cost

Self-replicating
Commercialization timeframe less
stringent than for human
therapeutic application

High specificity for their target
bacterial host with no significant
impact on consumers’

resident microbiota

No impact on the sensory and

Sometimes a high
phage titer is required
for the success

of treatment

Phages can be
inactivated by extreme
environmental factors
(extreme pH,
temperature, UV
irradiation, and

low oxygen)

Some food matrices
limit phage diffusion or
interfere with phages,
reducing their
encounter with

quality characteristics of food

e  Ability to infiltrate bacterial
biofilms and infect °
biofilm-embedded bacteria

host bacteria
Food additives can
impair phage activity
e  Bacteria can develop
phage resistance
following
repeated exposure

[9,11,53-55]

Ohmic heating is based on the movement of an alternating electric current through
a food matrix that is transformed into heat due to the electrical resistance of the food,
allowing faster food heating when compared with conventional heating techniques. This
process inactivates microorganisms mainly by thermal effects although other nonthermal
inactivation mechanisms are also involved [40] and has been proposed as an alterna-
tive fast-heating method for fruit juices [56,57]. This method can also be effective for
viscous products and pumpable food containing particles inside the food matrix due to
the heat generation. Nevertheless, it requires uniform conductivity to avoid cold spots
(Table 1) [40,58].

Microwave and radio-frequency heating treatments involve high-frequency alternat-
ing radio waves, microwave electromagnetic radiation, or electric fields [23].

Microwave treatment is applied in the food industry for thawing, blanching, precook-
ing, cooking, tempering, baking, puffing, foaming, concentration, drying, pasteurization,
and sterilization. The inactivation of microorganisms is caused by the denaturation of cell
protein structure, leading to the extrusion of cellular matrix and death [29]. This technology
has been studied in liquid foods, like grape juice, apple juice, apple cider, coconut water,
and milk [23]. However, at high power levels, microwave heating can cause acrylamide
formation (a neurotoxic and carcinogenic substance), unlike conventional food heat treat-
ments. On the other hand, short exposure to microwaves (during blanching and thawing)
at low power may even limit the formation of acrylamide during the final heat treatment
(Table 1) [59].

Radio-frequency heating has been already used in the food industry for a considerable
period post the baking of biscuits and cereals as well as the drying of food. Deeper
penetration, compared to microwave treatment, makes this process more efficient. The heat
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causes inactivation and changes in the cell membrane of microorganisms and has been
used to decontaminate different types of foods (meat products, salmon caviar, eggs, pasta
products, peanut butter, crackers, sandwiches, fresh carrots, fruit juices, apple cider, whole
milk, and soybean milk) [60]. Its main limitation is the inconsistent heating of the food
matrix, which can impact food quality and safety (Table 1) [23,40,60].

Extrusion cooking combines heat transfer, mass transfer, pressure changes, and shear
to produce different effects like cooking, kneading, shearing, shaping, and forming, among
others [41]. This technique has gained popularity in the food and feed industries due to its
low cost, high productivity, and enhanced product quality by retaining the heat-sensitive
components of food (Table 1) since high temperatures are applied for short periods [41].
The extruded products have less moisture content, longer shelf life, and are considered
microbiologically safe due to enzyme inactivation and microbial reduction. The success
of extrusion cooking has been mainly reported in breakfast cereals, coextruded snacks,
texturized vegetable proteins, and pet food; however, despite the advantages, this approach
can cause changes in the physical properties of the treated food products [4,61].

2.2. Non-Thermal Methods
2.2.1. Chemical Methods
Non-Natural Approaches

Washing, sanitation, and use of oxidative and non-oxidative biocides are commonly
employed for the disinfection of food. Washing is responsible for removing oil, dirt,
physical matter, and debris but also helps to reduce the microbial populations on the
surface of vegetables. The addition of sanitizers to the washing water can increase the
efficiency of disinfection, mainly in leafy vegetables. The majority of common sanitizers
are oxidizing agents and work by developing oxidation potential in water [46]. Several
sanitizing agents or disinfectants (including chlorine-based products, hydrogen peroxide,
organic acids, and ozone) have been approved in order to reduce bacterial populations on
minimally processed food, such as fruits and vegetables [5,42].

Chlorine is a commonly used disinfectant in the fresh produce industry. However,
studies indicate that chlorine concentrations traditionally used are not effective in reducing
pathogen loads on fresh-cut produce [42]. In addition, the use of chlorine as a sanitizer, as
well as the use of other chemical compounds for food decontamination, might result in
the formation of undesirable by-products such as carcinogenic compounds (Table 1) [62],
with their use forbidden in several countries, namely European countries like Belgium,
Switzerland, and the Netherlands [46,63].

Ozone is used for the surface decontamination of fruits and vegetables, drinking
water disinfection, meat, and seafood processing. This sanitizer is effective against a
broad spectrum of microorganisms, including bacterial spores [64], by interfering with
their cellular respiration and interacting with the unsaturated lipids of the cell membrane
causing microbial death However, ozone is not suitable for the treatment of liquid food
and products rich in unsaturated fats and soluble proteins, and, as a powerful oxidant,
must be handled carefully to ensure the safety of employees and durability of equipment
(Table 1) [3,64].

Cold (non-thermal) plasma is one of the more recent and promising food decontami-
nation technologies. This method uses a partial ionized gas composed of positively and
negatively charged ions, electrons and neutral atoms, molecules, and radicals to inactivate
microorganisms in food and packaging materials, namely by membrane rupture, oxidation
of proteins, and nucleic acids damage. Due to the low penetration levels, the inactivation of
microorganisms only occurs on the surface of solid food (Table 1) [48]. However, Xiang et al.
(2022) reported the efficiency of water and other plasma-activated liquids in disinfecting
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food products with complex matrices [65]. This method is suitable for the surface treatment
of fresh meats and greens and for seafood preservation [3,40,48,65].

Natural Approaches

Lactic acid bacteria produce significant metabolites from which bacteriocins, antimi-
crobial peptides, are particularly important because of the applications that these peptides
may have in the food area. Bacteriocins act mainly by forming pores in the cell membrane
of bacteria, causing apoptosis [66,67]. Since nisin received GRAS status from FDA in
1988 [68], numerous bacteriocins have been discovered and reported on; some of these
are also already commercially available [69,70]. Bacteriocins are used to preserve meat
and dairy products and are also applied as a bioprotective technology in fruits and vegeta-
bles [44,66,71,72] to reduce the cell counts of problematic strains, such as Salmonella enterica
subsp. enterica serovar Typhimurium, E. coli, and L. monocytogenes [42,66,73]. However,
some challenges (Table 1), namely those associated with their limited range of activity, can
impair their efficacy [42—44].

Essential oils are widely used as flavorings for food and beverages, but several articles
have demonstrated their capability as preservatives in different types of food due to their
ability to inhibit the growth of or to eliminate pathogens [45,74,75] such as Salmonella
spp. [76-78], E. coli [76,77,79], and L. monocytogenes [76,77,80]. Salantda and Cropotova
(2022) recently reviewed the current knowledge on the applicability of essential oils in food
preservation, reporting that the levels of inactivation differ between the used oils [75]. Also,
in some circumstances, to achieve the same in vitro inhibitory effect, a higher concentration
is needed to treat fruits, leading to possible negative effects on sensory properties that may
limit their application (Table 1) [74].

2.2.2. Physical Methods

Pulsed electric field is an environmentally friendly and highly energy-efficient tech-
nique that uses high-intensity short electrical pulses for food preservation with minimal
loss in food quality and operates by two fundamental processes, namely electroporation
and electrical breakdown [81]. This approach has been mostly applied for the treatment
of orange, tomato, apple, and carrot juices [81]; apple sauce, pea soup; salad dressing;
eggs [82]; and milk and milk products [83]. This technique increases the durability and
safety of the products, retaining their sensory and nutritional characteristics. However,
studies at the industrial scale are still very scarce [84]. The high start-up costs are one of
the main barriers to the application of pulsed electric field on a large scale (Table 1) [40].

High-pressure processing is based on the treatment of liquid or solid foods at extreme
pressures that can alter the anatomy of the bacterial cells as well as their enzymatic functions,
resulting in their weakening and eventual death [3,40]. This procedure has been used
commercially for several years, and its use is increasing continuously; it is employed in the
treatment of foods whose water activity exceeds 0.8, such as fruits, meats, vegetables, milk
and milk products, juices, beverages, seafood, and fish [3,40]. Despite the efficiency of this
technology, and similarly to the pulsed electric field method, high-pressure processing also
requires high initial costs associated with the establishment of appropriate facilities and
the acquisition of the equipment (Table 1) [3,40]. In addition, this approach can influence
sensory properties of foods [85].

Ultrasound is a safe, environmentally friendly, simple, and economically cheap
(Table 1) technology that involves pressure waves with a frequency range of between
20 and 100 kHz, classified as minimum- or maximum-intensity sonication or, according to
their frequency ranges, as power, high-frequency, or diagnostic ultrasound methods [86].
Many studies have demonstrated the potential of ultrasounds in eliminating microorgan-
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isms from meat, fruits, vegetables, dairy products, and eggs, with the preservation of
physicochemical, bioactive, and nutritional components of the foods [3,40,46,49,86-90].
However, this technology is associated with negative effects on food characteristics, such
as sensory parameters and nutrient composition (Table 1) [3,40,46,49].

Ultraviolet (UV) radiation is a non-ionizing radiation with germicidal properties at
wavelengths in the range of 200280 nm (UV-C). UV light can directly affect microbial
pathogens by modifying their genetic material and/or damaging their proteins/lipids.
Usually, different types of food products require specific doses of radiation to inactivate
different types of pathogens. Apart from its lethality against all types of microorganisms,
UV light also possesses other advantages, such as leaving no chemical residues, being easy
to set up, and using low amounts of energy. Still, it also has certain drawbacks, for instance,
it discolors some foods, only acts on the food’s surface, and exposure is harmful to humans
(Table 1) [91]. Several studies have examined the application of UV-C light in the food
industry for the surface decontamination of fresh foods, increasing the shelf life of foods,
the pasteurization of fruit juices, and drinking water disinfection [3,23,46,50].

Pulsed light rapidly inactivates pathogenic and food spoilage microorganisms through
the application of a comprehensive array of short but highly energized pulses; the wide
band of white light affects microbial structures and leads to their inactivation [92]. The po-
tential of this method has already been reported for a variety of foods [51], such as fish [93],
meat [94], fruits [95,96], vegetables [96,97], milk [98], fruit juices [92], and water [99]. Pulsed
light has been shown as suitable for application in liquid and regularly shaped foods due
to its low degree of penetration. Also, long treatment periods can result in a ‘heating effect’
in food products that can impact the effectiveness of microbial destruction (Table 1) [3,92].

Ionizing radiation involves the application of three major types of ionizing radiation:
(i) gamma, (ii) electron beam, and (iii) X-rays. This technology inhibits the enzymatic
activity of microorganisms through direct acid nucleic damage and the production of
reactive molecules that can lead to metabolic pathway damage inside the cells, intracellular
oxidation, and consequently, cell lysis [3,40,52,100]. Several studies showed that this
approach is effective in eliminating microorganisms in fruits, vegetables [3,40], and fish
and meat products [101], thus preserving the physicochemical properties of the foods
(Table 1). However, in some cases, in order to achieve a substantial level of microorganism
elimination, a higher dose of irradiation is required, leading to food deterioration and
risking processors and workers [63]. The huge capital /investment requirements associated
with the purchase of an ionizing radiation facility and concerns about consumer acceptance
are further disadvantages of this technology (Table 1) [3].

2.2.3. Biological Methods

Bio-preservatives may originate from microorganisms, plants, and animals, being
a potential alternative to the physical and chemical processing of foods [102]. Although
bacteriocins and essential oils are considered natural chemical methods, as previously
mentioned, they are also considered biological methods. Lactic acid bacteria, yeast, phages,
bacteriocins, and endolysins are among the most common bio-preservatives effective in
eliminating pathogens and preventing food spoilage [103]. These can be applied to food
systems as additives, direct ingredients, or protective cultures. For instance, bacteriocins
help in food bio-preservation, acting as antagonists, inhibitors, and antimicrobials against
pathogens and spoilage microorganisms. In addition, they also provide various health
benefits to humans, reinforcing the human immune system [104]. Yeasts are also known
for their positive role in food fermentation, extending the shelf life of foods by creating an
hostile environment to spoilage microorganisms [105].
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Phages can be used as an eco-friendly approach to prevent and control pathogenic
bacteria in food, with a substantial number of research reports describing the use of
phages in various types of foods, ranging from meats [106-108] to fresh produce such as
fruits [109,110] and vegetables [108-110], with promising results. Information regarding
phages will be discussed in more detail in the following section (Section 3).

In addition to all the aforementioned food decontamination approaches, there is also
the possibility of combining some of them, namely thermal and non-thermal methods, in
order to take advantage of the benefits of each, resulting in a synergistic effect. Sometimes,
these combinations can achieve more significant reductions in microorganisms than the
individual treatments alone while retaining product quality. Information regarding these
combinations can be seen in detail in different reviews [4,6,23,46,47,72,111].

3. Phages Against Foodborne Bacterial Pathogens

Phages were identified at the beginning of the twentieth century; however, a poor un-
derstanding of the nature of phage-host interactions and mechanisms underlying bacterial
pathogenesis led to a succession of badly designed and executed experiments. Despite this,
their potential as therapeutic antibacterial agents has been recognized. Phages were used
to treat and prevent bacterial infectious diseases both in Eastern Europe and the former
Soviet Union, but in the 1940s, with the advent of antibiotics, the application of phages as
antibacterial agents diminished in much of the world [112]. However, the use of phage
therapy has continued in regions of the former Soviet Union. Lately, with the emergence of
pathogenic bacteria resistant to antibiotics, there has been a renewed interest in the use of
phages as an alternative to conventional antimicrobials [12,54,113].

The differences in the infection process depend on the phage life cycle, which can be
either lytic or lysogenic. In the cases of the lytic cycle (lytic phages), after the attachment
and injection of phage genome into the host cell, the host DNA replication and protein
synthesis machinery is exploited to produce new phage particles, which are released
from the cell, culminating in the death of the bacterium. In the case of lysogenic cycle,
the phages (designed as temperate phages) do not automatically start a lytic cycle, but
instead the phage genome is integrated into the host cell genome (as a prophage) and may
prevent the subsequent phage infection of the same host, thus delaying bacteriolysis. The
induction, or excision of the prophage from the genome can occur spontaneously or in
response to cellular internal or external triggers [114]. This results in the lysis and release
of progeny phages that may progress and lyse or lysogenize other susceptible bacteria.
The integration of the phage genome into the host genome may increase the virulence
of the host. Temperate phages, in addition, may not cause the immediate death of the
bacteria, but can be even favorable to bacterial evolution, particularly in regard to their
pathogenicity and fitness. Through integration into the host genome, temperate phages
can introduce new functional genes to the bacteria, such as virulence genes and antibiotic
resistance genes, as reviewed by Chen et al. (2022) [115]. For these reasons, temperate
phages should not be used in phage treatment unless they are genetically engineered.

Phage treatment uses lytic phages to destroy the host through a lytic life
cycle [54,116-118].

Phages possess several benefits (Table 1) when compared to other post-harvest food
treatment techniques that justify their use, including the following: (i) high specificity
within a single genus or species or even within a subgroup of bacterial strains within a
species, as opposed to some decontamination methods that indiscriminately kill bacteria
that are naturally present and beneficial in food [119,120]; (ii) self-replication, which means
that low or unique doses are enough for phage treatment as long as there are enough
host cells to allow the phages to multiply [121]; (iii) no food safety issues related to the
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oral ingestion of phages in food, as phages are naturally present in high numbers in the
environment and exist naturally on many food products and are thus often unintentionally
ingested by humans [122]; (iv) phages do not affect the organoleptic properties, such as the
sensory and quality characteristics, of food, unlike other post-harvest techniques such as
thermal methods [12,122,123]; (v) self-limiting, since phages (in addition to being harmless)
cannot persist for a long time in the environment without a host [124], unlike chemical
compounds that have the capacity to leach into food produce and persist in their surround-
ings with a further risk of bacterial resistance; (vi) the purification, identification, and
propagation of phages is relatively fast, simple, and production costs are considerably less
expensive in comparison to other post-harvest decontamination methods [125-127]; and
(vii) phages also have the ability to penetrate bacterial biofilms and infect cells contained
within, which is unlike other decontamination methods that work effectively on planktonic
cells [11,53-55].

Beyond the advantages, and like any other decontamination methods, phages also
possess some disadvantages (Table 1): (i) phages may not completely kill or inhibit
the pathogen and bacteria can naturally develop resistance to phages [128]; (ii) phages,
mainly temperate phages, can transfer genetic material by horizontal gene transfer, which
may increase the virulence of the host bacteria [129] and their antibiotic resistance [130];
(iii) phages are often exposed to, and inactivated by, certain factors like UV, pH, temper-
ature, and osmotic pressure during different stages of food production, transportation,
and storage [119,131-135]; (iv) the food matrix and the composition of the food surface
(including food additives) can affect the efficacy of phages both by limiting phage diffusion
or by specifically interfering with phages, thus reducing their encounter with host bacte-
ria [123,136,137]; (v) release of pro-inflammatory compounds including endotoxins from
lysed bacterial pathogens [121]; (vi) it is necessary to know which pathogen(s) are present to
ensure that the correct phage or phage cocktail is applied [138]; (vii) the components of the
phage product must have a host range broad enough to kill all members within the target
pathogenic genus, species, or strains [9,11]; and (viii) in order to work, phages need to be
applied in high enough quantities that allow phage particles to physically encounter all or
most of the target bacterial cells, i.e., the initial phage titer applied to food samples needs to
be high enough, and this is a determinant variable for the success of phage treatment [9,11].

Regarding the problem of phage-resistant bacteria, the combination of multiple phages
(phage cocktails) [139,140] or the combination of phages with other antibacterial strategies
in a multi-hurdle approach [141-143] may help to deal with the development of phage
resistant-bacteria and thus inhibit pathogens, ensuring food safety. Komora and colleagues
reported the synergistic effect of a multi-hurdle approach, combining mild high-pressure
processing, phages, and bacteriocin against L. monocytogenes in milk [141] and in a fer-
mented meat sausage model [142]. These two types of food matrices seem to be protective
matrices that support phage application with mild high-pressure processing [143]. Promis-
ing results were also obtained with phages combined with essential oils and UV light
against L. monocytogenes in beef, resulting in higher bacterial inactivation relative to each
treatment individually [144].

Despite these strategies, bacterial resistance to phages is not as challenging as re-
sistance towards antibiotics, since bacteria and phages co-evolve in the natural world,
with phages evolving and adapting themselves to overcome bacterial resistance mech-
anisms [145]. Moreover, phage-resistant bacteria frequently exhibit a reduction in their
fitness. Phage resistance frequently triggers several trade-offs in pathogenic bacteria, in-
cluding a decrease in pathogenicity, a delay in bacterial growth, and even an increase in
antibiotic susceptibility [115]. Phage engineering to increase bacterial host range is another
strategy to deal with the emergence of phage-resistant bacteria [146].
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Due to horizontal gene transfer, temperate phages must be avoided, and lytic phages
must be characterized in terms of antimicrobial resistance, virulence, or integrase-coding
genes to ensure their safety [9]. Despite these challenges, phage biocontrol is increasingly
recognized as an attractive method to eliminate spoilage and pathogenic bacteria from
food [42,117,122].

3.1. Use of Phages in the Food Industry at the Post-Harvest Stage

Since the regulatory acceptance of ListShield™ in 2006, the first phage-based product
approved by the FDA for use in the control of Listeria in meat and poultry products, the
number of new available phage-based products for foodborne pathogen control at the post-
harvest stage has increased [147]. Phages can be used in the post-harvest stage directly into
food, food processing equipment surfaces and incorporated into food packaging systems
to control food contamination [9,147]; in this review, only the use of free phages directly in
food or incorporated into packaging systems will be addressed (Figure 2).

Directly

Into & T
Food ‘ﬁ’
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Applications
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{8,
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Preparation
Environment

Figure 2. Phage applications in the food sector, highlighting the applications addressed in this review:
direct phage application in food and their incorporation into food packaging systems.

3.1.1. Approved Phages for Direct Post-Harvest Applications in Food

Some private companies have demonstrated their intention to work on phage-based
solutions to control or prevent foodborne pathogens in the food industry, but only a few
products have been developed and are available in the market for direct post-harvest
applications in food. (i) Micreos Food Safety (Wageningen, The Netherlands) developed a
phage-based application to fight L. monocytogenes (PhageGuard Listex™) in RTE meat prod-
ucts; fish, fruits, vegetables, cheese, seafood, and pet food; Salmonella spp. (PhageGuard
S™,) in pork and poultry products, fruits, vegetables, and pet food; and E. coli 0157 (Phage-
Guard E™) in beef carcasses, subprimals, beef cuts, and trimmings intended for ground
beef, poultry, fruits, vegetables, and pet food. (ii) Intralytix Inc. (Baltimore, MD, USA) has
commercialize phage-based products for controlling L. monocytogenes (ListShield™) in RTE
meat, fish (also smoked fish), and fresh and processed fruits and vegetables; Salmonella
enterica (SalmoFresh™) in poultry, red meat, fish, shellfish, fresh and processed fruits,
and vegetables; Shigella spp. (ShigaShield™) in cooked beef and chicken, smoked salmon,
honeydew melon, lettuce, and yogurt; E. coli (EcoShield PX™) in meat, poultry, fruits,
vegetables, dairy products, fish, and other seafood; E. coli O157:H7 (EcoShield™) in red
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meat parts and trim intended to be ground; and Campylobacter spp. (CampyShield™) in
raw red meat (including whole carcasses, primals, subprimals, cuts, trimmings, and organs)
and raw poultry. (iii) Phagelux Inc. (Montréal, QC, Canada) supply a phage cocktail
called SalmoPro® for the biocontrol of Salmonella enterica on poultry, red meat, fresh and
processed fruits, fresh and processed vegetables, eggs, fish and shellfish. (iv) FINK TEC
GmbH (Hamm, Germany) developed a phage-based product called Secure Shield E1 for
control of E. coli in beef carcasses [8,9,147,148].

3.1.2. Recent Studies on Direct Post-Harvest Phage Treatment in Food

Recent years have witnessed successful phage-based biocontrol measures against
some of the most problematic foodborne bacteria. Some of the most recent studies on phage
application (mainly by immersion, pipetting, and spraying) against Salmonella spp., E. coli,
L. monocytogenes, and Campylobacter spp. using approved or new phages in different foods
are discussed in the following sections.

Phages for Biocontrol of Salmonella enterica

Salmonella spp. are a common cause of foodborne disease outbreaks and are recognized
as one of the top four global causes of diarrheal diseases [149]. Salmonellosis is the
second most common zoonotic disease after campylobacteriosis in the European Union [2].
Salmonella colonizes a broad range of animals and can then be transmitted to humans
through eating, in particular, through contaminated animal-based food. Salmonella species
are most frequently found in meat, dairy products, and eggs [150,151] but also can also be
detected in fruits, vegetables and cereals due to cross-contamination during harvest and
post-harvest periods [152].

Of the most recent studies on the post-harvest application of phages in food,
those concerning Salmonella spp., namely Salmonella enterica subsp. enterica serovar
Enteritidis [153-157] and S. Typhimurium [154,158-161], are the most common.

Meat [153,154,158,160,162], vegetables [159,163-165], dairy products [153,163,165,166],
and eggs [155,156,164,167] are the most discussed food products. Other food matri-
ces, such as fruit or vegetable juices [153,168-170], fish [171,172], seafood [172,173],
water [153,174], fruits [175,176], and beef broth [169] were also reported on, but in
smaller numbers. In these studies, new or previous isolated phages were mostly ap-
plied as single phage treatments [153,155,158,159,166,177]. A smaller but still signifi-
cant number of studies also examined the treatment of food products with phage cock-
tails [154,156,157,161,162,167]. A few studies also investigated commercially approved
phage cocktails, including SalmoFresh™ [178] and PhageGuard S™ [179-181].

Recent studies reported a significant Salmonella reduction in different food matrices
after phage application through pipetting [171], immersion [177], and spraying [154] with
bacterial reductions ranging from 1.7 to 4.5 log CFU, depending on the incubation tempera-
ture, MOI, and food matrix. Information regarding the detailed results of these studies can
be found in Supplementary Table S1.

Phages for the Biocontrol of Escherichia coli

E. coli is responsible for severe foodborne infectious diseases. In foodborne E. coli,
STEC strains are the most reported in outbreaks, accounting for 20% of global foodborne
illnesses [182]. Enterohemorrhagic E. coli (EHEC) strains, especially E. coli O157:H7 (a
STEC strain), are major pathogens associated with a higher risk of severe bloody diarrhea
and hemolytic uremic syndrome when compared with other pathotypes of E. coli [183].
Meat and dairy products are among the foods most frequently contaminated with this
pathogen [184,185]. Nevertheless, fruits and vegetables have also been implicated in E.
coli-related illness [5,186-188].
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Of the studies on recent phage treatments against E. coli directly in food, those concerned
with the E. coli O157:H7 strain were the most frequent [189-193]. Also, the majority of
these studies were performed on meat [189,191,194-196] and vegetables [189,192,194,197—
199], followed by dairy products [189,194,195,197,200]. The potential of phages against E. coli
on chicken skin [197,201], fish [109,202], eggs [201], fruits [109], seafood [173], and cooked
rice [194] was only addressed in a limited way. Most studies applied new or previously isolated
phages separately [189,192,194,197,198,200] or combined in phage cocktails [190,195,199,203],
with a reduced number of studies using approved phage products, namely PhageGuard
S™ [191], PhageGuard E™ [108,204], and EcoShield™ [109,205].

Promising results on E. coli reduction in different types of food were obtained in
recent studies after phage application by pipetting [189,206] and immersion [192]. In
general, higher bacterial reduction was observed in liquid compared to solid matrices with
reductions of 0.7 log CFU /piece in meat and 4.7 log CFU/mL in milk. For detailed results
please consult Supplementary Table S1.

Phages for the Biocontrol of Listeria monocytogenes

Listeria monocytogenes is a foodborne pathogen responsible for causing listeriosis. Lis-
teriosis is the third leading cause of death from foodborne illnesses, with about 1600 people
suffering from listeriosis each year and about 260 dying [207]. Seafood, soft (raw milk)
cheese, unpasteurized milk, and meat spreads are regarded as moderate- to high-risk foods
for L. monocytogenes contamination in retail. Also, fresh or minimally processed fruits, such
as apples and lemons, and vegetables are often associated with infection with this bac-
terium [208-210]. The ability of L. monocytogenes to replicate at refrigeration temperatures
makes it one of the most important pathogens in RTE food [211,212].

Despite the reduced number of post-harvest studies using phages against L. monocyto-
genes, compared to E. coli and Salmonella, phage potential against this bacterium has been
evaluated on different food matrices, including meat [142,213-218], vegetables [215,219-223],
fish [224-226], dairy products [141,216,222,227,228], and fruit juice [226]. The majority of
studies focus on the use of the approved phage product PhageGuard Listex™, containing
a single Listeria phage P100 [141,142,216,217,220,221,223-225]. The approved phage cocktail
ListShield™ was also applied in a few studies [218,227]. Other works report the use of new or
previously isolated single phages [222,226,228] or phage cocktail [214,215,219].

Recent studies reported a significant decrease in L. monocytogenes levels after phage
addition, by pipetting [227] and immersion [215,219], to different foods. Despite the
differences in the tested matrices, in general, a maximum reduction of around 2 log CFU/g
was obtained. The detailed results of these studies can be found in Supplementary Table S1.

Phages for Biocontrol of Campylobacter spp.

Campylobacter spp. infections are the most common bacterial cause of human gastroen-
teritis in the world [229]. Within the Campylobacter genus, the species Campylobacter jejuni
and Campylobacter coli are considered the most important human pathogens, involved in
most cases of campylobacteriosis. Campylobacteriosis was the most reported zoonosis in
the European Union in 2021 with poultry meat and milk as the main sources of Campy-
lobacter infection in humans [2]. Several control strategies for Campylobacter spp. have been
developed with most of them focused on the reduction in Campylobacter colonization at
the farm level. Strict biosecurity measures, good manufacturing practice, hazard analysis
and critical control points, vaccines, phages, bacteriocins, probiotics, and phytochemicals
are among these strategies [18,230-232].

From the beginning of 2018 until now, there have only been two available studies on
phage application in food which are concerned with the use of a new single phage against
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C. jejuni [233] and a previously isolated phage against C. coli [234], both at a post-harvest
level on meat. The reduced number of Campylobacter studies is probably a result of the
difficulty of working with Campylobacter phages [235].

Despite the reduced number of studies against Campylobacter, promising results
were reported after phage application by spraying [233] and pipetting [234] in meat,
with reductions between 1 and 2 log CFU/g. More detailed results can be found in
Supplementary Table S1.

3.1.3. Factors Affecting the Effectiveness of Phage Treatment Directly in Food

Despite the numerous studies and promising results, there are some challenges associ-
ated with phage application in food. One of the main limitations is phage vulnerability
towards various conditions [236,237], and it is difficult to maintain a constant phage titer
due to the complexity of some foods [236,237]. Whether applied as a prophylactic or as
a disinfectant, phage stability is very variable and depends on certain parameters, such
as phage type, food composition, temperature, pH, and the presence of antiphage com-
pounds [238]. Phages are often exposed to, and inactivated by, extreme environmental
factors and physicochemical conditions in the food matrices. Extreme pH (common in
fruits and fruit juice) [133], high temperature [133,239,240], salinity [133,240], UV irradia-
tion [132,240], desiccation [132], and antiphage food compounds, such as milk caseins and
organic acids and tannins from fruits and vegetables [236,237], have all been demonstrated
to significantly reduce the concentration of viable phages and their activity. These factors
can lead to damage in structural protein elements of a phage (capsid, sheath, tail) as well as
lipid loss and/or can promote DNA or RNA structural changes [241]; therefore, these must
be considered during food processing, transportation, and storage in order to maintain
phage viability and ensure the effectiveness of the treatment [9].

The protein structure of phage particles determines its stability [242]. Tailed phages
are known as the most stable in adverse conditions, and phages with larger capsids
have higher survivability [133,241]. Temperature and pH are the main factors limiting
phage activity [238]. Low and high pH values and high temperatures tend to inactivate
phages [133].

Temperature is a fundamental factor for phage stability and activity [240,243-245],
playing an important role in the attachment, invasion, and replication of phages [133]. At
low temperatures, only a small number of phage particles inject their genetic material
into the host cell and, thus, only a few are involved in the phage amplification stage [246].
On the other hand, higher temperatures can lead to the denaturation of proteins from
the phage capsid [238,247]. Phages exhibit optimum propagation at temperatures of
3740 °C [248]. However, several studies confirm that thermal stability is specific to each
phage, and it is different depending on the phage isolate. Voros et al. (2018) showed that
high temperatures reduced the infection of the host by phage T7 since the high temperature
caused the tail of the phage capsid to break [249]. Other studies suggested that high
temperatures enhanced infection since they provided more energy to drive the genome
into the host cells [250-252]. Ahmadi et al. (2017) reported that phage A511 was more
stable when infecting L. monocytogenes at high temperatures (60-80 °C) than the phage
P100 due to the slightly higher protein melting point of the tail capsid connector protein of
phage A511 [239]. Additionally, some phages are insensitive to temperature. For example,
in a study from Taj et al. (2014), the myovirus phage T4 effectively lysed E. coli BL21
at temperatures between 15 and 41 °C [253]. Also, the phage P100 in L. monocytogenes
remained infectious throughout a range of 4-60 °C [131,239].

Regarding pH, in general, most phages are stable within a pH range of 4-11 [254] and
their optimum pH conditions are around a neutral pH of 6-8 [133]. Several studies have
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suggested that the major limitation for the use of phages as natural preservative in fruits is
the acidity of the environment (pH < 4) [143,255-257]. Oliveira et al. (2014) tested phage
P100 stability on melon, pear, and apple products (juices and slices). Phage P100 was stable
at 10 °C for 8 days in melons and pears (pH 4.61 to 5.92), but 2 and 7 log PFU reductions
were observed in apple juice and apple slices (pH 3.70 to 3.76), respectively [257]. Also,
Komora et al. (2018) showed a lower resistance to the pressure of phage P100 for lowest pH
values. An accentuated phage titer reduction in phage P100 was observed in apple juice
(pH 3.41) and orange/carrot nectar (pH 3.54) treated with high pressure, which may be
related to the acidic pH values of these matrices compared to the other tested matrices,
namely UHT whole milk (pH 6.73), “Serra da Estrela” cheese (pH 5.66), and “Alheira”,
a meat sausage (pH 6.07), which supported phage P100 application in high-pressure
processing up to 300 Mpa [143].

Like any other viruses, most phages are also susceptible to UV radiation, which is
responsible for intriguing adsorption flaws [258]. Since lethal UV radiation photoproducts
are normally thymine dimers, DNA phages are usually more sensitive to UV damage than
RNA phages [243] and, generally, phages with double-stranded genomes are more resistant
to UV radiation than single-stranded ones [259-261]. UV radiation is more problematic in
certain applications, such as crop treatment or aquaculture infection control, where phage
inactivation by UV light significantly limits phage efficacy [124,240,262]. However, when
directly treating foods at the post-harvest stage, food must also be protected from UV
radiation to ensure the effectiveness of the treatment. In a study by J. Zhang et al. (2015),
the direct exposure to UV light (302 and 365 nm) significantly reduced the concentration of
ten Salmonella phages after 30 s, with no detectable viable phages after 900 s of UV light
exposure (302 or 365 nm) [263]. In another study, Hudson et al. (2016) [264] reported the
inactivation of E. coli O157:H7 NZRM 3614 by untreated and UV-treated phage FAHEc1 in
milk and RTE meat. In milk, at 5 °C, a bacterial reduction of about 4.5 log by viable phages
was observed after 35 days, whereas UV-treated phages led to a bacterial reduction of only
about 1 log. In RTE meat, at 5 °C, higher bacterial reduction was obtained with viable
phages (1.5 log) compared with the obtained reduction with UV-treated phages (0.5-1 log),
after 24 h. At 24 °C, the reduction produced by the viable phages was once again higher
(around 4.5 log) than that produced by UV-treated ones (3.5 log) after 24 h. The results
confirmed the impact of UV on phage viability and, consequently, on bacterial reduction
levels [264].

Some studies also reported the effect of desiccation on phage survival [132,265-267].
Iriarte et al. (2007) showed the in vitro effect of desiccation (at constant darkness, room
temperature, and 0% relative humidity) on the survival of phage ®Xacm 2004-16 with
reductions of 2.06 log PFU/mL after 60 days [132]. In another study, Rode et al. (2011)
reported a 7 log reduction in phage Stx2 titer under desiccation on coupons of stainless steel
at 20 °C [266]. More recently, Carrigy et al. (2019) observed phage CP30A titer reductions
of 2.0 £ 0.1 log PFU/mL after air drying at room temperature for 48 h in a Petri dish [267].

In addition to environmental factors, other variables in particular the food matrix and
the composition of the food surface can also affect the efficacy of phages [137]. The complex
microstructures and matrices of food strongly affect the success of phage intervention,
both by limiting their diffusion or by specifically interfering with phages, thus reducing
their encounter with host bacteria [268]. In a study by Zinno et al. (2014), phage titers
increased in all tested foods (whole milk, skimmed milk, energy drink, apple juice) except
in liquid egg, in which a decrease probably occurred due to the highly viscous nature of
the egg matrix, thus limiting diffusion and homogeneous phage distribution and leading
to a decrease in phage numbers [269]. Similarly, in another study, Bao et al. (2015) tested a
phage cocktail to reduce S. Enteritidis in milk, cabbage, and chicken breast and the highest
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effect was observed in milk, suggesting that the liquid allowed a greater diffusion of the
phages [270]. This is reinforced by the lower phage titer and consequently lower MOI
required for inactivation in liquids compared to solids, as observed by Thung et al. (2017),
who used an MOI of 10° to reduce S. Typhimurium load in liquid egg and fruit juice,
while a higher MOI of 107 was required to achieve a similar reduction in cooked beef and
chicken [271].

Many food additives can also impair phage activity [143] with a consequent decrease
in treatment effectiveness, namely dairy proteins, organic acids, fatty acids, tea infusions,
phenolic compounds, retinoids, high ionic (NaCl), and sucrose concentrations [236,237,272-274].
Guenther et al. (2009) showed that lettuce and cabbage affected the stability of phage A511
by reducing the phage titer from 8 to 7 log PFU/g after 6 d at 6 °C, probably due to the
presence of organic acids and tannins [268]. In another study, De Siqueira et al. (2006) found
that tea infusions are also capable of reducing the viability of S. Typhimurium phages,
Felix 01 and P22. Of the nine tea infusions tested, gold leaf tea had the highest antiphage
activity with 7 to 8 log PFU/mL titer reductions for both phages [272]. Garcia et al. (2009)
also observed a phage titer decrease (about 1 log) throughout the incubation period in
semi-skimmed and whole-fat raw milk assays. The authors suggested that fat globules and
milk protein might promote phage particle aggregation and render them unable to infect
the host under the assay conditions [273]. Garcia-Anaya and colleagues (2019) described
the interaction between phage A511 and the protein phases (whey and casein) in both
unhomogenized and homogenized milk. The lowest phage affinity (0.06 to 0.48%) occurred
in whey from both milk types. Nevertheless, in the casein phase, the affinity increased
gradually with the degree of homogenization (from 8 to 20%). The authors proposed that
this effect was associated with the exposure of both hydrophobic and hydrophilic sites in
casein micelles during the homogenization, suggesting that phage—protein interactions
and, consequently, phage inhibition can be modulated by alterations in milk proteins [275].

Different encapsulation strategies, such as extrusion, emulsification, and formation of
liposomes, can help protect phages and maintain their viability in adverse environmental
conditions, namely acidic environments and high temperatures, by the creation of phage
microcapsules. Different polymers have been applied for phage encapsulation, with
alginate as one of the most studied polymer materials in this context [276]. Several studies
demonstrated the improvement in phage stability after encapsulation. The encapsulation
of an E. coli phage (UFV-AREG]) in alginate, alginate—carrageenan, and alginate—-whey
protein spheres by extrusion was shown to increase its survival in simulated gastric fluid,
especially in the alginate—-whey—protein spheres [277]. Core-shell capsules encapsulating
E. coli phage T3 by emulsification in a water-in-oil emulsion in the core with either alginate
only or Eudragit S100 + alginate shell provided phage protection at pH 1 for 2 h. Also,
encapsulated phages were significantly more stable than free phages upon exposure to
temperatures up to 95 °C for 120 s [278]. Salmonella phages (UAB_Phi20, UAB_Phi78, and
UAB_Phi87) encapsulated in liposomes were significantly more stable in simulated gastric
fluid (pH 2.8), with losses of 3.7 to 5.4 log, compared to non-encapsulated phages that
decreased by 5.7 to 7.8 log [279].

Another strategy of phage protection is its incorporation into active food packaging
systems [8].

3.1.4. Phages in Active Food Packaging Systems

The application of phages in their free form directly into food sometimes requires
their preservation for longer periods of time in extreme conditions [280], such as those
highlighted in the previous section. In most cases, uncontrolled release and fast activity
and stability loss during storage may impact the effectiveness of phage treatment in food.
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Furthermore, the traditional methods of the application of free phages into food products
(usually by immersion, pipetting, or spraying) [281] are often associated with dilution,
requiring a high number/quantity of phages to be effective in order to suppress the bacterial
growth [281,282].

In recent years, packaging, in addition to its main function of protecting food against
external foreign environments and to increase ease of handling, has also started to play
an active role in preventing food waste by actively extending its shelf life, thus ensuring
quality and security [283]. Packaging systems can be classified into traditional or passive,
active, intelligent, and smart [284]. The term “active packaging” is receiving significant
attention, and it refers to packaging in which additional functions/ingredients have been
purposely added to produce a more efficient packaging system, caring for the quality and
safety of food and extending its shelf life, mainly by providing additional protection against
the growth of microorganisms or the oxidation of a product [285].

The incorporation of phages as antimicrobial agents in active packaging systems
could be explored in order to reduce the effects of external factors and food properties
on phage stability and to promote the slower and continuous release of the phages into
the food, enhancing food safety, extending food shelf life, and reducing phage waste that
occurs with the traditional methods of phage application [8,281]. Moreover, it is expected
that this approach will result in targeted and effective antibacterial actions due to phage
specificity [11].

In addition, in order to minimize the environmental impact caused by traditional
plastic packaging, fully biodegradable biopolymeric-based materials are gaining consid-
erable relevance [286]. Polysaccharides and proteins are the most used biopolymers for
food packaging development and production [287]. Water-soluble materials, such as some
polysaccharides and proteins, are promising for phage incorporation, since, in general, the
stability and viability of phages can be better maintained when they are stored in water-
based solutions [288-290]. Plasticizers are commonly added to biopolymers in film-forming
solutions in order to increase flexibility and improve the mechanical properties of films
and coatings. Glycerol, polyethylene glycol, and sorbitol are among the most widely used
plasticizers [291-293]. Glycerol can also act as a phage protectant [294].

Although both active coatings and films can control and prevent foodborne pathogens,
these two terms have distinct meanings, as pointed out by Garcia-Anaya et al. (2023a) [22].
Coating formulations are typically film-forming solutions that are applied directly to the
food surface, usually by spraying, brushing, or dipping. After drying, they act as barriers
that may be removed or consumed as a part of the food to provide protection, enhance the
food’s appearance, or provide specific properties, such as antibacterial properties when
containing phages or other active compounds. Films are thin materials obtained also from
a film-forming solution after drying. These pre-formed films are often used as packaging
materials to wrap the food or as coatings for other materials [22,295]. Several systems for
phage incorporation and delivery, namely biopolymeric edible films and coatings, have
been reported [22,295]; these aim to deliver phages to a specific site and allow them to
remain intact and viable with prolonged activity and controlled release into food.

Phages can be incorporated into packaging films or coatings through different meth-
ods, with each possessing associated advantages and disadvantages [22,295]. The most
common methods used to protect phages against adverse environmental and food pro-
cessing conditions and to ensure their stability when incorporated into different materials
rely on some form of encapsulation or simple immobilization into the packaging material.
In the encapsulation approach, phages are encapsulated by certain stabilizing agents that
confer protection against the external environment and added to a specific packaging
material, requiring their release from the capsules in order to contact the target bacterial
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cells [280,290,296]. Immobilization is based on trapping phages within a matrix. Due to
these differences, a small fraction of immobilized phages can be exposed to the external en-
vironment, which does not happen with encapsulation [280,297]. Despite the implications
of the stability of immobilized phages, immobilization also allows for more direct contact
between the phage and the target bacteria [280].

To the best of our knowledge, Table 2 outlines all available studies on phage incorpo-
ration into packaging materials, edible coatings, and coated packaging materials against
different foodborne bacteria. Table 2 summarizes information regarding the target bacteria,
the applied phage(s), the material(s) used for phage incorporation, the tested food products,
and the major findings, namely the bacterial reduction, phage behavior, and the effect of
phage addition on the properties of the films/coatings. In these studies, the most frequently
investigated bacterium is E. coli [265,289,294,298-309]. Meat was the most tested type of
food [265,289,300-302,307,310-313]. Among all the materials used for phage incorporation,
cellulose derivatives [265,289,304,306,314,315], alginate [288,298,302,303,313,315,316] and
whey protein [307,308,310,315,317,318] were the most frequently reported.

Although this review considers several studies targeting different bacteria, the focus
of this review is on the most important foodborne pathogens, namely E. coli, Salmonella
spp., L. monocytogenes, and Campylobacter spp., and the following subsections emphasize on
the main findings on these specific bacteria. To date, there are no studies available in the
literature regarding the incorporation of Campylobacter phages into food packaging systems.

Incorporated Phages Targeting Escherichia coli

Several in vitro [294,298,303,304] and food studies [265,299-302,305-307,309] with in-
corporated phages targeting E. coli have been reported (Table 2).

The majority of studies aimed to combat the serotype E. coli 0157 [265,294,299-302,307]
and most experiments were performed on meat [265,300-302,307], followed by fruits
and vegetables [289,299,302,308,309]. Some studies were performed in milk [306] and in
medium containing food components [305].

In most studies, a single phage, namely a T-even type phage, was used [300,303-306,308,309],
and only a few studies reported the use of phage cocktails [265,289,307].

Cellulose and cellulose derivatives, including modified cellulose membranes, cel-
lulose diacetate, and filter paper functionalized with carboxyl methyl cellulose or chi-
tosan [265,289,294,304,306] were the most explored materials for the incorporation of the
phages. Other studies included phage combination with whey protein [307-309], polyethy-
lene oxide [302-304], chitosan [299,301], indium tin oxide [305], polycaprolactone [300],
and sodium alginate [298]. Some of these studies reported improved phage stability with
the addition of maltose and starch [265] and trehalose [294]. Improved antibacterial ac-
tivity was also observed in the presence of D-phenylalanine [302]. Higher phage stability
and, consequently, higher bacterial reduction were also observed when phages were first
encapsulated before their incorporation into different materials [301-303]. The infectivity
of the incorporated phages was maintained for 1 week [299,306], 4 weeks [294,308], and
5 weeks [307] with higher stabilities at refrigerated temperatures compared to room and
higher temperatures.
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Although refrigerated temperatures were better for maintaining phage stability, higher
and/or faster bacterial reductions were observed at room and higher temperatures of
37 °C [300,307]. In the majority of the studies, higher bacterial reductions were obtained
with free phages; however, in some cases, similar results between free and incorporated
phages were observed [289]. In general, higher and faster bacterial reductions were ob-
tained in vitro compared to in food assays.

Incorporated Phages Targeting Salmonella spp.

Regarding the incorporation of Salmonella phages into different systems (Table 2),
both in vitro [294,298,314,319] and food studies [311-313,315,316,320] are also reported in
the literature.

Studies targeting S. Enteritidis are the most frequent [298,311,313,319,320], but some
examine other individual Salmonella strains [294,314,316] or mixtures of different Salmonella
strains in bacterial cocktails [312,315].

Similarly to those on E. coli, most studies used a single phage [294,298,311,313,320],
namely the commercially available phage Felix O1 [312,319], but also phage cocktails are
investigated [314-316].

Food studies were performed on meat [311-313], fruit [315], cheese [316], and
eggshells [320].

Salmonella phages were incorporated into coatings/films of chitosan [315], algi-
nate [298,315,316], chitosan—alginate [313], cellulose derivatives [314,315], whey pro-
tein [315], polyvinyl alcohol [319,320], pullulan—trehalose [294], and poly(lactic acid) films
coated with xanthan [312]. Also, phage incorporation into a hydrogel film was stud-
ied [311].

In a study with different polymers (whey protein concentrate, carboxymethyl cellulose,
chitosan, and sodium alginate), films of whey protein concentrate showed the greatest
results in terms of phage stability and antibacterial effects [315]. The addition of cin-
namaldehyde to sodium alginate films also resulted in higher bacterial reduction; however,
alterations in film properties were reported after the addition of this compound [298].

In some cases, phage addition did not result in changes to film properties [298].
However, in others [314], phage addition led to modifications in the film surface, reducing
the transparency, tensile resistance, and modulus of elasticity of the film and increasing
the porosity.

The stability of Salmonella phages in the different produced films/coatings varied from
14 days in cellulose acetate at room temperature [314] to 30 days in polyvinyl alcohol at
5°C [320] and 60 days in pullulan—trehalose-coated paper at room temperature [294]. Simi-
lar antibacterial effects were observed with the layer-by-layer assembly of chitosan/alginate
thin films that incorporated phages and free phages [313].

Incorporated Phages Targeting Listeria monocytogenes

Table 2 also includes several in vitro and food studies with incorporated phages target-
ing a specific L. monocytogenes bacterial strain [265,288,294,310,317,318,321] or a mixture of
strains in a bacterial cocktail [289,312].

A majority of studies utilized phage A511 [310,312,317,318] and the commercially
available phage LISTEX™ P100 [288,289,294,321]. Other studies also used phage cock-
tails [265,289].

From the available studies that utilized foods, meat was the most tested
type [265,289,310,312]. However, there are also studies on fruit [289] and cheese [317].

Listerin phages were incorporated into whey protein [317] or into films composed of
whey protein and pullulan [310,318], in positively charged cellulose membranes [265,289],
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xanthan coatings on poly(lactic acid) films [312], a pullulan—trehalose mixture [294,321],
a pullulan—trehalose mixture coated onto packaging paper [294], sodium caseinate, and
sodium alginate mixed with gelatine and polyvinyl alcohol [288].

Despite free phages in some cases showing a higher antibacterial effect than im-
mobilized phages [288,289], in others, no significant differences in antibacterial effect
between free and immobilized phages were observed [289]. Also, although some studies
reported better results at refrigerated temperatures [288], in general, bacterial reduction
was temperature-dependent with higher bacterial reductions obtained at room tempera-
ture [289] and at temperatures higher than 37 °C [312].

The stability of the incorporated Listeria phages varied from 16 days at 4 °C [317], to
20 days [310] and 60 days [294,318] at 25 °C.

Regarding film properties, some studies reported that phage addition altered film
properties, such as opacity [318], while in others, the addition of phages did not cause
changes in their properties [288].

In general, better results in terms of bacterial inactivation were obtained in vitro
compared to the results obtained in food. Also, in food, the bacterial reductions were
matrix-dependent. The lowest L. monocytogenes reduction was obtained in cheese with a
long incubation period of 16 days at 4 °C [317].

Regarding phage stability, Leung et al. (2018) reported that drying method and
humidity significantly affected the long-term viability of LISTEX P100 phages in pullu-
lan/trehalose films, with trehalose also playing an important role in the enhancement of
phage stability [321]. Also, other authors reported better results in terms of phage stability,
bacterial reduction, and film properties in whey protein concentrate and pullulan blends
instead of the corresponding pure films [310,318].

4. Summary and Future Perspectives

Phages in their free form or incorporated in active food packaging systems have
proven to be an eco-friendly strategy to effectively decontaminate food and improve food
safety. With several commercial phage products already approved and numerous studies
demonstrating their antibacterial efficacy against problematic foodborne pathogens, phages
hold great promise for future use in common food safety practices. However, there are
significant regulatory, industrial, and implementation challenges that must be addressed to
scale them up effectively.

Regulatory frameworks remain one of the key obstacles of phage use in the food
industry. The approval process for phages as food additives, biocontrol agents, or com-
ponents of packaging materials requires clear guidelines on their safety, efficacy, impact
on food quality and environmental impact. There is a need for continued collaboration
between scientists, food producers, and regulatory bodies to create a consistent regulatory
framework that addresses specific concerns such as dosage, phage stability, and potential
resistance development.

Industrial scalability also presents challenges, whether for direct phage application or
incorporation into packaging. In both cases, ensuring the sustainable production of phages
at a large scale is critical. Phage production for large-scale use in food safety applications
needs to be both economically viable and able to meet the high-volume demands of the
food industry. For active food packaging, phage incorporation must not only be cost-
effective but also retain phage viability and efficacy under real-world conditions. For
direct application to food, additional complexities include maintaining phage stability
during transportation, storage, and application, especially when dealing with perishable
items. Researchers are exploring methods such as encapsulation or the use of stabilizing
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agents (e.g., trehalose) to improve phage retention and activity, whether in packaging or in
food applications.

Barriers to implementation are equally significant. Consumer acceptance remains
a critical issue, especially given concerns about the safety of consuming phages, despite
their natural occurrence in food. It is essential to educate both consumers and food
producers about the safety, natural ubiquity, and efficacy of phages to overcome these
barriers. This requires careful coordination between food producers, packaging companies,
and regulators to create solutions that are both effective and practical at an industrial scale.

Further research to refine application techniques, ensure consistent performance across
different food matrices, and evaluate the long-term impact of phage use is needed. For
instance, understanding how phages interact with non-targeted commensal bacteria and
ensuring that they do not disrupt either food microbiota or consumer microbiota or cause
unwanted resistance in other microbial populations are important areas for future investi-
gation. Phage combination with other decontamination methods, including application
timings, also needs more research in order to maximize their effect and reproducibility.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/microorganisms13030515/s1. Table S1: Results of recent studies
on the application of free phages directly to food.
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