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Survival and Adaptation of Listeria monocytogenes in the Food
Industry: Insights into Persistence Mechanisms

Pedro Sousa(®, Rui Magalhdes(, and Paula Teixeira

Universidade Catélica Portuguesa, CBQF - Centro de Biotecnologia e Quimica Fina —Laboratério Associado, Escola
Superior de Biotecnologia, Porto, Portugal

ABSTRACT KEYWORDS
Listeria monocytogenes is a well-known foodborne pathogen responsible for Food processing
severe cases of listeriosis, an infection that primarily affects individuals with environment contamination;

a compromised immune system or other underlying conditions, such as the ~ Stress tolerance; persistent
elderly or pregnant women. This microorganism can persist in food processing Stra'nS;.fOOdblom‘? ’.)akth(’gen;
environments due to its resistance to a wide variety of adverse conditions, gmei,zor;'ig:na ySIs; s
posing a significant food safety concern. Hence, it is essential to further g

understand which factors contribute to this persistence, including the path-

ways by which this microorganism can endure such harsh environments

within food processing facilities. This review explores the survival mechanisms

of L. monocytogenes strains and the current methodologies applied to analyse

their distinctive persistent behaviour. Recent advances in genomic and com-

putational approaches are reviewed, highlighting their potential to improve

the identification, characterisation, and prediction of L. monocytogenes persis-

tence in food processing environments. Understanding these aspects may be

crucial for developing an effective control strategy that can be successfully

implemented in the food industry.

Introduction

Listeria monocytogenes is a well-documented facultative anaerobic, gram-positive bacillus, commonly
found in a wide variety of environments, such as soil and water, and is responsible for listeriosis, an
uncommon but severe disease with high mortality rates, particularly among vulnerable populations,
directly caused by the ingestion of contaminated food products."~* Able to grow in a temperature
range of 0°C to 45°C, pH between 4.1 and 9.6 and water activity (a,,) as low as 0.90, this foodborne
pathogen can survive in food products for extended periods of time.**!

L. monocytogenes is an intracellular pathogen capable of invading different cell types, such as
epithelial cells, and targeting various organs, such as the liver.!’ In immunocompromised individuals,
this pathogen can induce fatal conditions, such as meningitis and sepsis, and in pregnant women it
may lead to premature birth or abortion."”*! According to the European Food Safety Authority (EFSA)
Zoonoses report,”! 3041 confirmed cases of human listeriosis were observed in 2024, the disease with
the highest proportion of hospitalisation and mortality, with a significant rising trend observed since
2020. Based on the same report, at distribution level, fermented meat products (fermented sausage)
were identified as the main sources of positive L. monocytogenes samples. The ability of
L. monocytogenes to persist in food and feed processing environments (FFPE) through physiological
attributes such as cross-protection, stress-tolerance, and biofilm formation is a significant challenge
for food safety and a contributing factor to listeriosis outbreaks.!""!
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Currently, microbial tolerance to common sanitizers used in the FFPE, such as quaternary
ammonium compounds (QACs), mediated by the presence of certain tolerance genes or by
L. monocytogenes biofilm formation capacity, is an increasing concern worldwide.!"*?!

Within FFPE, L. monocytogenes is frequently detected on floors, drains, conveyor belts, and utensils
such as knives, grinding machines, or slicers."*** The presence of L. monocytogenes on these surfaces
represents a major pathway for its dissemination within FFPE, contributing to cross-contamination,
through the transference of L. monocytogenes from niche sites into food contact surfaces or directly to
products, causing not only a considerable health hazard for consumers but also significant economic
losses for producers.!"®'”! Even though different strategies are used to control or prevent contamina-
tion, such as the use of lactic acid bacteria, UV radiation, or surfactant agents,!'®! the continued
presence of L. monocytogenes in industrial environments, particularly in areas with difficult access, is
an increasing public health concern.

Due to its virulence and threat to high-risk groups, surveillance of L. monocytogenes, covering
prevalence, contamination sources, and transmission routes, is essential.

Understanding the mechanisms that confer resilience is also critical. Therefore, this review article
integrates physiological, genomic, and ecological perspectives to better understand persistence as
a multifactorial phenomenon, organized into several sections to provide a structured overview of
L. monocytogenes persistence. It outlines key points associated with the definition of L. monocytogenes
persistence, the adaptive mechanisms that may contribute to modulation and adaptation of this
microorganism to food industry environments, as well as the genomic methodologies and bioinfor-
matic tools currently being used to support the analysis of L. monocytogenes persistent strains.
Ultimately, this review work converges on highlighting critical points and current challenges to be
considered in future research directions, emphasizing the need for integrated, ecology-driven
approaches to better understand and control L. monocytogenes persistence in industrial settings.

Listeria monocytogenes persistence

L. monocytogenes has a remarkable capacity to sustain harsh environmental conditions, such as high
salt concentrations, low temperatures, low pH, and the presence of biocides or heavy metals, along
with the potential induction of persister cells formation under these stresses.!"*2!! These mechanisms
may be linked to the extraordinary capacity of some L. monocytogenes strains to survive for extended
periods in FFPE, a pattern usually recognised as persistence (Fig. 1). It is important to note that, even
though “persister” and “persistent” (or “persistence”) are often used interchangeably, they refer to
distinct concepts and are frequently, but incorrectly, merged.

?; & k}/}? b %
3, Lo,
v _leallealc a7

Listeria . . . Listeria
Persistence on food and feed processing environment
MONOCYLOZENES o o o o o e e e e e & monocytogenes
Population Persistent strain

Various Inadequate Genetic drift

L. monocytogenes || cleaning practices

strains presentin Persister cells
the food and feed Adaptive formation
industry mechanisms

VBNC induction

Figure 1. Occurrence of a persistent Listeria monocytogenes strain from an initial heterogeneous population through adaptive
mechanisms, such as persister cells formation, within FFPE.
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Persister cell formation

As recently revised by Serrano et al.??! “persister cells” are defined as a subpopulation of bacteria capable

of surviving exposure to bactericidal concentrations of a given antimicrobial agent. Importantly, these
cells remain in a non-replicative state under such conditions, enabling their persistence regardless of
exposure to lethal treatments. This is unlike “resistant” bacteria, whose populations can both survive and
replicate in the presence of the drug, up to concentrations determined by its minimum inhibitory
concentration (MIC).**! Contrary to resistance, which can be inherited or acquired by various genetic
mechanisms from the parent population, persister cells remain as susceptible as the parent population
when re-grown in the absence of the antimicrobial agent.*"! Also, upon exposure to increasing antibiotic
concentrations or a prolonged exposure to a specific concentration, persister cell formation can be
identified by biphasic killing curves, in which sensitive cells die rapidly while persister cells establish as
the dominant population, and the overall killing rate reaches a plateau.****! Persister cells formation can
be mainly initiated through two separate mechanisms, referred to as type I and type II sub-populations.
Type I persisters are described as non-growing and metabolic dormant cells generated in stationary phase
in response to environment factors (e.g., antibiotic presence) while Type II persisters are slowly growing
cells continuously generated within the total population without the influence of external factors.??%%"]

The formation of L. monocytogenes persister cells has been observed following exposure to high
levels of certain antimicrobial agents, including gentamicin, norfloxacin, and nisin.'*"**?*! Other
food-related pathogens have also been reported to form persister cells upon exposure to an inducing
stimulus, including Bacillus cereus, Staphylococcus aureus, or Escherichia coli.!**!

Hence, Listeria persister cells may be triggered as an adaptation mechanism that potentially
contributes to the persistence of this food pathogen in FFPE, although persister formation alone
does not constitute persistence.

Persistent and pervasive Listeria monocytogenes

Three bacterial food-related pathogens are considered the most relevant in terms of persistence in the
FFPE by EFSA,""® namely L. monocytogenes, Salmonella enterica, and Cronobacter sakazakii. Persistent
L. monocytogenes strains are defined in the literature as those repeatedly isolated from the same source or
environment at different times, exhibiting identical subtypes as determined by phenotypic or genotypic
tools.”***") In contrast, “non-persistent” or sporadic strains are occasionally isolated from the same source
and display distinctive subtypes.*? Finn et al. **! proposed a shortened and standardised definition of
persistence, describing it as strains of the same subtype isolated on two or more occasions over 6 months.
Based on their conclusions, a well-standardised definition of persistence is vital for reliably comparing
studies, requiring both high-discriminatory subtyping methods and accurate isolation methodologies.
Similar concerns regarding the definition of persistent L. monocytogenes had already been raised earlier."*"”
The expression “pervasive L. monocytogenes” was introduced to define persistence, referring to genetically
similar strains, but isolated from different food processing facilities and environments.**! The differences
between the three types of strains, namely sporadic, persistent, and pervasive, are illustrated in Fig. 2.

Considering this, we believe both terminologies, “persistent” and “pervasive” strains, should be
progressively taken into consideration in future research on L. monocytogenes persistence, to differ-
entiate between strains confined to a single facility and strains with genetic similarity detected across
different locations. Since L. monocytogenes is known to be widely present in the environment and can
also be asymptomatically carried by both humans and animals,** pervasive strains may be more
common and widespread in the food chain than is currently recognized.

Listeria monocytogenes adaptive mechanisms

L. monocytogenes exhibits a remarkable ability to resist and induce cellular alterations, allowing it to
persist under stressful conditions. Several mechanisms are directly linked to the adaptive capacity of
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Figure 2. Representation of the occurrence of L. monocytogenes in three different food and feed processing factories (A, B and C).
Factory a represents a sporadic strain, characterized by infrequent isolation of a specific strain. Factory B represents a persistent
strain, corresponding to a repeated isolation of a specific strain over a continuous period of time. Factory C represents a pervasive
strain, defined by widespread and recurrent detection of genetically similar strains (strain B and C) but isolated from multiple
factories.
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this microorganism. For example, upregulation of sigma factor B (c"), the presence of specific
plasmids (e.g., pLM58) and stress associated proteins (e.g., ClpL), thiol-disulfide oxidoreductases,
and efflux pumps contribute to its tolerance to low pH, high temperature, oxidative stress, and
antimicrobial agents.****) Additionally, certain proteins involved in gene regulation, such as cold
shock proteins (CSPs), play a crucial role in L. monocytogenes survival by modulating molecular and
biological response mechanisms.**~**!

Cellular rearrangements in response to environmental conditions also occur, promoting
oxidative-stress defences, fatty acid biosynthesis, and other adaptations in the Listeria cell
wall. 494344 Other cellular components, such as surface-associated internalins (Inls), which are
not directly linked to persistence,*>*®) may possibly provide certain resilience advantages,
including enhanced adhesion during biofilm formation.'*”*¥! Alongside these functions,
L. monocytogenes can develop biofilms protecting cells within clusters from environmental
stresses. Treatments targeting biofilms can also induce a viable but non culturable (VBNC)
state, further contributing to persistence in food processing environments.'*’ Recent studies
have shown that L. monocytogenes resistance to disinfectants such as benzalkonium chloride
(BAC) can be enhanced by the presence of other microorganisms, such as Pseudomonas spp.,
within their biofilms,'*°~** reinforcing the importance of controlling biofilm formation in
FFPE.

Considering these factors, five main mechanisms contributing to L. monocytogenes persistence
were selected for further assessment on this review (Fig. 3).

Cross-protection (CP)

Repeated exposure of L. monocytogenes to antimicrobial agents (e.g. peroxyacetic acid) is known to
increase its tolerance, requiring higher concentrations to achieve the same antimicrobial effect.”
Such exposure promotes adaptive responses that enhance survival under stress and may also confer
cross-protection against other adverse conditions. These stress tolerance and cross-protection
mechanisms contribute to the resilience of L. monocytogenes under continuous or repeated stress.”>*
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Figure 3. Network of adaptive mechanisms, namely cross-protection (CP), sigma factor B (6®), efflux pumps (Ep), cold shock proteins
(Csp) and biofilm formation (Bf), contributing for the development of L. monocytogenes persistent strains in FFPE.

Lundén et al.®® reported that when two persistent and two non-persistent

L. monocytogenes strains were exposed to sublethal levels of different disinfectants, they
developed cross-adaptive responses among themselves. The authors observed that one of the
persistent strains showed higher MIC values than non-persistent strains. Interestingly, potas-
sium persulphate was the only compound that did not induce cross-adaptation, even though
exposure to it triggered cross-resistance against other disinfectants assessed. A similar pattern
was reported by Yu et al.®®’ who found that exposure of L. monocytogenes strains to
increasing doses of BAC, a common disinfectant, not only increased resistance to BAC but
also to other antibacterial agents such as cefotaxime and cephalothin. Likewise, Bland et al.l”]
observed cross-protection ability, with reduced sensitivity to seven different antibiotics, after
exposing this foodborne pathogen to sublethal concentrations of a commercial disinfectant
derived from QAC:s.

Subinhibitory concentrations of biocides, such as peracetic acid or polyvinyl pyrrolidone iodine,
also seem to affect the susceptibility of sessile (i.e. multicellular-life phase) L. monocytogenes cells to
chloramphenicol and tetracycline, respectively.”®>*! Nonetheless, some of these adaptive responses
and their cross-effects may be directly impacted by other factors, such as temperature. For example,
Shen et al.l”! reported that acid-adapted L. monocytogenes cells grown at pH 5.0 for 1 h at 37°C
retained this tolerance when incubated at 4°C, but not at 22°C or 37°C, after growing at pH 7.2 for
24 h. Notably, prior exposure to low temperature did not improve microbial tolerance to acid stress.
This study also demonstrated that acid-adapted cells exhibited cross-protection against lethal doses of
lauric arginate when immediately exposed after growing in acidic conditions; however, this resistance
was entirely lost after 60 min at 4°C even though the acid-adapted state remained stable. The authors
suggested that depending on the mechanism developed to increase cellular resilience and potential
cross-protection, stability can differ. These findings are particularly relevant in FFPE, where
L. monocytogenes is routinely subjected to fluctuating temperatures and diverse environmental
stressors, with direct implications for the stability of adaptive responses and the efficacy of antimi-
crobial interventions.

Since it’s known that cellular modifications such as alteration in membrane fatty acid composition
can occur to support growth at lower temperatures,®"?! these adjustments may interfere when
L. monocytogenes is simultaneously exposed to common environmental stressors faced in food
processing settings, including exposure to sanitizers, temperature fluctuations, osmotic pressure, or
the presence of preservatives.!®* This represents an important limitation when assessing potential
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cross-protection, as such effects may be detectable under lab-scale conditions but lost under variable
environmental parameters, such as temperature or exposure duration.

Further investigation into the cross-protective ability of persistent versus non-persistent
L. monocytogenes strains is needed to understand whether differences exist. Since exposure to sublethal
levels of disinfectants may lead to higher tolerance not only to the same compound but also to other
antimicrobial agents, future studies should carefully evaluate these variations, particularly considering
the role of temperature in both the development and maintenance of such adaptive responses. At the
molecular level, these adaptive responses are often orchestrated by transcriptional regulators, such as
sigma factors (e.g. 6), as discussed in the following section.

Sigma factor B (c°)

Sigma factors are transcriptional regulators responsible for the activation of regulons and house-
keeping genes, with a clear influence in L. monocytogenes virulence and stress response.'®) In this
microorganism, five sigma factors have been identified, including o, 6%, 6%, o', and ¢"1°! Among
them, sigma factor B (¢”) has been extensively studied, not only for its role in regulating Listeria’s
robustness and general stress response,'®*~”" but also for its contribution to the regulation of the
positive regulatory factor A (PrfA), which directly impacts L. monocytogenes virulence.”"”?!

Becker et al.”* demonstrated that a ¢® L. monocytogenes mutant strain exhibited a low capacity to
accumulate betaine, an osmoprotectant, after exposure to 3% of NaCl, compared to the wild-type
strain. The same 0" dependence was observed for the bacterial growth under high-salt (1.75 M of
NaCl) and acidic (pH 2.5) conditions.””* Interestingly, the mutant strain demonstrated a better
capacity to grow at 0.5 M of NaCl in comparison to the parent strain, which the authors attributed
to possible alterations in key metabolic pathways under adverse conditions, as previously noted in
other bacteria. Importantly, loss of 6B was reported to induce hyper-resistance to hydrogen peroxide
in L. monocytogenes under aerobic conditions, reinforcing the impact of 6B modulation in potentially
providing protective mechanisms, in this case by promoting oxidative stress defences.””

Wemekamp-Kamphuis et al.”®! further investigated the role of ¢® in acid stress and found that ¢®
deletion markedly reduced survival at pH 2.5, resulting in a 5-log difference compared with the wild-
type strain. Pre-exposure to a non-lethal pH of 4.5 slightly improved survival, suggesting the activation
of o® independent protective mechanisms. Similarly, Ferreira et al. " observed that the ¢® mutant
displayed lower resistance at pH 2.5, both with and without prior adaptation to pH 4.5, and also
showed reduced survival in simulated gastric fluid. Overall, survival in this environment was depen-
dent on the growth phase, being enhanced in stationary phase and partially dependent on c".

A comparable study observed the same importance of ¢” in the survival capacity of
L. monocytogenes strains under acid conditions (pH 2.5), oxidative stress, and carbon starvation
stresses though similar viabilities were observed between mutant and wild-type strains under heat
(50 °C) or ethanol (16.5%, v/v) stresses.”®

A large-scale genomic analysis of 46,921 L. monocytogenes genomes revealed two variants of o*, namely
6”11 and 6” 1, associated with lineage I/I1T and lineage II, respectively. The authors suggested that o° 1,
may contribute to enhanced invasiveness, virulence and persistence in the environment observed in
lineages I and III, potentially serving as a useful marker of epidemiological distribution of this pathogen.””!

Overall, 6® appears to be strongly linked to L. monocytogenes survival under adverse environmental
conditions and thus may play a key role in its persistence. Nonetheless, further studies are needed to
clarify how ¢ contributes to persistence specifically in FFPE and whether differences exist between
persistent and non-persistent strains under such conditions. Since o® controls the general stress
response and influences adaptive mechanisms (e.g., efflux systems), this factor activation may be
a critical trait for Listeria persistence.!®>%"!
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Efflux pumps (EPs)

Bacterial efflux pumps (EPs) are transport proteins that remove various compounds (e.g. antibiotics)
from the intracellular to the extracellular environment, thereby contributing to multidrug
resistance.’**?! Due to their importance, EPs inhibition has been proposed as a strategy to reduce
drug resistance, virulence, and biofilm production.®"** In L. monocytogenes, inhibition of these
systems not only reduces toxic compounds removal but also impacts flagellum formation, invasive-
ness, and the production of virulence-associated proteins.!®”’

As reported in the literature on L. monocytogenes, MdrL and Lde are two well-known efflux pumps,
which play a crucial role in resistance to disinfectants such as BAC and antibiotics such as cipro-
floxacin, respectively.*®"*") Romanova et al. ¢! evaluated eight L. monocytogenes strains (four Bac-
resistant and four Bac-sensitive) and showed that exposure of sensitive strains to sub-lethal BAC
concentrations led to the overexpression of the mdrl gene. This gene is associated with BAC
resistance.”>®!) No differences were observed for the gene Ide, despite its known involvement in
fluoroquinolone resistance.’***?! Interestingly, the addition of an efflux pump inhibitor (reserpine)
reduced the MIC values of sensitive but not resistant strains, suggesting that resistant isolates may rely
on additional survival mechanisms beyond mdrL-mediated efflux. These findings were consistent with
those of a previous study,”* which confirmed that efflux pumps are key for adaptation to BAC in
sensitive strains but not in naturally resistant ones, supporting the existence of alternative tolerance
mechanisms.

Another gene implicated in resistance to QAC-based biocides is emrE. Mutation of this gene in
L. monocytogenes increased susceptibility to QAC sanitizers (BAC and E-San) in comparison to the
parent strain, although no differences in the MIC values were observed for other antimicrobial agents
tested, including erythromycin and triclosan.® More recently, Schulz et al. ®*) demonstrated that
L. monocytogenes EGD-e adapted to BAC and cetyltrimethylammonium bromide (CTAB), developed
mutations in efflux pump-related genes. In BAC-tolerant strains, mutations in fepR led to upregula-
tion of FepA efflux pump, conferring increased resistance not only to BAC but also to gentamycin,
CTAB, and ciprofloxacin. CTAB tolerance, on the other hand, was associated with mutations in sugR,
which regulates SugE1/E2 efflux pumps. Remarkably, even in the absence of FepA or SugEl/2),
L. monocytogenes could still adapt through compensatory activation of alternative efflux systems.
When both EPs were absent, mutations in Imo1753, encoding a diacylglycerol kinase, appeared to
facilitate membrane remodelling, suggesting an export-independent adaptation mechanism.

Bechtel et al.*®! further reported that ethyl methanesulfonate (EMS) induced mutations in a BAC-
susceptible L. monocytogenes strain resulted in two mutants with increased BAC tolerance. These
mutants showed upregulation of /mo02463, encoding a MmpL family transporter protein, which was
associated with increased resistance to both BAC and fluoroquinolones. Mutations affecting genes
related to cell membrane organization, such as Imo1753 (diacylglycerol kinase) or lmo02768 (permease)
may also enhance L. monocytogenes survival in food processing environments. In addition to these
findings, both mutants exhibited significantly higher haemolytic activity compared to the parent
strain.

Generally, most of these studies report tolerance development at disinfectant concentrations below
those recommended by manufacturers. However, such sublethal concentrations can easily occur in
practice, for example in certain areas, such as floors or drains, due to inadequate cleaning or
dilution."® Spontaneous mutations induced by oxidative stress due to disinfectant exposure can
lead to efflux pump overexpression further contributing to L. monocytogenes tolerance in
FEPE.[79>%7) Tq the best of our knowledge, no studies have specifically investigated whether persis-
tent L. monocytogenes strains exhibit enhanced efflux activity compared with sporadic strains, repre-
senting an important knowledge gap in understanding their persistence mechanisms.
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Cold shock proteins (CSPs)

Cold shock proteins (CSPs), are a group of highly conserved, relatively small proteins, typically consisting
of 65 to 75 amino acids and weighing approximately 7.4 kDa, even though sizes can vary among
L. monocytogenes strains.®>*?) This species possesses three CSPs, CSP-A, CSP-B, and CSP-D, which
are widely known to be expressed as a defence mechanism against low temperature downshifts.!"®°!
In addition to their role in cold stress tolerance, CSPs have also been reported to influence virulence-
associated factors, such as motility or haemolytic activity.!"**'*”) CSP-A is mostly associated with cold
stress adaptation, CSP-B is typically linked to virulence, and CSP-D contributes to both phenotypes.*"’
Under high salt concentrations, Duché et al. ' observed an upregulation of GbuA (a glycine
betaine transporter) as part of the salt-tolerance mechanism, along with two other general stress
proteins, DnaK and Ctc. In total, twelve salt-induced proteins were identified, belonging to either the
salt-shock or stress-acclimation protein groups. L. monocytogenes CspA, CspB, and CspD, provide
dual protection against osmotic (NaCl) and low-temperature stresses, with CspA playing a more
important role in cold tolerance and CspD contributing more significantly to salt resistance.!%*!
Kragh et al.!!! evaluated the impact of CSPs in desiccation tolerance and biofilm development in 29
L. monocytogenes strains, 21 wild type and eight CSP-mutant. Their findings indicated that CSPs
negatively affect desiccation tolerance (relative humidity of 43% at 15 °C). Interestingly, a correlation
between a reduced motility and an increased desiccation tolerance, as well as a possible relation
between deleted csp-A and a lower capacity to form biofilms was observed by the authors. Consistent
with previous observations, ' mutation of CSPs in L. monocytogenes EGDe led to attenuated
virulency, reduced cellular aggregation, and impaired flagella biosynthesis and motility. Among the
three CSPs genes, csp-B followed by csp-D was observed to have functional contributions to virulence,
which may compromise L. monocytogenes host cell invasion when a mutation in these genes occurs.
Using the same Listeria wild-type strain and csp (A, B, and D) mutant strains, the effects on two
virulence factors, hemolysis and listeriolysin O (LLO) production, were assessed.'””) The study
showed that deletion of all three genes, or of exclusively csp-B, resulted in a significant reduction in
LLO production. Intriguingly, when only csp-B was deleted, LLO levels remained relatively comparable
to those of wild-type strain. On the other hand, only the double (csp-AB and csp-AD) or triple (csp-
ABD) mutants had a reduced hemolytic activity, while single deletions did not affect this phenotype.
While CSPs seem to have an important role in various cellular processes linked to their infecting
capacity, they have shown to be essential in ensuring L. monocytogenes survival upon exposure to
refrigeration temperatures. Until now, no studies were done linking CSPs and persistence, although various
studies point the importance of csp-A and csp-D proteins in high salt and refrigeration conditions.

Biofilm formation (BF)

Biofilms are complex multicellular structures in which microbial communities are enclosed within
extracellular polymeric substances, providing an extraordinary protection against external
stresses. 11! Briefly, biofilm formation typically occurs in three-steps: (I) aggregation and attach-
ment - bacteria aggregate to each other or attach to biotic or abiotic surfaces; (II) growth and
accumulation - cell growth and recruitment; and (III) disaggregation and detachment - cells leave
the film as aggregates or singles cells."'") Biofilm production by Listeria strains is an important
survival mechanism, increasing its overall resistance against chemical or mechanical removal, con-
tributing to their persistence in FFPE.!**!

A recent study has associated L. monocytogenes biofilm formation with high cell surface hydro-
phobicity, self-aggregation capacity and exopolysaccharide synthesis.!"*?! Strains with strong biofilm-
forming ability, in comparison to their planktonic state, exhibited significantly higher adhesion and
invasion of Caco-2 cells and reduced susceptibility to several antibiotics, including erythromycin,
clindamycin, ciprofloxacin, and daptomycin. Upregulation of agrA, flgE, fliD, and inlA has been linked
to biofilm development, whereas motB downregulation contrasts with previous studies showing the
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importance of motility in surface attachment.!"'*>"'* Liu et al. "**! demonstrated that strains carrying
clpL, mdrL, and Ide genes exhibited stronger biofilm formation and resistance to sublethal chlorine
concentrations (250 mg/L). Interestingly, one of the strains, which possessed six biofilm-associated
genes (actA, prfA, Imo0673, recO, Imo2504, and luxS) exhibited strong biofilm formation within the
first 4 days; however, this ability declined significantly thereafter. In contrast, the two resistant strains
showed a marked increase in biofilm production after day 4. Notably, only these two strains carried the
clpL gene, associated with stress response, suggesting a potential role for c/pL in enhancing or
upregulating biofilm development under prolonged or stressful conditions. Environmental conditions
can also influence biofilm formation and cell adherence. Low temperatures (12 °C) reduced biofilm
formation among 19 L. monocytogenes strains isolated from a cold-smoked salmon plant, whereas
temperature of 30-37°C favoured biofilm development. These isolates showed correlations between
biofilm formation capacity and the presence of internalin genes, stress survival islet (SSI), and
erythromycin resistance.**! Strains origin may further influence biofilm behaviour. In a study of 57
food-related strains from Italy (2003-2014), all strains formed biofilms, but moderate to strong
biofilm producers were more frequent among meat isolates (57%) than dairy isolates (28%). The
presence of SSI-1, arsD, and truncated InlA protein was linked to higher levels of biofilm production,
consistent with other studies reporting similar genetic associations.!*®’

Even though persistent strains, as the name suggests, may indicate a stronger biofilm production
than sporadic strains, the relationship between biofilm formation and persistence remains debated.
Harvey et al. [''”) examined the biofilm forming capacity of 138 L. monocytogenes strains using both
short and long incubation assays. In the first assay, 92% of the strains were classified as weak biofilm
formers, 6.5% as moderate and 1.5% as strong biofilm formers. Similar trends were observed between
persistent and sporadic food-related strains. When extending the incubation period, many strains
demonstrated a considerable improvement in biofilm formation. In this prolonged assay, strains of the
less virulent serotype 1/2¢, both sporadic and persistent food isolates, were the strongest biofilm
formers, whereas the highly virulent serotype 4b failed to form biofilms. Contrary to these findings,
among 80 L. monocytogenes isolates tested for biofilm formation, no significant differences between
serotype and biofilm formation were observed, even though persistent strains from bulk milk samples
showed increased biofilm formation.!"*®! Persistent strains isolated from a chicken-processing plant
also tend to form thicker biofilms than sporadic ones. However, once again, no significant relationship
between strains serotypes and biofilm formation was detected.''”!

As previously discussed,'**! a deeper understanding of how L. monocytogenes biofilms develop is
urgently needed, along with the standardization of methods and the redesign of assays to better
reflect real food-associated environments. Differences in the strains used, methods applied and
environmental conditions tested can lead to inconsistencies among studies, hindering clear inter-
pretation and comparison of results. For example, L. monocytogenes biofilm formation in persistent
versus sporadic strains, as well as its possible relation with serotype, remains a matter of debate
within the scientific community. Several studies have reported a clear relation between enhanced
biofilm development and persistence,!''*'2!] while others do not identify this attribute as a key
trait of persistent strains,[117-122-124]

Furthermore, factors such as multi-species biofilms (e.g. L. monocytogenes with Pseudomonas fluor-
escens), or biofilm formation under stress conditions have been shown to have an impact on
L. monocytogenes biofilm development.*>'**! This mutual aid between L. monocytogenes and other
microorganisms, such as the presence of Pseudomonadaceae or Lactiplantibacillus plantarum in multi-
species biofilms, can enhance its resistance to disinfection agents, such as peracetic acid or BAC.1*127]
Even though these aspects are not considered when evaluating this protective attribute, they should be
considered on future studies comparing biofilm formation between persistent and non-persistent strains.

Overall, biofilms clearly represent an important defensive mechanism for L. monocytogenes, yet
their role as a major contributor for persistence remains uncertain.
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Genomics-based methodologies for persistence

Genomic approaches offer promising complementary tools for investigating L. monocytogenes
persistence. Genomic analysis has revolutionized the study of this pathogen, enabling detailed
molecular typing, strain identification, and clustering through diverse methods such as poly-
merase chain reaction (PCR) amplification-based typing, pulsed-field gel electrophoresis (PFGE)
and multi-locus sequence typing (MLST).["**'?°l Since some of these subtyping methods
(Table 1) can be considerably time consuming, as well as requiring complex methodologies
and data analysis, new solutions are trying to significantly reduce the time and complexity of
identifying food pathogen within FFPE, including capacity to recognize persistent
L. monocytogenes strains.

Table 1. Methodologies commonly used for L. monocytogenes identification and subtyping, containing the key advantages and main

disadvantages of each technique.

Common
identification and
classification

methodologies Based on Advantage(s) Disadvantage(s) References
MALDI-TOF MS  Spectroscopy Good discrimination power among dif- Impacted by the age of [130-132]
Matrix- ferent microorganisms the culture and growth
Assisted Relatively fast identification and conditions
Desorption/ classification Affected by a limited
lonization- Requires limited sample preparation number of mass spec-
Time of Flight High cost of acquisition but low cost to tra in the reference
Mass operate database
Spectrometry Limited discriminatory
power for closely
related strains and
subtypes, making it
less suitable for epide-
miological investiga-
tions and outbreak
source tracing
PFGE Restriction Strong discrimination power among dif- Time consuming [129,132-
Pulsed-field enzymes ferent microorganisms Requires specialized 134]
Gel Commonly used as a standard method personal and
Electrophoresis for food safety surveillance and out- equipment
break investigations Lack of standardization
Commonly used in L. monocytogenes rises challenges in
subtyping studies inter-laboratory
comparisons
Not applicable to non-
cultivable
microorganisms
MLST Polymerase Strong clusterization power Costly and  time [132,135,136]
Multilocus chain Used to study the population structure consuming
Sequence reaction of L. monocytogenes Limited discriminatory
Typing Categorization of L. monocytogenes capacity for serotype
groups into sequence types (ST) and 4b
clonal complexes (CCs)
WGS Next- Considered the current “gold standard” High initial investment [137-140]
Whole generation method for surveillance of foodborne costs
Genome sequencing pathogens and outbreak investigations Requires  specialized
Sequencing Enables linkage of listeriosis cases over bioinformatics exper-

long periods of time The increasing
widespread use of WGS is reducing
sequencing costs

Provides higher discriminatory power
for identifying persistent strains

tise and robust analy-
tical pipelines

Large amounts of data
require substantial
storage and computa-
tional resources
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For this, new approaches such as qPCR-based GENE-UP® TYPER (bioMérieux) can be easily used
to subtype and cluster strains, identifying dominant strain recurrently isolated within a factory.''*!
Among sequencing-based approaches, whole genome sequencing (WGS) has become the ultimate tool
on persistence studies, allowing high-resolution comparisons between persistent and non-persistent
strains.>14%1%2) Generally, WGS offers a substantially higher discriminatory power, better data
accuracy and richer genomic information compared with traditional typing approaches, which
improves its utility for outbreak investigation and source tracing of listeriosis."**! In addition, novel
methods, such as the one developed by bioMérieux, propose a faster and reliable way to cluster strains
without needing specific and time-consuming assays, which should really be the main target in
development of new methods and devices to assess L. monocytogenes persistence in FFPE.

Genomic methodologies usually generate a vast amount of complex data, which requires
substantial computational power and specialized knowledge to translate this data into practical
results. Due to the decreasing cost of these methods (e.g., WGS) along the time, the quantity “big
data” produced is continuously increasing, mainly due to research done on epidemiological
studies.!"** The use of computational tools with WGS data holds great potential for advancing
persistence research. Currently, such tools are already used in predictive microbiology for food
safety, image classification in clinical microbiology, and big data analysis generated by DNA and
RNA sequencing.!'*"'*”) Recent advances in this area have led to various studies exploring
machine-based methods mainly targeting food safety, such as biofilm development and detection
[148.149) o1 by studying well-known foodborne pathogens, such as L. monocytogenes, >~
Clostridium spp."'*! or Salmonella spp.['>*'%°)

Tanui et al,!"*® for example, successfully applied supervised machine learning (ML) to attribute
listeriosis cases to specific food sources, demonstrating how ML can enhance source attribution when fed
high-resolution WGS data. Gmeiner et al.l"®”! used this approach to analyse the virulence of
L. monocytogenes at the sub-species level using six ML algorithms. The authors demonstrated the
potential of these models to assess virulence and variation in this pathogen. ML predictors were
developed using WGS and MIC values for QAC from 1649 isolates. The results showed a promising
capacity to predict tolerance and MIC values, as well as potential to uncover new genes associated with
disinfectant tolerance.!"*® Based on this work, Gmeiner et al.'*' recently developed a ML tool, ListPred,
designated for the analysis of virulence potential and disinfectant tolerance in L. monocytogenes. ML-
based WGS sequence analysis can also be valuable for predicting stress response phenotypes, such as
acid, cold, salt, and desiccation tolerance which, according to the authors, represent a step forward for
food safety and risk assessment regarding this pathogen. Using L. monocytogenes as a model, Njage at
al.l"*%! demonstrated that ML models can predict stress phenotype components in novel or previously
uncharacterized strains based on WGS data, offering valuable insights for future persistence analysis.
Considerable progress has been made using computation-driven solutions applied to L. monocytogenes,
even though most studies have focused on the virulence and resistance of L. monocytogenes strains,
failing to differentiate persistent and non-persistent strains."'®") It has also been emphasized that the use
of small datasets may limit model accuracy and predictive performance, posing a notorious challenge on
the development of such tools. Nevertheless, integrating sequencing data with bioinformatic and ML
analysis represents a significant step toward improving the understanding of persistence mechanisms,
ultimately supporting more effective food safety management strategies.

Future prospects

Assessing and controlling L. monocytogenes persistence in FFPE remains challenging. As
reviewed in Listeria monocytogenes persistence-4, persistence is not explained by a single trait
but instead emerges from the interaction of multiple adaptive mechanisms (e.g., cross-
protection, o®-mediated stress response, efflux activity, cold-stress adaptation, and biofilm-
associated protection) with the specific environmental conditions encountered in industrial
settings.
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Several FFPE factors may favour the establishment and long-term maintenance of persistent
populations. Ineffective sanitation and inadequate cleaning, particularly in hard-to-reach sites
(e.g., drains, niches, and equipment interfaces), can create recurring exposure to sub-
inhibitory biocide concentrations, which may select for increased tolerance and promote
adaptation. In addition, some disinfectants have been reported to induce a VBNC state in
L. monocytogenes, suggesting that persistence may sometimes involve reversible physiological
states rather than stable genetic resistance.!'®?! Repeated population bottlenecks during disin-
fection may also contribute to genetic drift, reducing diversity and potentially enriching
variants with traits that favour survival in the facility environment.'®*! At the population
level, lineage background and phylogeny may influence persistence likelihood, with lineage II
strains reported to persist more frequently in FEPE than lineage I in some studies.!'®*
Microbial interactions are an additional, and still underexplored, determinant of persistence.
Resident microbiota can either promote L. monocytogenes survival (e.g., cooperative associa-
tions within mixed-species communities) or inhibit growth through antagonism and
competition.!'®®! Therefore, a more realistic understanding of persistence will require integrat-
ing L. monocytogenes physiology with FFPE ecology, including community composition,
spatial organization, and the facility-specific selective pressures. Processing environment con-
ditions may also drive genomic adaptation more strongly than host origin, reinforcing the
need to study isolates in the context of their industrial niche.!'®®

Future studies should therefore adopt a multifactorial framework when comparing persistent and
sporadic strains. Rather than evaluating single traits in isolation, experimental designs should combine
relevant stresses (e.g., temperature, pH, salinity, desiccation, and repeated biocide exposure) and
include conditions reflecting the isolation environment (e.g., dairy-associated pH and salinity condi-
tions in cheese production).!'*>1¢”]

In parallel, improved use of WGS data linked to detailed, standardized metadata (sampling site,
time, sanitation regime, product/environment type, and co-occurring microbiota) will be essential to
identify genomic determinants and to build robust, generalizable predictive models across facilities
and countries. Studying mixed-species biofilms and microbial community dynamics in situ should be
prioritized to clarify when microbiota promotes persistence versus exclusion.'*®¢%)

Ultimately, translating these insights into practice will require improved, facility-tailored control
measures that minimize the formation of sublethal disinfectant zones and target persistent reservoirs,
thereby reducing selection for adaptation and lowering the risk of contamination along the food chain.

Conclusions

Listeria monocytogenes persistence is best understood as a multifactorial phenotype shaped by
the interaction between strain background and facility-specific selective pressures, rather than by
a single defining trait. As summarized in this review, adaptive responses involving cross-
protection, ¢"-associated stress regulation, efflux-mediated tolerance, cold-stress adaptation,
and biofilm-associated protection can each contribute to survival and long-term maintenance
in FFPE, although their relative importance likely depends on environmental context and the
resident microbiota. A key priority for the field is to improve discrimination between persistent
and sporadic strains by integrating standardized phenotypic assays with high-resolution geno-
mics. Future research should couple WGS with robust, standardized metadata and realistic
experimental designs that reproduce relevant industrial conditions (e.g., repeated sub-
inhibitory sanitizer exposure, low temperature, matrix-specific pH/salinity and mixed-species
communities). Integrating these datasets through reproducible bioinformatic pipelines and,
where appropriate, machine-learning models, will support identification of genetic and ecologi-
cal determinants underlying persistence, strengthen predictive capacity across facilities, and
guide more effective, targeted control strategies to reduce contamination and improve food-
chain safety.



FOOD REVIEWS INTERNATIONAL 13

Acknowledgments

We would also like to thank the scientific collaboration under the FCT project UID/50016/2025.

Author contributions

CRediT: Pedro Sousa: Conceptualization, Formal analysis, Investigation, Methodology, Visualization, Writing —
original draft, Writing - review & editing; Rui Magalhaes: Validation, Visualization, Writing - review & editing;
Paula Teixeira: Funding acquisition, Project administration, Supervision, Validation, Writing - review & editing.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by National Funds from FCT - Fundagio para a Ciéncia e a Tecnologia through project
GenoPhenoTraits4Persitence - Genomic and phenotypic traits contributing to persistence of Listeria monocytogenes in
food processing environment (PTDC/BAA-AGR/4194/2021), https://doi.org/10.54499/PTDC/BAA-AGR/4194/2021.

ORCID

Pedro Sousa ([2) http://orcid.org/0000-0003-2587-7784
Rui Magalhées ([2) http://orcid.org/0000-0003-3172-440X
Paula Teixeira (») http://orcid.org/0000-0002-6296-5137

References

[1] Rohilla, A;; Kumar, V.; Ahire, J. J. Unveiling the Persistent Threat: Recent Insights into Listeria monocytogenes
Adaptation, Biofilm Formation, and Pathogenicity in Foodborne Infections. J. Food Sci. Technol. 2024, 61(8),
1428-1438. DOI: 10.1007/s13197-023-05918-6.

[2] Quereda, J. J.; Mordn-Garcia, A.; Palacios-Gorba, C.; Dessaux, C.; Garcia-Del Portillo, F.; Pucciarelli, M. G
Ortega, A. D. Pathogenicity and Virulence of Listeria monocytogenes: A Trip from Environmental to Medical
Microbiology. Virulence 2021, 12(1), 2509-2545. DOI: 10.1080/21505594.2021.1975526.

[3] Huang, C.; Lu, T. L;; Yang, Y. Mortality Risk Factors Related to Listeriosis — A Meta-Analysis. J. Infect. Public
Health 2023, 16(5), 771-783. DOI: 10.1016/].JIPH.2023.03.013.

[4] Lungu, B; Ricke, S. C.; Johnson, M. G. Growth, Survival, Proliferation and Pathogenesis of Listeria monocyto-
genes Under Low Oxygen or Anaerobic Conditions: A Review. Anaerobe 2009, 15(1-2), 7-17. DOI: 10.1016/].
ANAEROBE.2008.08.001.

[5] Farber, J. M.; Coates, F.; Daley, E. Minimum Water Activity Requirements for the Growth of Listeria
monocytogenes. Lett. Appl. Microbiol. 1992, 15(3), 103-105. DOI: 10.1111/].1472-765X.1992.TB00737 X.

[6] Osek, J.; Wieczorek, K. Listeria monocytogenes—How This Pathogen Uses Its Virulence Mechanisms to Infect the
Hosts. Pathogens 2022, 11(12), 1491. DOI: 10.3390/pathogens11121491.

[7] Radoshevich, L.; Cossart, P. Listeria monocytogenes: Towards a Complete Picture of Its Physiology and
Pathogenesis. Nat. Rev. Microbiol. 2018, 16(1), 32-46. DOI: 10.1038/nrmicro.2017.126.

[8] Lecuit, M. Listeria monocytogenes, a Model in Infection Biology. Cell. Microbiol. 2020, 22(4), e13186. DOI: 10.
1111/CMI.13186.

[9] Food Safety Authority, E.; Centre for Disease Prevention, E. The European Union One Health 2024 Zoonoses
Report. EFSA J. 2025, 23(12), €9759. DOI: 10.2903/j.efsa.2025.9759.

[10] Chowdhury, B.; Anand, S. Environmental Persistence of Listeria monocytogenes and Its Implications in Dairy
Processing Plants. Compr Rev Food Sci Food Saf. 2023, 22(6), 4573-4599. DOI: 10.1111/1541-4337.13234.

[11] Alonso, V. P. P.; Furtado, M. M.; Iwase, C. H. T.; Brondi-Mendes, J. Z.; Nascimento, M. D. S. Microbial
Resistance to Sanitizers in the Food Industry: Review. Crit. Rev. Food Sci. Nutr. 2024, 64(3), 654-669. DOI: 10.
1080/10408398.2022.2107996.

[12] Kragh, M. L.; Hansen, L. T.; Dalgaard, P. The Solution to Listeria monocytogenes Problems in the Food Industry Is
Product Stabilization in Combination With Cleaning and Disinfection. Curr. Opin. Food Sci. 2026, 69, 101414.
DOL: 10.1016/j4c0fs.2026.101414.


https://doi.org/10.1007/s13197-023-05918-6
https://doi.org/10.1080/21505594.2021.1975526
https://doi.org/10.1016/J.JIPH.2023.03.013
https://doi.org/10.1016/J.ANAEROBE.2008.08.001
https://doi.org/10.1016/J.ANAEROBE.2008.08.001
https://doi.org/10.1111/J.1472-765X.1992.TB00737.X
https://doi.org/10.3390/pathogens11121491
https://doi.org/10.1038/nrmicro.2017.126
https://doi.org/10.1111/CMI.13186
https://doi.org/10.1111/CMI.13186
https://doi.org/10.2903/j.efsa.2025.9759
https://doi.org/10.1111/1541-4337.13234
https://doi.org/10.1080/10408398.2022.2107996
https://doi.org/10.1080/10408398.2022.2107996
https://doi.org/10.1016/j.cofs.2026.101414

14 P. SOUSA ET AL.

(13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

(21]

[22]

(23]

[24]
[25]
[26]
(27]
(28]
[29]

(30]

(31]

(32]

(33]

[34

(35]

Belias, A.; Sullivan, G.; Wiedmann, M.; Ivanek, R. Factors That Contribute to Persistent Listeria in Food
Processing Facilities and Relevant Interventions: A Rapid Review. Food Control. 2022, 133, 108579. DOI: 10.
1016/].FOODCONT.2021.108579.

Mazaheri, T.; Cervantes-Huaman, B. R. H.; Bermudez-Capdevila, M.; Ripolles-Avila, C.; Rodriguez-Jerez, J. J.
Listeria monocytogenes Biofilms in the Food Industry: Is the Current Hygiene Program Sufficient to Combat the
Persistence of the Pathogen? Microorganisms 2021, 9(1), 181. DOI: 10.3390/microorganisms9010181.

Silva, S.; Teixeira, P.; Oliveira, R.; Azeredo, ]J. Adhesion to and Viability of Listeria monocytogenes on Food
Contact Surfaces. J. Food Prot. 2008, 71(7), 1379-1385. DOI: 10.4315/0362-028X-71.7.1379.

Koutsoumanis, K.; Allende, A.; Bolton, D.; Bover-Cid, S.; Chemaly, M.; De Cesare, A.; Herman, L.; Hilbert, F.;
Lindqvist, R.; Nauta, M., et al. Persistence of Microbiological Hazards in Food and Feed Production and
Processing Environments. EFSA ]. 2024, 22(1), e8521. DOI: 10.2903/]. EFSA.2024.8521.

Gil, M. I; Truchado, P.; Tudela, J. A.; Allende, A. Environmental Monitoring of Three Fresh-Cut Processing
Facilities Reveals Harborage Sites for Listeria monocytogenes. Food Control. 2024, 155, 110093. DOI: 10.1016/j.
foodcont.2023.110093.

Rodriguez-Lopez, P.; Rodriguez-Herrera, J. J.; Vazquez-Sanchez, D.; Lopez Cabo, M. Current Knowledge on
Listeria monocytogenes Biofilms in Food-Related Environments: Incidence, Resistance to Biocides, Ecology and
Biocontrol. Foods 2018, 7(6), 85. DOI: 10.3390/foods7060085.

NicAogdin, K.; O’Byrne, C. P. The Role of Stress and Stress Adaptations in Determining the Fate of the Bacterial
Pathogen Listeria monocytogenes in the Food Chain. Front. Microbiol. 2016, 7, 218265. DOI: 10.3389/fmicb.2016.
01865.

Osek, J.; Lachtara, B.; Wieczorek, K. Listeria monocytogenes — How This Pathogen Survives in Food-Production
Environments? Front. Microbiol. 2022, 13, 866462. DOI: 10.3389/fmicb.2022.866462.

Li, X.; Hospital, X. F.; Hierro, E.; Fernandez, M,; Sheng, L.; Wang, L. Formation of Listeria monocytogenes
Persister Cells in the Produce-Processing Environment. Int. J. Food Microbiol. 2023, 390, 110106. DOI: 10.1016/].
IJFOODMICRO.2023.110106.

Serrano, S.; Grujovi¢, M. 7.; Markovié, K. G; Barreto-Crespo, M. T.; Semedo-Lemsaddek, T. From Dormancy to
Eradication: Strategies for Controlling Bacterial Persisters in Food Settings. Foods 2025, 14(6), 1075. DOI: 10.
3390/foods14061075.

Balaban, N. Q.; Helaine, S.; Lewis, K;; Ackermann, M.; Aldridge, B.; Andersson, D. L; Brynildsen, M. P;
Bumann, D.; Camilli, A.; Collins, J. J., et al. Definitions and Guidelines for Research on Antibiotic Persistence.
Nat. Rev. Microbiol. 2019, 17(7), 441-448. DOI: 10.1038/s41579-019-0196-3.

Van den Bergh, B.; Fauvart, M.; Michiels, J. Formation, Physiology, Ecology, Evolution and Clinical Importance
of Bacterial Persisters. FEMS Microbiol Rev. 2017, 41(3), 219-251. DOI: 10.1093/femsre/fux001.

Zhou, Y.; Liao, H; Pei, L.; Pu, Y. Combatting Persister Cells: The Daunting Task in Post-Antibiotics Era. Cell.
Insight 2023, 2(4), 100104. DOI: 10.1016/J.CELLIN.2023.100104.

Balaban, N. Q.; Merrin, J.; Chait, R.; Kowalik, L.; Leibler, S. Bacterial Persistence as a Phenotypic Switch. Science
2004, 305(5690), 1622-1625. DOI: 10.1126/science.1099390.

Niu, H; Gu, J.; Zhang, Y. Bacterial Persisters: Molecular Mechanisms and Therapeutic Development. Sig.
Transduct. Target. Ther. 2024, 9(1), 174. DOI: 10.1038/s41392-024-01866-5.

Wu, S;; Yu, P. L; Flint, S. Persister Cell Formation of Listeria monocytogenes in Response to Natural
Antimicrobial Agent Nisin. Food Control. 2017, 77, 243-250. DOI: 10.1016/]. FOODCONT.2017.02.011.
Knudsen, G. M.; Ng, Y.; Gram, L. Survival of Bactericidal Antibiotic Treatment by a Persister Subpopulation of
Listeria monocytogenes. Appl. Environ. Microbiol. 2013, 79(23), 7390-7397. DOI: 10.1128/AEM.02184-13.
Ferreira, V.; Wiedmann, M.; Teixeira, P.; Stasiewicz, M. J. Listeria monocytogenes Persistence in Food-Associated
Environments: Epidemiology, Strain Characteristics, and Implications for Public Health. J. Food Prot. 2014, 77
(1), 150-170. DOI: 10.4315/0362-028X.JFP-13-150.

Unrath, N.; McCabe, E; Macori, G.; Fanning, S. Application of Whole Genome Sequencing to Aid in
Deciphering the Persistence Potential of Listeria monocytogenes in Food Production Environments.
Microorganisms 2021, 9(9), 1856. DOI: 10.3390/microorganisms9091856.

Magalhées, R.; Ferreira, V.; Brandao, T. R. S.; Palencia, R. C; Almeida, G.; Teixeira, P. Persistent and
Non-Persistent Strains of Listeria monocytogenes: A Focus on Growth Kinetics Under Different Temperature,
Salt, and pH Conditions and Their Sensitivity to Sanitizers. Food. Microbiol. 2016, 57, 103-108. DOI: 10.1016/].
FM.2016.02.005.

Finn, L.; Onyeaka, H.; O’Neill, S. Listeria monocytogenes Biofilms in Food-Associated Environments: A Persistent
Enigma. Foods 2023, 12(18), 3339. DOI: 10.3390/foods12183339.

Fagerlund, A.; Wagner, E.; Moretre, T.; Heir, E.; Moen, B.; Rychli, K.; Langsrud, S. Pervasive Listeria mono-
cytogenes Is Common in the Norwegian Food System and Is Associated With Increased Prevalence of Stress
Survival and Resistance Determinants. Appl. Environ. Microbiol. 2022, 88(18), e¢00861-22. DOI: 10.1128/ AEM.
00861-22.

Schoder, D.; Guldimann, C.; Mértlbauer, E. Asymptomatic Carriage of Listeria monocytogenes by Animals and
Humans and Its Impact on the Food Chain. Foods 2022, 11(21), 3472. DOI: 10.3390/foods11213472.


https://doi.org/10.1016/J.FOODCONT.2021.108579
https://doi.org/10.1016/J.FOODCONT.2021.108579
https://doi.org/10.3390/microorganisms9010181
https://doi.org/10.4315/0362-028X-71.7.1379
https://doi.org/10.2903/J.EFSA.2024.8521
https://doi.org/10.1016/j.foodcont.2023.110093
https://doi.org/10.1016/j.foodcont.2023.110093
https://doi.org/10.3390/foods7060085
https://doi.org/10.3389/fmicb.2016.01865
https://doi.org/10.3389/fmicb.2016.01865
https://doi.org/10.3389/fmicb.2022.866462
https://doi.org/10.1016/J.IJFOODMICRO.2023.110106
https://doi.org/10.1016/J.IJFOODMICRO.2023.110106
https://doi.org/10.3390/foods14061075
https://doi.org/10.3390/foods14061075
https://doi.org/10.1038/s41579-019-0196-3
https://doi.org/10.1093/femsre/fux001
https://doi.org/10.1016/J.CELLIN.2023.100104
https://doi.org/10.1126/science.1099390
https://doi.org/10.1038/s41392-024-01866-5
https://doi.org/10.1016/J.FOODCONT.2017.02.011
https://doi.org/10.1128/AEM.02184-13
https://doi.org/10.4315/0362-028X.JFP-13-150
https://doi.org/10.3390/microorganisms9091856
https://doi.org/10.1016/J.FM.2016.02.005
https://doi.org/10.1016/J.FM.2016.02.005
https://doi.org/10.3390/foods12183339
https://doi.org/10.1128/AEM.00861-22
https://doi.org/10.1128/AEM.00861-22
https://doi.org/10.3390/foods11213472

(36]

(37]

(38]

(39]

[40]

[41]

[42]

[43]

[44]

(45]
[46]

[47

(48]

[49]

(50]

[51]

(52]

(53]

(54]

[55]

FOOD REVIEWS INTERNATIONAL 15

Guerreiro, D. N.; Pucciarelli, M. G.; Tiensuu, T.; Gudynaite, D.; Boyd, A.; Johansson, J.; Garcia-Del Portillo, F.;
Byrne, O.; P, C. Acid Stress Signals Are Integrated into the 6®-Dependent General Stress Response Pathway via
the Stressosome in the Food-Borne Pathogen Listeria monocytogenes. PLoS Pathog. 2022, 18(3), e1010213.
DOI: 10.1371/JOURNAL.PPAT.1010213.

Pontinen, A.; Aalto-Araneda, M.; Lindstrom, M.; Korkeala, H. Heat Resistance Mediated by PLM58
Plasmid-Borne ClpL in Listeria monocytogenes. MSphere 2017, 2(6), e00364-17. DOI: 10.1128/ MSPHERE.
00364-17.

Xia, J.; Luo, Y.; Chen, M;; Liu, Y.; Wang, Z.; Deng, S.; Xu, J.; Han, Y.; Sun, J.; Jiang, L., et al. Characterization of
a DsbA Family Protein Reveals Its Crucial Role in Oxidative Stress Tolerance of Listeria monocytogenes.
Microbiol. Spectr. 2023, 11(6), €0306023. DOI: 10.1128/spectrum.03060-23.

Jiang, X.; Yu, T.; Xu, P;; Xu, X;; Ji, S.; Gao, W.; Shi, L. Role of Efflux Pumps in the in vitro Development of
Ciprofloxacin Resistance in Listeria monocytogenes. Front. Microbiol. 2018, 9, 402095. DOI: 10.3389/fmicb.2018.
02350.

Muchaamba, F.; Wambui, J.; Stephan, R.; Tasara, T. Cold Shock Proteins Promote Nisin Tolerance in Listeria
monocytogenes Through Modulation of Cell Envelope Modification Responses. Front. Microbiol. 2021, 12,
811939. DOL: 10.3389/fmicb.2021.811939.

Kragh, M. L; Muchaamba, F.; Tasara, T.; Truelstrup Hansen, L. Cold-Shock Proteins Affect Desiccation
Tolerance, Biofilm Formation and Motility in Listeria monocytogenes. Int. ]J. Food Microbiol. 2020, 329,
108662. DOI: 10.1016/].IJFOODMICRO.2020.108662.

Lee, J; Jeong, K.-W.; Jin, B.; Ryu, K.-S;; Kim, E.-H.; Ahn, J.-H.; Kim, Y. Structural and Dynamic Features of
Cold-Shock Proteins of Listeria monocytogenes, a Psychrophilic Bacterium. Biochemistry 2013, 52(14),
2492-2504. DOI: 10.1021/bi301641b.

D’Onofrio, F.; Schirone, M.; Paparella, A.; Krasteva, L; Tittarelli, M.; Pomilio, F.; Iannetti, L.; D’Alterio, N;
Luciani, M. Stress Adaptation Responses of a Listeria monocytogenes 1/2a Strain via Proteome Profiling. Foods
2023, 12(11), 2166. DOL: 10.3390/foods12112166.

Bowman, J. P.; Lee Chang, K. J; Pinfold, T.; Ross, T. Transcriptomic and Phenotypic Responses of Listeria
monocytogenes Strains Possessing Different Growth Efficiencies Under Acidic Conditions. Appl. Environ.
Microbiol. 2010, 76(14), 4836-4850. DOI: 10.1128/ AEM.00315-10.

Ireton, K.; Mortuza, R.; Gyanwali, G. C.; Gianfelice, A.; Hussain, M. Role of Internalin Proteins in the
Pathogenesis of Listeria monocytogenes. Mol. Microbiol. 2021, 116(6), 1407-1419. DOI: 10.1111/MMI.14836.
Koopmans, M. M.; Brouwer, M. C.; Vazquez-Boland, J. A; van de Beek, D. Human Listeriosis. Clin Microbiol
Rev. 2023, 36(1), €0006019. DOI: 10.1128/cmr.00060-19.

Popowska, M.; Krawczyk-Balska, A.; Ostrowski, R.; Desvaux, M. InlL from Listeria monocytogenes Is Involved in
Biofilm Formation and Adhesion to Mucin. Front. Microbiol. 2017, 8, 239349. DOI: 10.3389/fmicb.2017.00660.
Maggio, F.; Rossi, C.; Chiaverini, A.; Ruolo, A.; Orsini, M.; Centorame, P.; Acciari, V. A.; Chaves Lopez, C.;
Salini, R.; Torresi, M., et al. Genetic Relationships and Biofilm Formation of Listeria monocytogenes Isolated from
the Smoked Salmon Industry. Int. J. Food Microbiol. 2021, 356, 109353. DOI: 10.1016/].]JFOODMICRO.2021.
109353.

Brauge, T.; Faille, C.; Leleu, G.; Denis, C.; Hanin, A.; Midelet, G. Treatment with Disinfectants May Induce an
Increase in Viable but Non Culturable Populations of Listeria monocytogenes in Biofilms Formed in Smoked
Salmon Processing Environments. Food. Microbiol. 2020, 92, 103548. DOI: 10.1016/].FM.2020.103548.
Voloshchuk, O.; Rolon, M. L.; Bartlett, K. V.; Mendez Acevedo, M.; LaBorde, L. F.; Kovac, J. Pseudomonadaceae
Increased the Tolerance of Listeria monocytogenes to Sanitizers in Multi-Species Biofilms. Food. Microbiol. 2025,
128, 104687. DOI: 10.1016/j.fm.2024.104687.

Thomassen, G. M. B.; Reiche, T.; Hjorungnes, M.; Mehli, L. High Disinfectant Tolerance in Pseudomonas Spp.
Biofilm Aids the Survival of Listeria monocytogenes. Microorganisms 2023, 11(6), 1414. DOI: 10.3390/micro
organisms11061414.

Rolon, M. L.; Voloshchuk, O.; Bartlett, K. V.; LaBorde, L. F.; Kovac, J. Multi-Species Biofilms of Environmental
Microbiota Isolated from Fruit Packing Facilities Promoted Tolerance of Listeria monocytogenes to
Benzalkonium Chloride. Biofilm 2024, 7, 100177. DOI: 10.1016/j.bioflm.2024.100177.

Rahman, M. A,; Sahoo, N.; Yemmireddy, V. Analysis of Sanitizer Rotation on the Susceptibility, Biofilm Forming
Ability and Caco-2 Cell Adhesion and Invasion of Listeria. Pathogens 2022, 11(9), 961. DOI: 10.3390/patho
gens11090961.

Wiktorczyk-Kapischke, N.; Skowron, K.; Grudlewska-Buda, K.; Watecka-Zacharska, E.; Korkus, J.; Gospodarek-
Komkowska, E. Adaptive Response of Listeria monocytogenes to the Stress Factors in the Food Processing
Environment. Front. Microbiol. 2021, 12, 710085. DOI: 10.3389/fmicb.2021.710085.

Lundén, J; Autio, T.; Markkula, A.; Hellstrom, S.; Korkeala, H. Adaptive and Cross-Adaptive Responses of
Persistent and Non-Persistent Listeria monocytogenes Strains to Disinfectants. Int. J. Food Microbiol. 2003, 82(3),
265-272. DOI: 10.1016/S0168-1605(02)00312-4.


https://doi.org/10.1371/JOURNAL.PPAT.1010213
https://doi.org/10.1128/MSPHERE.00364-17
https://doi.org/10.1128/MSPHERE.00364-17
https://doi.org/10.1128/spectrum.03060-23
https://doi.org/10.3389/fmicb.2018.02350
https://doi.org/10.3389/fmicb.2018.02350
https://doi.org/10.3389/fmicb.2021.811939
https://doi.org/10.1016/J.IJFOODMICRO.2020.108662
https://doi.org/10.1021/bi301641b
https://doi.org/10.3390/foods12112166
https://doi.org/10.1128/AEM.00315-10
https://doi.org/10.1111/MMI.14836
https://doi.org/10.1128/cmr.00060-19
https://doi.org/10.3389/fmicb.2017.00660
https://doi.org/10.1016/J.IJFOODMICRO.2021.109353
https://doi.org/10.1016/J.IJFOODMICRO.2021.109353
https://doi.org/10.1016/J.FM.2020.103548
https://doi.org/10.1016/j.fm.2024.104687
https://doi.org/10.3390/microorganisms11061414
https://doi.org/10.3390/microorganisms11061414
https://doi.org/10.1016/j.bioflm.2024.100177
https://doi.org/10.3390/pathogens11090961
https://doi.org/10.3390/pathogens11090961
https://doi.org/10.3389/fmicb.2021.710085
https://doi.org/10.1016/S0168-1605(02)00312-4

16 P. SOUSA ET AL.

(56]

(57]

(58]

[59]

(60]

(61]

[62]

[63]

[64]

[65]

[66]

(67]

(68]

[69]

[70]

(71]

[72]

[73

(74]

[75]

[76]

Yu, T; Jiang, X.; Zhang, Y.; Ji, S.; Gao, W.; Shi, L. Effect of Benzalkonium Chloride Adaptation on Sensitivity to
Antimicrobial Agents and Tolerance to Environmental Stresses in Listeria monocytogenes. Front. Microbiol. 2018,
9, 414654. DOI: 10.3389/fmicb.2018.02906.

Bland, R.; Waite-Cusic, J.; Weisberg, A. J.; Riutta, E. R;; Chang, J. H.; Kovacevic, J. Adaptation to a Commercial
Quaternary Ammonium Compound Sanitizer Leads to Cross-Resistance to Select Antibiotics in Listeria mono-
cytogenes Isolated from Fresh Produce Environments. Front. Microbiol. 2022, 12, 782920. DOI: 10.3389/fmicb.
2021.782920.

Gonzélez-Machado, C.; Capita, R.; Alonso-Calleja, C. Effect of Exposure to Sub-Inhibitory Concentrations of
Biocides on the Susceptibility to Antibiotics of Sessile Cells of Listeria monocytogenes and Salmonella enterica.
Food Control. 2025, 168, 110881. DOI: 10.1016/j.foodcont.2024.110881.

Berlanga, M.; Guerrero, R. Living Together in Biofilms: The Microbial Cell Factory and Its Biotechnological
Implications. Microb. Cell. Fact. 2016, 15(1), 165. DOL: 10.1186/s12934-016-0569-5.

Shen, Q.; Soni, K. A.; Nannapaneni, R. Stability of Sublethal Acid Stress Adaptation and Induced Cross
Protection Against Lauric Arginate in Listeria monocytogenes. Int. J. Food Microbiol. 2015, 203, 49-54.
DOI: 10.1016/j.ijfoodmicro.2015.02.027.

Najjar, M. B.; Chikindas, M.; Montville, T. J. Changes in Listeria monocytogenes Membrane Fluidity in Response
to Temperature Stress. Appl. Environ. Microbiol. 2007, 73(20), 6429-6435. DOI: 10.1128/ AEM.00980-07.
Flegler, A ; Iswara, J.; Minz, A. T.; Schocke, F. S.; Faflbender, W. A.; Holzl, G.; Lipski, A. Exogenous Fatty Acids
Affect Membrane Properties and Cold Adaptation of Listeria monocytogenes. Sci. Rep. 2022, 12(1), 1-14. DOL: 10.
1038/541598-022-05548-6.

Vogel, B. F.; Hansen, L. T.; Mordhorst, H.; Gram, L. The Survival of Listeria monocytogenes During Long Term
Desiccation Is Facilitated by Sodium Chloride and Organic Material. Int. J. Food Microbiol. 2010, 140(2-3),
192-200. DOTI: 10.1016/j.ijfoodmicro.2010.03.035.

Diaz-Martinez, C.; Bolivar, A.; Mercanoglu Taban, B.; Kanca, N.; Pérez-Rodriguez, F. Exploring the Antibiotic
Resistance of Listeria monocytogenes in Food Environments — A Review. Crit. Rev. Microbiol. 2024, 51(5),
731-754. DOI: 10.1080/1040841X.2024.2412007.

Glaser, P.; Frangeul, L.; Buchrieser, C.; Rusniok, C.; Amend, A.; Baquero, F.; Berche, P.; Bloecker, H.; Brandt, P.;
Chakraborty, T., et al. Comparative Genomics of Listeria Species. Science 2001, 294(5543), 849-852. DOI: 10.
1126/science.1063447.

Liu, Y.; Orsi, R. H.; Gaballa, A.;; Wiedmann, M.; Boor, K. J.; Guariglia-Oropeza, V. Systematic Review of the
Listeria monocytogenes o° Regulon Supports a Role in Stress Response, Virulence and Metabolism. Future
Microbiol. 2019, 14(9), 801-828. DOI: 10.2217/FMB-2019-0072.

Crespo Tapia, N; Dorey, A. L.; Gahan, C. G. M.; den Besten, H. M. W.; O’Byrne, C. P.; Abee, T. Different Carbon
Sources Result in Differential Activation of Sigma B and Stress Resistance in Listeria monocytogenes. Int. J. Food
Microbiol. 2020, 320, 108504. DOI: 10.1016/].IJFOODMICRO.2019.108504.

Dorey, A.; Marinho, C.; Piveteau, P.; O’Byrne, C. Role and Regulation of the Stress Activated Sigma Factor Sigma
B (0”) in the Saprophytic and Host-Associated Life Stages of Listeria monocytogenes. Adv. Appl. Microbiol. 2019,
106, 1-48. DOI: 10.1016/BS.AAMBS.2018.11.001.

Guerreiro, D. N; Arcari, T.; O’Byrne, C. P. The 6®-Mediated General Stress Response of Listeria monocytogenes:
Life and Death Decision Making in a Pathogen. Front. Microbiol. 2020, 11, 556640. DOI: 10.3389/fmicb.2020.
01505.

Liu, Y.; Orsi, R. H.; Boor, K. J.; Wiedmann, M.; Guariglia-Oropeza, V. Home Alone: Elimination of All but One
Alternative Sigma Factor in Listeria monocytogenes Allows Prediction of New Roles for °. Front. Microbiol. 2017,
8, 289905. DOTI: 10.3389/fmicb.2017.01910.

Nadon, C. A; Bowen, B. M.; Wiedmann, M.; Boor, K. J. Sigma B Contributes to PrfA-Mediated Virulence in
Listeria monocytogenes. Infect. Immun. 2002, 70(7), 3948-3952. DOI: 10.1128/IAI1.70.7.3948-3952.2002.
Supa-Amornkul, S.; Chalearmchutidath, R.; Nattawut, N.; Liu, P.; Chaturongakul, S. Diverse Effects of Fluoro-
Phenyl-Styrene-Sulfonamide (FPSS) on Transcription Factor Sigma B Regulons in Gram-Positive Bacillales. Cell.
Microbiol. 2025, 2025(1), 2175797. DOI: 10.1155/cmi/2175797.

Becker, L. A.; Cetin, M. S.; Hutkins, R. W.; Benson, A. K. Identification of the Gene Encoding the Alternative
Sigma Factor c® from Listeria monocytogenes and Its Role in Osmotolerance. J. Bacteriol. 1998, 180(17),
4547-4554. DOI: 10.1128/JB.180.17.4547-4554.1998.

Abram, F; Starr, E.; Karatzas, K. A. G.; Matlawska-Wasowska, K.; Boyd, A.,; Wiedmann, M.; Boor, K. J;
Connally, D.; O’Byrne, C. P. Identification of Components of the Sigma B Regulon in Listeria monocytogenes
That Contribute to Acid and Salt Tolerance. Appl. Environ. Microbiol. 2008, 74(22), 6848. DOL: 10.1128/ AEM.
00442-08.

Boura, M; Keating, C.; Royet, K;; Paudyal, R.; O’'Donoghue, B.; O’'Byrne, C. P.; Karatzas, K. A. G. Loss of SigB in
Listeria monocytogenes Strains EGD-E and 10403S Confers Hyperresistance to Hydrogen Peroxide in Stationary
Phase Under Aerobic Conditions. Appl. Environ. Microbiol. 2016, 82(15), 4584-4591. DOI: 10.1128/AEM.00709-16.
Wemekamp-Kamphuis, H. H; Wouters, J. A;; de Leeuw, P. P. L. A; Hain, T.; Chakraborty, T.; Abee, T.
Identification of Sigma Factor o®-Controlled Genes and Their Impact on Acid Stress, High Hydrostatic


https://doi.org/10.3389/fmicb.2018.02906
https://doi.org/10.3389/fmicb.2021.782920
https://doi.org/10.3389/fmicb.2021.782920
https://doi.org/10.1016/j.foodcont.2024.110881
https://doi.org/10.1186/s12934-016-0569-5
https://doi.org/10.1016/j.ijfoodmicro.2015.02.027
https://doi.org/10.1128/AEM.00980-07
https://doi.org/10.1038/s41598-022-05548-6
https://doi.org/10.1038/s41598-022-05548-6
https://doi.org/10.1016/j.ijfoodmicro.2010.03.035
https://doi.org/10.1080/1040841X.2024.2412007
https://doi.org/10.1126/science.1063447
https://doi.org/10.1126/science.1063447
https://doi.org/10.2217/FMB-2019-0072
https://doi.org/10.1016/J.IJFOODMICRO.2019.108504
https://doi.org/10.1016/BS.AAMBS.2018.11.001
https://doi.org/10.3389/fmicb.2020.01505
https://doi.org/10.3389/fmicb.2020.01505
https://doi.org/10.3389/fmicb.2017.01910
https://doi.org/10.1128/IAI.70.7.3948-3952.2002
https://doi.org/10.1155/cmi/2175797
https://doi.org/10.1128/JB.180.17.4547-4554.1998
https://doi.org/10.1128/AEM.00442-08
https://doi.org/10.1128/AEM.00442-08
https://doi.org/10.1128/AEM.00709-16

(771

(78]

(79]

[80

(81]
(82]
(83]
(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92

(93]

(94]

[95]

[96]

FOOD REVIEWS INTERNATIONAL 17

Pressure, and Freeze Survival in Listeria monocytogenes EGD-E. Appl. Environ. Microbiol. 2004, 70(6),
3457-3466. DOI: 10.1128/AEM.70.6.3457-3466.2004.

Ferreira, A.; Sue, D.; O’Byrne, C. P.; Boor, K. J. Role of Listeria monocytogenes o® in Survival of Lethal Acidic
Conditions and in the Acquired Acid Tolerance Response. Appl. Environ. Microbiol. 2003, 69(5), 2692-2698.
DOI: 10.1128/AEM.69.5.2692-2698.2003.

Ferreira, A.; O’Byrne, C. P,; Boor, K. J. Role of ¢® in Heat, Ethanol, Acid, and Oxidative Stress Resistance and
During Carbon Starvation in Listeria monocytogenes. Appl. Environ. Microbiol. 2001, 67(10), 4454-4457. DOI: 10.
1128/AEM.67.10.4454-4457.2001.

Mao, P.; Wang, Y.; Gan, L; Liu, L.; Chen, J; Li, L; Sun, H; Luo, X; Ye, C. Large-Scale Genetic Analysis and
Biological Traits of Two SigB Factors in Listeria monocytogenes: Lineage Correlations and Differential Functions.
Front. Microbiol. 2023, 14, 1268709. DOI: 10.3389/fmicb.2023.1268709.

Wiktorczyk-Kapischke, N.; Watecka-Zacharska, E.; Korkus, J.; Grudlewska-Buda, K.; Budzynska, A.; Wnuk, K,;
Gospodarek-Komkowska, E.; Skowron, K. The Influence of Stress Factors on Selected Phenotypic and Genotypic
Features of Listeria monocytogenes — A Pilot Study. BMC Microbiol. 2023, 23(1), 259. DOTI: 10.1186/512866-023-
03006-5.

Sharma, A.; Gupta, V. K; Pathania, R. Efflux Pump Inhibitors for Bacterial Pathogens. Indian J. Med. Res. 2019,
149(2), 129-145. DOLI: 10.4103/ijmr.JJMR_2079_17.

Mata, M. T.; Baquero, F.; Pérez-Diaz, J. C. A Multidrug Efflux Transporter in Listeria monocytogenes. FEMS
Microbiol Lett. 2000, 187(2), 185-188. DOI: 10.1111/].1574-6968.2000.TB09158.X.

Ren, J.; Wang, M.; Zhou, W.; Liu, Z. Efflux Pumps as Potential Targets for Biofilm Inhibition. Front. Microbiol.
2024, 15, 1315238. DOI: 10.3389/fmicb.2024.1315238.

Zhang, L.; Tian, X,; Sun, L; Mi, K; Wang, R; Gong, F.; Huang, L. Bacterial Efflux Pump Inhibitors Reduce
Antibiotic Resistance. Pharmaceutics 2024, 16(2), 170. DOI: 10.3390/pharmaceutics16020170.

Xia, J; Jiang, G.; Luo, Y.; Wang, Z,; Li, J; Fu, Z; Qin, Q.; Xu, J.; Deng, S.; Chen, M., et al. Beyond Antimicrobial
Resistance: MATE-Type Efflux Pump FepA Contributes to Flagellum Formation and Virulence in Listeria
monocytogenes. Appl. Environ. Microbiol. 2025, 91(7). DOI: 10.1128/aem.00462-25.

Jiang, X.; Zhou, L.; Gao, D.; Wang, Y.; Wang, D.; Zhang, Z.; Chen, M,; Su, Y.; Li, L,; Yan, H., et al. Expression of
Efflux Pump Gene Lde in Ciprofloxacin-Resistant Foodborne Isolates of Listeria monocytogenes. Microbiol.
Immunol. 2012, 56(12), 843-846. DOI: 10.1111/.1348-0421.2012.00506.x.

Byun, K.-H.; Kim, H. J. Survival Strategies of Listeria monocytogenes to Environmental Hostile Stress: Biofilm
Formation and Stress Responses. Food Sci. Biotechnol. 2023, 32(12), 1631-1651. DOI: 10.1007/s10068-023-
01427-6.

Romanova, N. A; Wolffs, P. F. G.; Brovko, L. Y.; Griffiths, M. W. Role of Efflux Pumps in Adaptation and
Resistance of Listeria monocytogenes to Benzalkonium Chloride. Appl. Environ. Microbiol. 2006, 72(5), 3498.
DOI: 10.1128/AEM.72.5.3498-3503.2006.

Anupama, A; Pattapulavar, V.; Christopher, J. G. The Past, Present, Future of Listeria monocytogenes:
Understanding the Molecular Pathways, Antibiotic Resistance and Public Health Implications. Med. Microecol.
2025, 25, 100127. DOI: 10.1016/]. MEDMIC.2025.100127.

Tamburro, M.; Ripabelli, G.; Vitullo, M.; Dallman, T. J.; Pontello, M.; Amar, C. F. L; Sammarco, M. L. Gene
Expression in Listeria monocytogenes Exposed to Sublethal Concentration of Benzalkonium Chloride. Comp.
Immunol. Microbiol. Infect. Dis. 2015, 40, 31-39. DOI: 10.1016/].CIMID.2015.03.004.

Jiang, X.; Yu, T.; Xu, Y.; Wang, H.; Korkeala, H.; Shi, L. MdrL, a Major Facilitator Superfamily Efflux Pump of
Listeria monocytogenes Involved in Tolerance to Benzalkonium Chloride. Appl. Microbiol. Biotechnol. 2019, 103
(3), 1339-1350. DOI: 10.1007/500253-018-9551-y.

Godreuil, S.; Galimand, M.; Gerbaud, G.; Jacquet, C.; Courvalin, P. Efflux Pump Lde Is Associated With
Fluoroquinolone Resistance in Listeria monocytogenes. Antimicrob. Agents Chemother. 2003, 47(2), 704-708.
DOI: 10.1128/AAC.47.2.704-708.2003.

To, M. S.; Favrin, S.; Romanova, N.; Griffiths, M. W. Postadaptational Resistance to Benzalkonium Chloride and
Subsequent Physicochemical Modifications of Listeria monocytogenes. Appl. Environ. Microbiol. 2002, 68(11),
5258-5264. DOI: 10.1128/AEM.68.11.5258-5264.2002.

Kovacevic, J.; Ziegler, J.; Walecka-Zacharska, E.; Reimer, A.; Kitts, D. D.; Gilmour, M. W. Tolerance of Listeria
monocytogenes to Quaternary Ammonium Sanitizers Is Mediated by a Novel Efflux Pump Encoded by EmrE.
Appl. Environ. Microbiol. 2016, 82(3), 939-953. DOI: 10.1128/AEM.03741-15.

Schulz, L. M.; Dreier, F.; de Sousa Miranda, L. M.; Rismondo, J. Adaptation Mechanisms of Listeria mono-
cytogenes to Quaternary Ammonium Compounds. Microbiol. Spectr. 2023, 11(5). DOI: 10.1128/SPECTRUM.
01441-23.

Bechtel, T. D.; Hershelman, J.; Ghoshal, M.; McLandsborough, L.; Gibbons, J. G. Chemical Mutagenesis of
Listeria monocytogenes for Increased Tolerance to Benzalkonium Chloride Shows Independent Genetic
Underpinnings and Off-Target Antibiotic Resistance. PLOS ONE 2024, 19(7), ¢0305663. DOI: 10.1371/
JOURNAL.PONE.0305663.


https://doi.org/10.1128/AEM.70.6.3457-3466.2004
https://doi.org/10.1128/AEM.69.5.2692-2698.2003
https://doi.org/10.1128/AEM.67.10.4454-4457.2001
https://doi.org/10.1128/AEM.67.10.4454-4457.2001
https://doi.org/10.3389/fmicb.2023.1268709
https://doi.org/10.1186/s12866-023-03006-5
https://doi.org/10.1186/s12866-023-03006-5
https://doi.org/10.4103/ijmr.IJMR_2079_17
https://doi.org/10.1111/J.1574-6968.2000.TB09158.X
https://doi.org/10.3389/fmicb.2024.1315238
https://doi.org/10.3390/pharmaceutics16020170
https://doi.org/10.1128/aem.00462-25
https://doi.org/10.1111/j.1348-0421.2012.00506.x
https://doi.org/10.1007/s10068-023-01427-6
https://doi.org/10.1007/s10068-023-01427-6
https://doi.org/10.1128/AEM.72.5.3498-3503.2006
https://doi.org/10.1016/J.MEDMIC.2025.100127
https://doi.org/10.1016/J.CIMID.2015.03.004
https://doi.org/10.1007/s00253-018-9551-y
https://doi.org/10.1128/AAC.47.2.704-708.2003
https://doi.org/10.1128/AEM.68.11.5258-5264.2002
https://doi.org/10.1128/AEM.03741-15
https://doi.org/10.1128/SPECTRUM.01441-23
https://doi.org/10.1128/SPECTRUM.01441-23
https://doi.org/10.1371/JOURNAL.PONE.0305663
https://doi.org/10.1371/JOURNAL.PONE.0305663

18 P.SOUSA ET AL.

[97]
(98]

[99]

[100]

[101]

[102]

[103]

[104]
[105]

[106]

[107]

[108]
[109]
[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

Tezel, U.; Pavlostathis, S. G. Quaternary Ammonium Disinfectants: Microbial Adaptation, Degradation and
Ecology. Curr. Opin. Biotechnol. 2015, 33, 296-304. DOI: 10.1016/].COPBIO.2015.03.018.

Horn, G.; Hofweber, R.; Kremer, W.; Kalbitzer, H. R. Structure and Function of Bacterial Cold Shock Proteins.
Cell. Mol. Life Sci. 2007, 64(12), 1457-1470. DOI: 10.1007/s00018-007-6388-4.

Choudhary, P; Bhatt, S.; Chatterjee, S. From Freezing to Functioning: Cellular Strategies of Cold-Adapted
Bacteria for Surviving in Extreme Environments. Arch. Microbiol. 2024, 206(7), 329. DOI: 10.1007/s00203-024-
04058-5.

Bayles, D. O.; Annous, B. A.; Wilkinson, B. J. Cold Stress Proteins Induced in Listeria monocytogenes in
Response to Temperature Downshock and Growth at Low Temperatures. Appl. Environ. Microbiol. 1996, 62
(3), 1116. DOI: 10.1128/AEM.62.3.1116-1119.1996.

Wemekamp-Kamphuis, H. H.; Karatzas, A. K.; Wouters, J. A.; Abee, T. Enhanced Levels of Cold Shock Proteins
in Listeria monocytogenes LO28 upon Exposure to Low Temperature and High Hydrostatic Pressure. Appl.
Environ. Microbiol. 2002, 68(2), 456-463. DOI: 10.1128/AEM.68.2.456-463.2002.

Yong, S. S; Lee, J. I; Kang, D. H. Airborne Survival and Stress Response in Listeria monocytogenes Across
Different Growth Temperatures. J. Hazard. Mater. 2024, 468, 133706. DOI: 10.1016/].JHAZMAT.2024.133706.
Schmid, B.; Klumpp, J.; Raimann, E.; Loessner, M. J.; Stephan, R.; Tasara, T. Role of Cold Shock Proteins in
Growth of Listeria monocytogenes Under Cold and Osmotic Stress Conditions. Appl. Environ. Microbiol. 2009, 75
(6), 1621-1627. DOI: 10.1128/AEM.02154-08.

Muchaamba, F.; Stephan, R.; Tasara, T. Listeria monocytogenes Cold Shock Proteins: Small Proteins with a Huge
Impact. Microorganisms 2021, 9(5), 1061. DOI: 10.3390/microorganisms9051061.

Hébraud, M.; Guzzo, J. The Main Cold Shock Protein of Listeria monocytogenes Belongs to the Family of
Ferritin-Like Proteins. FEMS Microbiol Lett. 2000, 190(1), 29-34. DOI: 10.1111/j.1574-6968.2000.tb09257 x.
Eshwar, A. K; Guldimann, C.; Oevermann, A.; Tasara, T. Cold-Shock Domain Family Proteins (CSPs) Are
Involved in Regulation of Virulence, Cellular Aggregation, and Flagella-Based Motility in Listeria monocytogenes.
Front. Cell. Infect. Microbiol. 2017, 7, 453. DOI: 10.3389/fcimb.2017.00453.

Schirer, K.; Stephan, R; Tasara, T. Cold Shock Proteins Contribute to the Regulation of Listeriolysin
O Production in Listeria monocytogenes. Foodborne Pathog. Dis. 2013, 10(12), 1023-1029. DOI: 10.1089/fpd.
2013.1562.

Duché, O.; Trémoulet, F.; Glaser, P.; Labadie, J. Salt Stress Proteins Induced in Listeria monocytogenes. Appl.
Environ. Microbiol. 2002, 68(4), 1491-1498. DOI: 10.1128/AEM.68.4.1491-1498.2002.

Zhao, A.; Sun, J.; Liu, Y. Understanding Bacterial Biofilms: From Definition to Treatment Strategies. Front. Cell.
Infect. Microbiol. 2023, 13, 1137947. DOI: 10.3389/fcimb.2023.1137947.

Galié, S.; Garcia-Gutiérrez, C.; Miguélez, E. M.; Villar, C. J.; Lombd, F. Biofilms in the Food Industry: Health
Aspects and Control Methods. Front. Microbiol. 2018, 9, 315815. DOI: 10.3389/fmicb.2018.00898.

Sauer, K; Stoodley, P.; Goeres, D. M.; Hall-Stoodley, L.; Burmolle, M.; Stewart, P. S.; Bjarnsholt, T. The Biofilm
Life Cycle: Expanding the Conceptual Model of Biofilm Formation. Nat. Rev. Microbiol. 2022, 20(10), 608-620.
DOI: 10.1038/s41579-022-00767-0.

Yang, Y.; Kong, X;; Niu, B;; Yang, J.; Chen, Q. Differences in Biofilm Formation of Listeria monocytogenes and
Their Effects on Virulence and Drug Resistance of Different Strains. Foods 2024, 13(7), 1076. DOI: 10.3390/
foods13071076.

Lemon, K. P.; Higgins, D. E.; Kolter, R. Flagellar Motility Is Critical for Listeria monocytogenes Biofilm
Formation. J. Bacteriol. 2007, 189(12), 4418. DOI: 10.1128/]JB.01967-06.

Fan, Y; Qiao, J.; Lu, Z.; Fen, Z,; Tao, Y.; Lv, F,; Zhao, H.; Zhang, C; Bie, X. Influence of Different Factors on
Biofilm Formation of Listeria monocytogenes and the Regulation of CheY Gene. Food Res. Int. 2020, 137, 109405.
DOLI: 10.1016/].FOODRES.2020.109405.

Liu, X.; Chen, W.; Fang, Z.; Yu, Y.; Bi, J.; Wang, J.; Dong, Q.; Zhang, H. Persistence of Listeria monocytogenes ST5
in Ready-to-Eat Food Processing Environment. Foods 2022, 11(17), 2561. DOI: 10.3390/foods11172561.
Burdova, A.; Véghovd, A.; Minarovicova, J.; Drahovskd, H.; Kaclikovd, E. The Relationship Between Biofilm
Phenotypes and Biofilm-Associated Genes in Food-Related Listeria monocytogenes Strains. Microorganisms 2024,
12(7), 1297. DOI: 10.3390/MICROORGANISMS12071297.

Harvey, J.; Keenan, K. P.; Gilmour, A. Assessing Biofilm Formation by Listeria monocytogenes Strains. Food.
Microbiol. 2007, 24(4), 380-392. DOI: 10.1016/].FM.2006.06.006.

Borucki, M. K.; Peppin, J. D.; White, D.; Loge, F.; Call, D. R. Variation in Biofilm Formation Among Strains of
Listeria monocytogenes. Appl. Environ. Microbiol. 2003, 69(12), 7336-7342. DOI: 10.1128/AEM.69.12.7336-7342.
2003.

Rodriguez-Campos, D.; Rodriguez-Melcén, C.; Alonso-Calleja, C.; Capita, R. Persistent Listeria monocytogenes
Isolates from a Poultry-Processing Facility Form More Biofilm but Do Not Have a Greater Resistance to
Disinfectants than Sporadic Strains. Pathogens 2019, 8(4), 250. DOI: 10.3390/pathogens8040250.

Nakamura, H.; Takakura, K. I.; Sone, Y.; Itano, Y.; Nishikawa, Y. Biofilm Formation and Resistance to
Benzalkonium Chloride in Listeria monocytogenes Isolated from a Fish Processing Plant. J. Food Prot. 2013, 76
(7), 1179-1186. DOI: 10.4315/0362-028X.JFP-12-225.


https://doi.org/10.1016/J.COPBIO.2015.03.018
https://doi.org/10.1007/s00018-007-6388-4
https://doi.org/10.1007/s00203-024-04058-5
https://doi.org/10.1007/s00203-024-04058-5
https://doi.org/10.1128/AEM.62.3.1116-1119.1996
https://doi.org/10.1128/AEM.68.2.456-463.2002
https://doi.org/10.1016/J.JHAZMAT.2024.133706
https://doi.org/10.1128/AEM.02154-08
https://doi.org/10.3390/microorganisms9051061
https://doi.org/10.1111/j.1574-6968.2000.tb09257.x
https://doi.org/10.3389/fcimb.2017.00453
https://doi.org/10.1089/fpd.2013.1562
https://doi.org/10.1089/fpd.2013.1562
https://doi.org/10.1128/AEM.68.4.1491-1498.2002
https://doi.org/10.3389/fcimb.2023.1137947
https://doi.org/10.3389/fmicb.2018.00898
https://doi.org/10.1038/s41579-022-00767-0
https://doi.org/10.3390/foods13071076
https://doi.org/10.3390/foods13071076
https://doi.org/10.1128/JB.01967-06
https://doi.org/10.1016/J.FOODRES.2020.109405
https://doi.org/10.3390/foods11172561
https://doi.org/10.3390/MICROORGANISMS12071297
https://doi.org/10.1016/J.FM.2006.06.006
https://doi.org/10.1128/AEM.69.12.7336-7342.2003
https://doi.org/10.1128/AEM.69.12.7336-7342.2003
https://doi.org/10.3390/pathogens8040250
https://doi.org/10.4315/0362-028X.JFP-12-225

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

(131]
[132]
[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140

[141]

[142]

FOOD REVIEWS INTERNATIONAL 19

Nowak, J.; Cruz, C. D.; Tempelaars, M.; Abee, T.; van Vliet, A. H. M.; Fletcher, G. C.; Hedderley, D.; Palmer, J.;
Flint, S. Persistent Listeria monocytogenes Strains Isolated from Mussel Production Facilities Form More Biofilm
but Are Not Linked to Specific Genetic Markers. Int. J. Food Microbiol. 2017, 256, 45-53. DOI: 10.1016/].
IJFOODMICRO.2017.05.024.

In Lee, S. H.; Barancelli, G. V.; de Camargo, T. M.; Corassin, C. H.; Rosim, R. E.; da Cruz, A. G.; Cappato, L. P.; de
Oliveira, C. A. F. Biofilm-Producing Ability of Listeria monocytogenes Isolates from Brazilian Cheese Processing
Plants. Food Res. Int. 2017, 91, 88-91. DOI: 10.1016/].FOODRES.2016.11.039.

Nilsson, R. E.; Ross, T.; Bowman, J. P. Variability in Biofilm Production by Listeria monocytogenes Correlated to
Strain Origin and Growth Conditions. Int. J. Food Microbiol. 2011, 150(1), 14-24. DOI: 10.1016/].
I[JFOODMICRO.2011.07.012.

Djordjevic, D.; Wiedmann, M.; McLandsborough, L. A. Microtiter Plate Assay for Assessment of Listeria
monocytogenes Biofilm Formation. Appl. Environ. Microbiol. 2002, 68(6), 2950-2958. DOI: 10.1128/AEM.68.6.
2950-2958.2002.

Chen, Q.; Zhang, X.; Wang, Q.; Yang, J.; Zhong, Q. The Mixed Biofilm Formed by Listeria monocytogenes and
Other Bacteria: Formation, Interaction and Control Strategies. Crit. Rev. Food Sci. Nutr. 2024, 64(24), 8570-8586.
DOI: 10.1080/10408398.2023.2200861.

Pant, K; Palmer, J.; Flint, S. Shear Stress Adaptation of Listeria monocytogenes in Mono and Dual-Species
Biofilms. Food Res. Int. 2025, 221, 117190. DOI: 10.1016/j.foodres.2025.117190.

van der Veen, S.; Abee, T. Mixed Species Biofilms of Listeria monocytogenes and Lactobacillus Plantarum Show
Enhanced Resistance to Benzalkonium Chloride and Peracetic Acid. Int. J. Food Microbiol. 2011, 144(3), 421-431.
DOI: 10.1016/j.ijffoodmicro.2010.10.029.

Osek, J.; Lachtara, B.; Wieczorek, K. Listeria monocytogenes in Foods—From Culture Identification to Whole-
Genome Characteristics. Food Sci. Nutr. 2022, 10(9), 2825-2854. DOI: 10.1002/fsn3.2910.

Sousa, M.; Magalhdes, R.; Ferreira, V.; Teixeira, P. Current Methodologies Available to Evaluate the Virulence
Potential Among Listeria monocytogenes Clonal Complexes. Front. Microbiol. 2024, 15, 1425437. DOI: 10.3389/
fmicb.2024.1425437.

Pyz-Lukasik, R.; Pirég-Komorowska, A.; Policht, A. Occurrence, Molecular Serogroups, Antimicrobial
Susceptibility and Identification by MALDI-TOF MS of Listeria monocytogenes Isolated from RTE Meat
Products in Southern Poland. Foods 2024, 13(18), 2950. DOI: 10.3390/foods13182950.

Rychert, J. Benefits and Limitations of MALDI-TOF Mass Spectrometry for the Identification of
Microorganisms. J Infect. 2019, 2(4), 1-5. DOI: 10.29245/2689-9981/2019/4.1142.

Jadhav, S.; Bhave, M.; Palombo, E. A. Methods Used for the Detection and Subtyping of Listeria monocytogenes.
J. Microbiol. Methods 2012, 88(3), 327-341. DOI: 10.1016/j.mimet.2012.01.002.

Lopez-Canovas, L.; Martinez Benitez, M. B.; Herrera Isidron, J. A.; Flores Soto, E. Pulsed Field Gel
Electrophoresis: Past, Present, and Future. Anal. Biochem. 2019, 573, 17-29. DOI: 10.1016/j.ab.2019.02.020.
Neoh, H.; Tan, X.-E;; Sapri, H. F;; Tan, T. L. Pulsed-Field Gel Electrophoresis (PFGE): A Review of the “Gold
Standard” for Bacteria Typing and Current Alternatives. Infect. Genet. Evol. 2019, 74(2), 103935. DOI: 10.1016/j.
meegid.2019.103935.

Rosa Rodrigues de Souza, C.; Bergis, H.; Ng, P.; Guillier, L.; Félix, B.; Leclercq, A.; Gnanou Besse, N. Assessment
of the Relationship Between the MLST Genetic Diversity of Listeria monocytogenes and Growth Under Selective
and Non-Selective Conditions. Food. Microbiol. 2023, 114, 104303. DOI: 10.1016/j.fm.2023.104303.

Henri, C.; Leekitcharoenphon, P.; Carleton, H. A.; Radomski, N.; Kaas, R. S.; Mariet, J.-F.; Felten, A,
Aarestrup, F. M.; Gerner Smidt, P.; Roussel, S., et al. An Assessment of Different Genomic Approaches for
Inferring Phylogeny of Listeria monocytogenes. Front. Microbiol. 2017, 8, 305531. DOI: 10.3389/fmicb.2017.02351
Liith, S.; Kleta, S.; Al Dahouk, S. Whole Genome Sequencing as a Typing Tool for Foodborne Pathogens Like
Listeria monocytogenes — the Way Towards Global Harmonisation and Data Exchange. Trends Food Sci. Technol.
2018, 73(8), 67-75. DOI: 10.1016/}.tifs.2018.01.008.

Elson, R; Awofisayo-Okuyelu, A.; Greener, T.; Swift, C.; Painset, A.; Amar, C. F. L; Newton, A,; Aird, H;
Swindlehurst, M.; Elviss, N., et al. Utility of Whole Genome Sequencing to Describe the Persistence and Evolution
of Listeria monocytogenes Strains Within Crabmeat Processing Environments Linked to Two Outbreaks of
Listeriosis. J. Food Prot. 2019, 82(1), 30-38. DOI: 10.4315/0362-028X.JFP-18-206.

Brown, E.; Dessai, U.; McGarry, S.; Gerner-Smidt, P. Use of Whole-Genome Sequencing for Food Safety and
Public Health in the United States. Foodborne Pathog. Dis. 2019, 16(7), 441-450. DOI: 10.1089/fpd.2019.2662.
Stasiewicz, M. J; Oliver, H. F.; Wiedmann, M.; den Bakker, H. C. Whole-Genome Sequencing Allows for
Improved Identification of Persistent Listeria monocytogenes in Food-Associated Environments. Appl. Environ.
Microbiol. 2015, 81(17), 6024-6037. DOI: 10.1128/AEM.01049-15.

Praet, J.; Tetreau, G. Whitepaper - When Data Science Meets Molecular Biology for Fast and Easy Pathogen
Source Tracking for Food Industries. BioMérieux. n.d.

Camargo, A. C; Moura, A ; Avillan, J.; Herman, N.; McFarland, A. P.; Sreevatsan, S.; Call, D. R; Woodward, J. J;
Lecuit, M.; Nero, L. A. Whole-Genome Sequencing Reveals Listeria monocytogenes Diversity and Allows


https://doi.org/10.1016/J.IJFOODMICRO.2017.05.024
https://doi.org/10.1016/J.IJFOODMICRO.2017.05.024
https://doi.org/10.1016/J.FOODRES.2016.11.039
https://doi.org/10.1016/J.IJFOODMICRO.2011.07.012
https://doi.org/10.1016/J.IJFOODMICRO.2011.07.012
https://doi.org/10.1128/AEM.68.6.2950-2958.2002
https://doi.org/10.1128/AEM.68.6.2950-2958.2002
https://doi.org/10.1080/10408398.2023.2200861
https://doi.org/10.1016/j.foodres.2025.117190
https://doi.org/10.1016/j.ijfoodmicro.2010.10.029
https://doi.org/10.1002/fsn3.2910
https://doi.org/10.3389/fmicb.2024.1425437
https://doi.org/10.3389/fmicb.2024.1425437
https://doi.org/10.3390/foods13182950
https://doi.org/10.29245/2689-9981/2019/4.1142
https://doi.org/10.1016/j.mimet.2012.01.002
https://doi.org/10.1016/j.ab.2019.02.020
https://doi.org/10.1016/j.meegid.2019.103935
https://doi.org/10.1016/j.meegid.2019.103935
https://doi.org/10.1016/j.fm.2023.104303
https://doi.org/10.3389/fmicb.2017.02351
https://doi.org/10.1016/j.tifs.2018.01.008
https://doi.org/10.4315/0362-028X.JFP-18-206
https://doi.org/10.1089/fpd.2019.2662
https://doi.org/10.1128/AEM.01049-15

20 P.SOUSA ET AL.

[143

[144

[145

(146

(147

[148

[149

[150

[151

[152

(153

[154

[155

(156

(157

[158

[159

[160

[161

]

]

]
]

]

]
]

]

]

]

]

]

]
]

]

]

Identification of Long-Term Persistent Strains in Brazil. Environ. Microbiol. 2019, 21(12), 4478-4487. DOI: 10.
1111/1462-2920.14726.

Pietzka, A.; Allerberger, F.; Murer, A; Lennkh, A.; Stoger, A.; Cabal Rosel, A.; Huhulescu, S.; Maritschnik, S;
Springer, B.; Lepuschitz, S., et al. Whole Genome Sequencing Based Surveillance of Listeria monocytogenes for
Early Detection and Investigations of Listeriosis Outbreaks. Front. Public Health 2019, 7, 452154. DOI: 10.3389/
fpubh.2019.00139.

Rantsiou, K.; Kathariou, S.; Winkler, A.; Skandamis, P.; Saint-Cyr, M. J.; Rouzeau-Szynalski, K.; Amézquita, A.
Next Generation Microbiological Risk Assessment: Opportunities of Whole Genome Sequencing (WGS) for
Foodborne Pathogen Surveillance, Source Tracking and Risk Assessment. Int. J. Food Microbiol. 2018, 287(3),
3-9. DOI: 10.1016/j.ijfoodmicro.2017.11.007.

Mohseni, P.; Ghorbani, A. Exploring the Synergy of Artificial Intelligence in Microbiology: Advancements,
Challenges, and Future Prospects. Comput. Struct. Biotechnol. Rep. 2024, 1, 100005. DOI: 10.1016/].CSBR.2024.
100005.

Burns, B. L,; Rhoads, D. D.; Misra, A. The Use of Machine Learning for Image Analysis Artificial Intelligence in
Clinical Microbiology. J Clin Micro Biol. 2023, 61(9). DOI: 10.1128/jcm.02336-21.

Garre, A.; Fernandez, P.; Grau-Noguer, E.; Guillén, S.; Portafa, S.; Possas, A.; Vila, M. Predictive Microbiology
Through the Last Century. From Paper to Excel and Towards AI. Adv. Food Nutr. Res. 2025, 113, 1-63. DOI: 10.
1016/BS.AFNR.2024.09.012.

Reem, C. S. A; Chowdhury, M. A. H.; Ashrafudoulla, M.; Ha, S. Leveraging Blockchain and AI for Biofilm
Control in Food Processing Environments. Comp. Rev. Food Sci. Food Safe 2025, 24(5), €70261. DOI: 10.1111/
1541-4337.70261.

Liu, T; Zhai, Y,; Jeong, K. C. Advancing Understanding of Microbial Biofilms Through Machine
Learning-Powered Studies. Food Sci. Biotechnol. 2023, 32(12), 1653-1664. DOI: 10.1007/S10068-023-01415-W.
Baker, M. R.; Buyrukoglu, S.; Buyrukoglu, G.; Moreira, J.; Topalcengiz, Z. Efficacy of Machine Learning Models
for the Prediction of Death Occurrence and Counts Associated with Foodborne Illnesses and Hospitalizations in
the United States. Microb. Risk Anal. 2025, 30, 100351. DOI: 10.1016/].MRAN.2025.100351.

Okoye, C. O.; Abhadiomhen, S. E.; Ezenwanne, B. C; Chen, X,; Jiang, H; Wu, Y.; Jiang, J. Machine
Learning-Based Predictive Modeling of Foodborne Pathogens and Antimicrobial Resistance in Food
Microbiomes Using Omics Techniques: A Systematic Review. Food Res. Int. 2025, 221, 117255. DOI: 10.1016/j.
foodres.2025.117255.

Vangay, P.; Steingrimsson, J.; Wiedmann, M.; Stasiewicz, M. ]. Classification of Listeria monocytogenes
Persistence in Retail Delicatessen Environments Using Expert Elicitation and Machine Learning. Risk Anal.
2014, 34(10), 1830-1845. DOI: 10.1111/RISA.12218.

Ince, V.; Bader-El-Den, M.; Alderton, J.; Arabikhan, F.; Sari, O. F.; Sansom, A. Machine Learning-Based
Prediction of Clostridium Growth in Pork Meat Using Explainable Artificial Intelligence. J. Food Sci. Technol.
2025, 63(2), 310-323. DOI: 10.1007/s13197-024-06187-7.

Garcia-Vozmediano, A.; Maurella, C.; Ceballos, L. A.; Crescio, E.; Meo, R.; Martelli, W.; Pitti, M.; Lombardi, D.;
Meloni, D.; Pasqualini, C., et al. Machine Learning Approach as an Early Warning System to Prevent Foodborne
Salmonella Outbreaks in Northwestern Italy. Vet. Res. 2024, 55(1), 72. DOI: 10.1186/S13567-024-01323-9.
Benefo, E. O.; Karanth, S.; Pradhan, A. K. A Machine Learning Approach to Identifying Salmonella Stress
Response Genes in Isolates from Poultry Processing. Food Res. Int. 2024, 175, 113635. DOI: 10.1016/]. FOODRES.
2023.113635.

Tanui, C. K; Benefo, E. O.; Karanth, S.; Pradhan, A. K. A Machine Learning Model for Food Source Attribution
of Listeria monocytogenes. Pathogens 2022, 11(6), 691. DOI: 10.3390/pathogens11060691.

Gmeiner, A.; Njage, P. M. K; Hansen, L. T.; Aarestrup, F. M.; Leekitcharoenphon, P. Predicting Listeria
Monocytogenes Virulence Potential Using Whole Genome Sequencing and Machine Learning. Int. . Food
Microbiol. 2024, 410, 110491. DOI: 10.1016/j.ijffoodmicro.2023.110491.

Gmeiner, A.; Ivanova, M.; Njage, P. M. K; Hansen, L. T.; Chindelevitch, L.; Leekitcharoenphon, P. Quantitative
Prediction of Disinfectant Tolerance in Listeria monocytogenes Using Whole Genome Sequencing and Machine
Learning. BioRxiv 2023, 2023.11.05.565740. DOI: 10.1101/2023.11.05.565740.

Gmeiner, A.; Ivanova, M.; Kaas, R. S.; Xiao, Y.; Otani, S.; Leekitcharoenphon, P. ListPred: A Predictive ML Tool
for Virulence Potential and Disinfectant Tolerance in Listeria monocytogenes. Infect. Genet. Evol. 2025, 130,
105739. DOI: 10.1016/]. MEEGID.2025.105739.

Njage, P. M. K; Leekitcharoenphon, P.; Hansen, L. T.; Hendriksen, R. S.; Faes, C.; Aerts, M.; Hald, T. Quantitative
Microbial Risk Assessment Based on Whole Genome Sequencing Data: Case of Listeria monocytogenes.
Microorganisms 2020, 8(11), 1772. DOI: 10.3390/microorganisms8111772.

Alteio, L. V.; Spiegel, F.; Rychli, K.; Wagner, M. Nevertheless, They Persist: Addressing the Stalemate of
Persistence in Food-Associated Listeria monocytogenes Research. Crit. Rev. Microbiol. 2025, 52(2), 302-322.
DOI: 10.1080/1040841X.2025.2555938.


https://doi.org/10.1111/1462-2920.14726
https://doi.org/10.1111/1462-2920.14726
https://doi.org/10.3389/fpubh.2019.00139
https://doi.org/10.3389/fpubh.2019.00139
https://doi.org/10.1016/j.ijfoodmicro.2017.11.007
https://doi.org/10.1016/J.CSBR.2024.100005
https://doi.org/10.1016/J.CSBR.2024.100005
https://doi.org/10.1128/jcm.02336-21
https://doi.org/10.1016/BS.AFNR.2024.09.012
https://doi.org/10.1016/BS.AFNR.2024.09.012
https://doi.org/10.1111/1541-4337.70261
https://doi.org/10.1111/1541-4337.70261
https://doi.org/10.1007/S10068-023-01415-W
https://doi.org/10.1016/J.MRAN.2025.100351
https://doi.org/10.1016/j.foodres.2025.117255
https://doi.org/10.1016/j.foodres.2025.117255
https://doi.org/10.1111/RISA.12218
https://doi.org/10.1007/s13197-024-06187-7
https://doi.org/10.1186/S13567-024-01323-9
https://doi.org/10.1016/J.FOODRES.2023.113635
https://doi.org/10.1016/J.FOODRES.2023.113635
https://doi.org/10.3390/pathogens11060691
https://doi.org/10.1016/j.ijfoodmicro.2023.110491
https://doi.org/10.1101/2023.11.05.565740
https://doi.org/10.1016/J.MEEGID.2025.105739
https://doi.org/10.3390/microorganisms8111772
https://doi.org/10.1080/1040841X.2025.2555938

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

FOOD REVIEWS INTERNATIONAL 21

Lee, J. E;; Kim, M. J.; Hwang, S. H.; Park, J.; Cho, Y. S. Exploring the Impact of Stress Factors in Inducing the
Viable but Nonculturable State in Listeria monocytogenes: Implications for Food Safety. Food Biosci. 2025, 68,
106602. DOI: 10.1016/].FBIO.2025.106602.

Domingues, C. P. F.; Almeida, G.; Teixeira, P.; Nogueira, T. Persistence of Listeria monocytogenes in Food
Processing Environments: Challenges and Future Directions. Academia. Mol. Biol. Genomics. 2025, 2(2). DOLI: 10.
20935/AcadMolBioGen7715.

van de Merwe, C.; Simpson, D. J.; Qiao, N.; Otto, S. J. G.; Kovacevic, J.; Gdnzle, M. G.; McMullen, L. M. Is the
Persistence of Listeria monocytogenes in Food Processing Facilities and Its Resistance to Pathogen Intervention
Linked to Its Phylogeny? Appl. Environ. Microbiol. 2024, 90(6). DOI: 10.1128/aem.00861-24.

Arthur, M; Gil, M. L. Current Perspectives on the Survival and Persistence of Listeria monocytogenes in the Fresh
Produce Processing Industry. Curr. Opin. Food Sci. 2025, 66, 101359. DOI: 10.1016/].COFS.2025.101359.
Zhang, L.; Ishii, S.; Rothrock, M. J.; Oladeinde, A.; Li, X. Genomic Insights into the Evolution and Adaptation of
Listeria monocytogenes in Poultry Production Systems. Food Res. Int. 2026, 232(1), 118941. DOI: 10.1016/j.
foodres.2026.118941.

Fritsch, L.; Schmidt, R. S.; Marti, E. Listeria monocytogenes: Genomic Characterization of Persistent Strains
Historically Isolated from Cheese Processing Facilities. Int. ]. Food Microbiol. 2026, 453(3), 111734. DOI: 10.
1016/j.ijfoodmicro.2026.111734.

Falco, I; Yang, Y.; Patel, J.; Nou, X. Native Environmental Microbiota Promotes Listeria monocytogenes
Attachment and Biofilm Resilience. Food Biosci. 2026, 76, 108209. DOI: 10.1016/j.tbi0.2025.108209.

Tan, X.; Chung, T.; Chen, Y.; Macarisin, D.; Laborde, L.; Kovac, J. The Occurrence of Listeria monocytogenes Is
Associated With Built Environment Microbiota in Three Tree Fruit Processing Facilities. Microbiome 2019, 7(1),
115. DOI: 10.1186/s40168-019-0726-2.


https://doi.org/10.1016/J.FBIO.2025.106602
https://doi.org/10.20935/AcadMolBioGen7715
https://doi.org/10.20935/AcadMolBioGen7715
https://doi.org/10.1128/aem.00861-24
https://doi.org/10.1016/J.COFS.2025.101359
https://doi.org/10.1016/j.foodres.2026.118941
https://doi.org/10.1016/j.foodres.2026.118941
https://doi.org/10.1016/j.ijfoodmicro.2026.111734
https://doi.org/10.1016/j.ijfoodmicro.2026.111734
https://doi.org/10.1016/j.fbio.2025.108209
https://doi.org/10.1186/s40168-019-0726-2

	Abstract
	Introduction
	<italic>Listeria monocytogenes</italic> persistence
	Persister cell formation
	Persistent and pervasive <italic>Listeria monocytogenes</italic>

	<italic>Listeria monocytogenes</italic> adaptive mechanisms
	Cross-protection (CP)
	Sigma factor B (σ<sup>B</sup>)
	Efflux pumps (EPs)
	Cold shock proteins (CSPs)
	Biofilm formation (BF)

	Genomics-based methodologies for persistence
	Future prospects
	Conclusions
	Acknowledgments
	Author contributions
	Disclosure statement
	Funding
	ORCID
	References

