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Listeria species are exposed to various stressors throughout the food chain, which
are crucial for microbe mitigation strategy in the food industry. However, the survival
capabilities and development of antimicrobial resistance by Listeria spp. under
different food processing environments (FPEs) stressors are not yet well understood.
Hence, this study aims to determine the difference in survivability and antimicrobial
susceptibility of L. monocytogenes (Lm) and other Listeria species (non-Lm) strains
exposed to different FPEs stressors, including heat, acidic and alkaline pH, UV
irradiation, and osmotic stress. For this, a collection of 11 Lm and 10 non-Lm strains
were used to conduct experiments. This study showed that Lm strains were relatively
more tolerant to environmental stresses than non-Lm strains (p>0.05). Additionally,
the evaluation of stress-induced resistance toward antimicrobials showed that
anaerobic incubation, after exposition to environmental stresses, rendered Lm and
non-Lm more resistant to antimicrobial agents than aerobic incubation. Furthermore,
the study observed that different stressors induced an increase in minimum inhibitory
concentrations (MICs) of certain antimicrobials. Specifically, heat stress persuaded
an increase in MICs of tetracycline under aerobic incubation, and gentamicin and
ciprofloxacin under anaerobic incubation. Acidic/alkaline pH induced an increase in
MICs of gentamicin, ciprofloxacin, and trimethoprim-sulfamethoxazole, especially
under anaerobic incubation. However, UV stress induced increase in MICs of
tetracycline and trimethoprim-sulfamethoxazole under aerobic incubation and
gentamicin, ciprofloxacin, and trimethoprim-sulfamethoxazole under anaerobic
incubation. Additionally, osmotic stress induced an increase in MICs of tetracycline
and ampicillin under aerobic incubation and gentamicin, tetracycline, and
trimethoprim-sulfamethoxazole under anaerobic incubation. Collectively, this study
highlights that stress tolerance may contribute to the predominance of Listeria
species among FPEs and induce the development of antimicrobial resistance even
without antibiotic selection pressure. The findings of this study may guide updated
strategies to mitigate Listeria species in the food industry.

KEYWORDS

Listeria monocytogenes, Listeria ivanovii, Listeria innocua, food processing
environment, stress resistance, antimicrobial resistance

01 frontiersin.org


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fsufs.2023.1179835﻿&domain=pdf&date_stamp=2023-04-25
https://www.frontiersin.org/articles/10.3389/fsufs.2023.1179835/full
https://www.frontiersin.org/articles/10.3389/fsufs.2023.1179835/full
https://www.frontiersin.org/articles/10.3389/fsufs.2023.1179835/full
mailto:yanli3@zju.edu.cn
https://doi.org/10.3389/fsufs.2023.1179835
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://doi.org/10.3389/fsufs.2023.1179835

Wang et al.

1. Introduction

Stress in foods and food processing environments (FPEs) leads to
the adaptation of foodborne pathogens in unfavorable conditions,
affecting their potential to survive and resist different treatments (Nic
Aogain and O’'Byrne, 2016; Li et al., 2022). During food processing
and preservation, foodborne pathogens are constantly exposed to a
diverse range of stresses which could influence their viability and
activity. These pathogens suffer stresses from the food-preserving
process, food matrices, and animal or human consumption (Ruiz
etal, 2017; Wang et al., 2023). Notably, the variation in foodborne
pathogens’ response to such stresses is due to their differences in
innate and acquired properties, including origin, serotype, membrane
structure, efflux pump, mutations conferring altered target sites, and
differences in the expression of protective mechanisms (Buncic et al,
2001; Francis and O'Beirne, 2005). Indeed, the long contact period
between pathogens and environmental stressors may induce the
development of antimicrobial resistance and virulence.

Listeria monocytogenes remains a major challenge for efficient
control in the food industry. The persistence and survival of
L. monocytogenes within food processing facilities are crucial risk
factors for their presence in food products. In fact, L. monocytogenes
may survive under adverse environmental conditions in FPEs and
ready-to-eat (RTE) food, leading to human infections (Gandhi and
Chikindas, 2007; Miladi et al., 2017; Shi et al., 2021). Hence, the
persistence of L. monocytogenes in FPEs represents serious concerns
about food safety, which has contributed to costly food recalls, the
medical burden due to food-borne outbreaks, and high mortality and
morbidity rates (Buchanan et al., 2017; Bouymajane et al., 2021; Shi
etal., 2021; Anwar et al,, 2022). Recently, there has been an increasing
concern about food contamination due to the persistence of
L. monocytogenes along with FPEs and RTE food (Lee et al,, 2019),
which may lead to human clinical infections (Liao et al., 2020).

L. monocytogenes infections cause gastroenteritis, meningitis, and
neuroencephalitis in immunocompromised humans (Pilmis et al.,
2020), while other species like L. ivanovii have been reported to
be pathogenic for animals, by causing abortion, especially in sheep
and cattle (Dunnett et al, 2020). In rare cases, L. ivanovii and
L. seeligeri may be associated with human infections (Schmid et al,,
2005). Importantly, it is reported that the contamination of food
products with Listeria species is most likely due to their persistence in
the processing environment (Leong et al., 2014). In fact, strains may
resist cleaning and disinfection operations, persist in processing
facilities, and then contaminate food products (Martinez-Sudrez et al.,
2016). Hence, despite introducing safe raw materials, contamination
could be originated from contaminated facilities with persisting
strains in FPEs (Muhterem-Uyar et al., 2015).

The development of antimicrobial resistance is a major threat to
food safety and public health services. Moreover, persistence in
different environmental stresses may induce resistance to different
antibiotics by co-resistance mechanisms (Imran et al., 2019). However,
the direct effect of environmental stressors on the development of
antimicrobial-resistance is still obscure. In fact, we hypothesized that
the exposition of foodborne pathogens to different stressors, including
disinfectants, physical, and chemical treatments may induce the
development of resistance toward different antibiotics and enhance
the persistence of foodborne pathogens in unfavorable conditions. To
bridge this knowledge gap, we conducted this study to better
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understand the bahaviour of both L. monocytogenes (Lm) strains and
other Listeria spp. (non-Lm) strains toward environmental stress
conditions, in addition, we investigated the effect of environmental
stressors, including heat, acidic and alkaline pH, UV irradiation, and
osmotic stress, on the variation of antimicrobial susceptibility of “Lm”
and “non-Lm” strains incubated in both aerobic and anaerobic
conditions. Finally, we believe that the outputs of this study could
guide the risk estimation of emerging clinically relevant Listeria
species, therefore, improving our understanding of the environmental
stressors that may induce the development of antimicrobial resistance
during the food processing chain.

2. Materials and methods
2.1. Bacterial strains

A total of twenty-one Listeria spp. isolates originating from
diverse sources were selected and analyzed in this study, including
those from food (n=13), environment (n=1), livestock (n=5), and
human isolates (n=2), which were obtained over a period from 2002
to 2019. The studied isolates were obtained from the Laboratory of
Professor Min Yue (Department of Veterinary Medicine, Zhejiang
University, Hangzhou, China) and were grouped as L. monocytogenes
(Lm) group (n=11), including six different serotypes (1/2a, 1/2b, 1/2c,
4a, 4b, 4d), and non-L. monocytogenes (non-Lm) group (n=10),
including five common species, L. grayi, L. innocua, L. ivanovii,
L. seeligeri, L. welshimeri. Detailed information about Lm and non-Lm
strains is given in Table 1.

2.2. Bacterial culture

For each Listeria spp. strain, a frozen (—80°C) stock culture (500 pl
culture suspension supplemented with 50% glycerol) was thawed, and
a loopful was streaked onto brain heart infusion (BHI) agar and
incubated at 37°C overnight. Afterward, a single colony was
transferred into BHI broth and incubated at 37°C overnight.

2.3. Stress exposure under different
conditions

Bacterial survivability after stress exposure was evaluated by log,,
(Ny/N) where N, = colony-forming units (CFU) of bacteria before
exposure to stress; N=CFU of bacteria after exposure to stress.

2.3.1. Heat stress

Bacterial survivability under heat stress was evaluated as reported
previously, with minor modification (Walecka-Zacharska et al., 2018).
A total of 10 pl of bacterial culture (ODg,=0.15) were added to 990 pl
of sterile Phosphate-Buffered Saline (PBS) (pH 7.4, pre-heated to
65°C) and treated at 65°C in a water bath for 2, 3, and 4min,
respectively. After treatment, the bacterial suspensions were
immediately placed on ice. Then, 100 pl of bacterial suspension and its
serial 10-fold dilutions were plated onto the BHI agar, and then
incubated overnight at 37°C before the enumeration of colonies. The
experiments were conducted in triplicates.
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TABLE 1 The examined strains of Listeria species (Lm and non-Lm) with their host, year, country, serotypes, and STs.

Strain Host Year Country Species Serotype ST
10005 Food 2002 China Listeria monocytogenes 4b 2
L0006 Food 2002 China Listeria monocytogenes 4b 145
L0007 Human 2005 China Listeria monocytogenes 1/2¢ 9
10008 Human 2005 China Listeria monocytogenes 1/2a 85
L0011 Livestock 2007 China Listeria monocytogenes 1/2b 66
L0012 Food 2007 China Listeria monocytogenes 1/2¢ 35
L0021 Food 2010 China Listeria monocytogenes 4a 201
10023 Livestock 2012 China Listeria monocytogenes 4d 145
L0040 Livestock 2014 China Listeria innocua - -
L0041 Food 2014 China Listeria welshimeri -

10042 Livestock 2015 China Listeria monocytogenes 1/2a 7
10043 Food 2015 China Listeria grayi - -
L0044 Environment 2015 China Listeria seeligeri - -
L0045 Livestock 2015 China Listeria ivanovii - -
L0057 Food 2017 China Listeria monocytogenes 4a 201
10103 Food 2017 China Listeria monocytogenes 1/2b 330
L0208 Food 2018 China Listeria ivanovii - -
10214 Food 2019 China Listeria welshimeri -

L0217 Food 2019 China Listeria grayi - -
L0218 Food 2019 China Listeria seeligeri - -
L0227 Food 2019 China Listeria innocua -

2.3.2. Acid and alkaline stress

Bacterial survivability under the acid and alkaline stresses was
evaluated using a previously established protocol (Koutsoumanis et al.,
2003). Hydrochloric acid (HCI) and sodium hydroxide (NaOH) were
used to prepare physiological saline solutions with various ranges of
pH=2.0 and pH=12.0. A total of 10pl of the resuspended bacterial
solution (ODgy,=0.15) were mixed with 990 pl used to prepare PBS of
pH=2.0 and pH=12.0. The mixtures were incubated at room
temperature for 10, 20, and 30 min, respectively. Then, we conducted a
serial 10-fold dilution using PBS (pH 7.4). After that, 100pl of the
original solution and each dilution were spread onto the BHI agar plates.
Plates were incubated with three replicates for each sample at 37°C for
24h, the number of CFUs was counted (Koutsoumanis et al., 2003).

2.3.3. UV stress

Bacterial response to UV stress was conducted according to the
previous method (McKinney et al, 2009). For each strain, a
standardized suspension (ODgy,=0.15) was prepared and then serially
diluted in PBS (pH 7.4) to achieve 10-fold dilutions series of different
cell concentrations. Then, 10 pl of the original suspension, along with
each dilution were spread-plated onto BHI agar in triplicate and
allowed to dry. Afterward, the plates were vertically irradiated with the
UV lamp (8 W, 254 nm) for 60, 80s, and 100s and incubated at 37°C
for 24 h. Then the number CFUs was enumerated.

2.3.4. Osmotic stress

Bacterial survivability under osmotic stress was investigated by
treating Listeria strains with 10% sodium chloride (NaCl)
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(Bergholz et al., 2010). Briefly, 10ul of bacterial suspension
(ODggo=0.15) were mixed with 990 ul of 10% NaCl in buffered
peptone water (BPW) and incubated at 37°C under static
conditions. To determine the survivability of strains exposed to
osmotic stress, samples aliquots were removed from these cultures
ondays1,3,5,7,9,11, 13, 15, 27, and 55, serially diluted and then
plated on BHI agar. Colonies were enumerated following overnight
incubation at 37°C.

2.4. Antimicrobial susceptibility testing

The antimicrobial susceptibility of isolates was assayed with seven
antibiotics using the broth micro-dilution to determine the minimum
inhibitory concentrations (MICs) as recommended by guidelines of
the Clinical and Laboratory Standards Institute (CLSI) (CLSI, 2021).
Breakpoints for ampicillin, trimethoprim-sulfamethoxazole, and
imipenem were found in CLSI documents M45-A3 (CLSI, 2021).
Since there are no relevant criteria for tetracycline, gentamicin,
ciprofloxacin, and chloramphenicol, the susceptibility results for
these antimicrobials were interpreted based on the breakpoints of
Staphylococcus spp. as reported previously (Zhang et al., 2019). The
multiple classes of antimicrobials along with MIC range (pg/mL)
used in this study are as follow: p-lactams (ampicillin: AMP, 0.032-
16); IMP, 0.032-16);
(trimethoprim-sulfamethoxazole: SXT, 0.032-16); aminoglycosides
(gentamicin: GEN,0.032-16); tetracyclines (tetracycline: TET,0.032—
16); CIP, 0.032-16);

penems (imipenem: sulphonamides

quinolones  (ciprofloxacin: phenicols
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(chloramphenicol: CHL, 0.125-64). Escherichia coli ATCC 25922 was
used as a quality control strain.

2.5. Effect of stress conditions on
antimicrobial susceptibility of Listeria spp.

Antimicrobial susceptibility testing was performed based on the
determination of MICs before (pre-stress) and after (post-stress) the
application of stress conditions on both “Lm” and “non-Lm” groups.
The antimicrobial susceptibility was evaluated under both aerobic and
anaerobic incubations. For aerobic conditions, MICs were determined
by using 96-well plates incubated overnight at 37°C, while to achieve
the anaerobic conditions, the 96-well plates were placed in anaerobic
jars containing AnaeroPack-Anaero (disposable oxygen absorbing
and carbon-dioxide generating agent) (Mitsubishi Gas Chemical CO.,
ING, Japan) and incubated overnight at 37°C (Hinnu et al., 2022).
Moreover, to understand the effect of different stress conditions on the
antimicrobial susceptibility of both “Lm” and “non-Lm” groups, the
bacterial culture obtained after stress conditions application was
adjusted to the ODg,=0.12-0.15 (approximately 5x 10* CFU/mL) and
then used to determine the MIC of each antibiotic. The following
post-stress treatments (heat stress at 65°C for 3 min; pH=2 for 5min
and pH =12 for 30 min; UV at 60s and 10% of NaCl for 27 days.) were
used to evaluate the effect of stress conditions on the antimicrobial
susceptibility behavior of Listeria groups.

2.6. Statistical analysis

The data interpretation and figures generation were performed by
GraphPad Prism 7 software (GraphPad Software, Inc., United States).
The significance level was set at a value of p <0.05, and ANOVA test
was used to analyze the statistical difference between groups using
GraphPad Prism 7 software.

3. Results

3.1. Bacterial survivability under various
stresses

In order to provide in-depth knowledge about the persistence of
Listeria spp. in FPEs, we evaluated the survival ability of both
L. monocytogenes (Lm) and non-L. monocytogenes (non-Lm) groups
under different stress conditions, including heat stress, acid/alkaline
stress, UV stress, and osmotic stress. Our results showed that Lm
isolates group presented greater tolerance to the tested environmental
stresses that the non-Lm isolates group, but without significant
difference (p>0.05) (Figures 1 A-E).

3.2. Antimicrobial susceptibility of
pre-stressed isolates of Listeria spp.

The antimicrobial susceptibility of both Lm and non-Lm groups
of Listeria spp. was evaluated by the determination of MIC of each
antimicrobial under both aerobic and anaerobic incubation
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conditions. Our results showed that two isolates from the non-Lm
group and one isolate from the Lm group presented resistance to CIP
and SXT under aerobic incubation (Figure 2A). While anaerobic
incubation showed that three non-Lm isolates were resistant to CIP
and CHL, and three isolates from the Lm group displayed multi-
resistance toward CIP, CHL, and SXT (Figure 2B); in addition, two
non-Lm isolates showed resistance to tetracycline, and another from
the Lm group presented resistance to ampicillin. Notably, anaerobic
incubation revealed a high resistance level to CIP, CHL, and SXT
among both the Lm and non-Lm groups. However, all the tested
strains were susceptible to GEN and IPM under both aerobic and
anaerobic incubation, where no susceptibility difference has been
reported toward these antimicrobials.

3.3. Effect of stress conditions “post-stress”
on antimicrobial susceptibility of Listeria

Spp.

To understand whether stress conditions affect the antimicrobial
susceptibility profiles of Listeria species, antimicrobial susceptibility
testing was performed by conducting MIC assay after applying heat,
acid and alkaline, UV, and osmotic stresses on the Lm and non-Lm
isolates under aerobic and anaerobic incubations.

3.3.1. Osmotic stress

To evaluate the effect of heat stress on the antimicrobial
susceptibility of Listeria spp., we determined the MICs of the tested
antimicrobials toward 21 strains of Listeria species survived after
3min of heat treatment at 65°C. Our results showed that under
aerobic incubation, heat stress at 65°C for 3 min led to an apparent
increase in MICs of TET and SXT for non-Lm isolates compared to
Lm isolates (Figure 3A). However, an increase in MIC was evidenced
for GEN and SXT under anaerobic conditions for both Lm and
non-Lm isolates (Figure 3B). Compared to the results of aerobic
conditions, anaerobic incubation under heat stress increased the MICs
of GEN, CIP, IPM, and SXT for both Lm and non-Lm isolates
(Figure 3B). Additionally, the Lm isolates appeared to be more
resistant to CIP and IPM than non-Lm isolates after heat treatment
under anaerobic conditions (Figure 3B). Moreover, heat-stress
induced resistance for the non-Lm isolates to TET under aerobic
incubation and GEN under anaerobic incubation (Figures 3A,B).
Detailed information about the antimicrobial susceptibility of the Lm
and the non-Lm isolates after applying heat stress is shown in
Supplementary Data, Supplementary Table S1.

3.3.2. Effect of acid and alkaline stress on
antimicrobial susceptibility

Experiments were conducted to determine whether acid and
alkaline stress influence the susceptibility of the studied Listeria
isolates to antimicrobials under aerobic and anaerobic incubations.
The obtained results were summarized in Supplementary Data,
Supplementary Tables S2, S3.

Results showed that acid stress (5min at pH=2.0) has led to a
slight increase in MIC of TET and SXT for the non-Lm strains
compared to the Lm strains under aerobic incubation (Figure 4A). It
also led to an apparent increase in MICs of GEN and SXT for both Lm
and non-Lm groups incubated in anaerobic conditions (Figure 4B).
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FIGURE 1
Effect of various stress conditions on survival of L. monocytogenes (Lm) isolates and non-L. monocytogenes (non-Lm) isolates. Reduction of bacteria
was calculated as log(No/N), No=colony forming unit of organisms before exposure to stress, N=colony forming unit of organisms after exposure to
stress. (A) Bacterial survivability under heat stress. The logarithmic reduction value showed bacterial numbers of (non-Lm) and (Lm) strains in response
to heat stress at 65°C for 2min, 3min, and 4min. (B) Bacterial survivability under acid stress. The logarithmic reduction value showed bacterial numbers
of (non-Lm) and (Lm) strains were treated with acid stress (pH 2.0) for 10min, 20min, and 30min. (C) Bacterial survivability under alkaline stress. The
logarithmic reduction value showed bacterial numbers of (non-Lm) and (Lm) strains treated with alkaline stress (pH 12.0) for 10min, 20min, and 30min.
(D) Bacterial survivability under UV stress. The logarithmic reduction value showed bacterial numbers of (non-Lm) and (Lm) strains under UV stress for
the 60s, 80s, and 100s. (E) Bacterial survivability under osmotic stress. The logarithmic reduction value showed bacterial numbers of (non-Lm) and
(Lm) strains were under 10% NaCl stress for 55days.

Moreover, both Lm and non-Lm groups appear to be more resistant
to GEN, CIP, and SXT when incubated in anaerobic conditions rather
than aerobic conditions (Figure 4B). However, no difference in MICs
of AMP, TET, CHL, and IPM has been reported in both Lm and
non-Lm groups under anaerobic incubation (Figure 4B). On the other
hand, both Lm and non-Lm groups were susceptible to GEN and IPM
when incubated in aerobic condition and susceptible to CHL and IPM
when incubated in anaerobic conditions (Figures 4A,B).

Alkaline stress (30min at pH=12.0) has resulted in a slight
increase in MICs of TET and AMP for non-Lm than Lm isolates
under aerobic incubation (Figure 4C). It also led to an apparent
increase in MICs of GEN, CIP, and SXT for non-Lm isolates under
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anaerobic conditions (Figure 4D). Additionally, Alkaline stress
resulted in a decreased MIC of IPM for nearly all isolates regardless of
aerobic and anaerobic incubations (Figures 4C,D). Moreover, the
overall shift in greater sensitivity to AMP was more dramatic for
non-Lm isolates under anaerobic incubation (Figure 4D).

3.3.3. Effect of UV stress on antimicrobial
susceptibility

Experiments were carried out to understand whether UV stress
(exposition to UV during 60s) significantly impacts the antimicrobial
susceptibility of Lm and non-Lm isolates under aerobic and anaerobic
incubation. The outputs of this test were summarized in
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FIGURE 2
Antimicrobial susceptibility testing under the aerobic and anaerobic
conditions. AMP: ampicillin, GEN: gentamicin, TET: tetracycline, CIP:
ciprofloxacin, CHL: chloramphenicol, IPM: imipenem, SXT:
trimethoprim-sulfamethoxazole. (A) The isolates were resistant (red),
intermediate resistant (orange) or susceptible (gray) to the tested
antibiotics under aerobic conditions. (B) The isolates were resistant
(red), intermediate resistant (orange), or susceptible (grey) to the
tested antibiotics under anaerobic conditions.

Supplementary Data, Supplementary Table S4. Our results showed
that under aerobic conditions, UV stress increased MIC values of
TET and SXT in a high percentage of non-Lm isolates compared to
Lm isolates (Figure 5A). On the other hand, the application of UV
stress followed by anaerobic incubation has led to increased MIC
values of GEN and CIP in a high percentage of non-Lm compared to
Lm isolates, while it increases the MIC values of SXT and IPM in a
high rate of Lm compared to non-Lm isolates (Figure 5B).
Furthermore, UV stress enhanced antimicrobial resistance of both
Lm and non-Lm toward GEN when incubated in anaerobic

conditions (Figure 5B).

3.3.4. Effect of osmotic stress on antimicrobial
susceptibility

To evaluate the effect of osmotic stress on the antimicrobial
susceptibility of Listeria species, MIC values were determined based
on Listeria isolates exposed to 10% NaCl for 27 days. The obtained
results were shown in Supplementary Data, Supplementary Table S5.
In fact, we noticed that under aerobic incubation, osmotic stress has
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FIGURE 3

Changes in antimicrobial susceptibility of Lm and non-Lm isolates
incubated in aerobic and anaerobic conditions after heat stress of
65°C for 3min. AMP: ampicillin, GEN: gentamicin, TET: tetracycline,
CIP: ciprofloxacin, CHL: chloramphenicol, IPM: imipenem, SXT:
trimethoprim-sulfamethoxazole. (A) Change of MIC (increase/
decrease) after heat stress compared with pre-stress (before stress)
under aerobic condition, (B) Change of MIC (increase/decrease) after
heat stress compared with pre-stress (before stress) under anaerobic
conditions.

resulted in an apparent increase in MIC value of AMP for non-Lm
than Lm isolates (Figure 6A). Moreover, increase in MIC values of
GEN and SXT were evidenced for both Lm and non-Lm isolates
under anaerobic conditions when compared with aerobic conditions
(Figure 6B), while aerobic incubation has increased MIC value of TET
for both Lm and non-Lm isolates compared to anaerobic incubation
(Figure 6A). Furthermore, it seems that anaerobic incubation
rendered Lm isolates more resistant to SXT than non-Lm isolates
(Figure 6B).

4. Discussion

Contamination of various food products along the food chain by
L. monocytogenes is a significant risk to the food industry and public
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FIGURE 4
Changes in antimicrobial susceptibility in aerobic and anaerobic conditions after acid stress (pH 2, 5min) and alkaline stress (pH 12, 30min). AMP:
ampicillin, GEN: gentamicin, TET: tetracycline, CIP: ciprofloxacin, CHL: chloramphenicol, IPM: imipenem, SXT: trimethoprim-sulfamethoxazole.
(A) Change of MIC (increase/decrease) after acid stress compared with pre-stress (before stress) under aerobic incubation. (B) Change of MIC
(increase/decrease) after acid stress compared with pre-stress (before stress) under anaerobic incubations. (C) Change of MIC (increase/decrease) after
alkaline stress, compared with pre-stress (before stress) under aerobic incubation. (D) Change of MIC (increase/decrease) after alkaline stress,
compared with pre-stress (before stress) under anaerobic incubations.

health. Additionally, the large scale of using disinfectants during the
pandemic of COVID-19 in food industries may influence the
behavior of foodborne pathogens toward different antimicrobial
agents, in which, we hypothesized that selective pressure exerted by
disinfectants could induce the antimicrobial resistance of bacteria,
especially Listeria species through cross-and co-resistance
mechanisms (Wu et al., 2023). Indeed, some previous studies have
demonstrated the ability of stress exposures to induce resistance
mutations and influence bacterial susceptibility to antimicrobials
(Foster, 2008; Al-Nabulsi et al., 2015; Nambiar and Yue, 2022). Hence,
we evaluated in this study the behavior of Lm and non-Lm species to
heat treatment, acidic and alkaline pH, UV irradiation, and 10%
sodium chloride, as well as the effect of stress conditions on the
change in antimicrobial susceptibility under both aerobic and
anaerobic incubations.

Our findings showed that the Lm strains are relatively more
tolerant to environmental stress conditions, including heat treatment,
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acidic and alkaline pH, UV stress, and osmotic stress, than the
non-Lm strains (p>0.05). As known, Listeria species, especially
L. monocytogenes has the capabilities to survive under extreme
environmental conditions like a wide range of temperature (0°C-
45°C), a wide range of pH (4.1-9.6), low water activity (<0.9), and
high osmotic stress (up to 10% w/v of NaCl) (Chen et al., 2019; Anwar
etal., 2022). Moreover, previous studies have demonstrated the ability
of L. monocytogenes to resist stress during food processing and storage
(Bucur et al,, 2018), including tolerance to heat stress (60°C for
10min) (Shen et al,, 2014), acidic pH (pH = 3), alkaline pH (pH=12),
and saturated NaCl (Liu et al., 2005), and exposition to UV (Gayan
et al, 2015). We could argue that the pathogenic species of Listeria
(L. monocytogenes) shares similar morphological, biochemical, and
genetic characteristics with other non-pathogenic species of Listeria
(Lietal, 2021). In this regard, previous studies have reported the close
genetic relationships between L. monocytogenes and L. innocua
coexisted in similar ecological niches, these species shared similar
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FIGURE 5
Changes in antimicrobial susceptibility in aerobic and anaerobic
conditions after UV stress of the 60s. AMP: ampicillin, GEN:
gentamicin, TET: tetracycline, CIP: ciprofloxacin, CHL:
chloramphenicol, IPM: imipenem, SXT: trimethoprim-
sulfamethoxazole. (A) Change of MIC (increase/decrease) after UV
stress compared with pre-stress (before stress) under aerobic
incubation. (B) Change of MIC (increase/decrease) after UV stress
compared with pre-stress (before stress) under anaerobic
incubations.

plasmids and resistance/virulence genes and may horizontally transfer
common genetic elements (Li et al., 2021).

Recent findings have shown the increase in antimicrobial
resistance of Listeria spp. recovered from different sources, including
foods, environment, and humans (Bouymajane et al., 2021; Anwar
etal., 2022). Indeed, the increase in antimicrobial resistance has been
attributed to the misuse and overuse of antibiotics in veterinary and
medical fields (Chang et al., 2019; Shao et al., 2021). However,
advanced studies have concluded that bacteria could develop
antimicrobial resistance even in absence of antibiotics use (Li et al.,
2022). This may be due to different mechanisms where bacteria
develop resistance and adaptation mechanisms to different
unfavorable conditions and resist by the same mechanisms to
different antibiotic classes (co-and cross-resistance mechanisms). In
this study, we evidenced that the adaptation to environmental stresses
such as heat stress, acidic/alkaline stress, and osmotic stress induces
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FIGURE 6
Changes in antimicrobial susceptibility in aerobic and anaerobic
conditions after osmotic stress of 27days. AMP: ampicillin, GEN:
gentamicin, TET: tetracycline, CIP: ciprofloxacin, CHL:
chloramphenicol, IPM: imipenem, SXT: trimethoprim-
sulfamethoxazole. (A) Change of MIC (increase/decrease) after
osmotic stress of 27days compared with pre-stress (before stress)
under aerobic incubation. (B) Change of MIC (increase/decrease)
after osmotic stress of 27days compared with pre-stress (before
stress) under anaerobic incubations.

the development of resistance by increasing the MIC of gentamicin
and trimethoprim-sulfamethoxazole in anaerobic incubation.
Moreover, the application of UV stress increased the MIC of
trimethoprim-sulfamethoxazole in Lm group and MICs of
gentamicin in both Lm and non-Lm groups. This increase in MICs
may be attributed to changes in binding protein and transport of
antibiotics across the cell membrane (Taber et al., 1987; Guinane
et al,, 2006). Interestingly, we observed increased resistance to some
antibiotics of both Lm and non-Lm strains incubated in anaerobic
conditions, this finding is alarming because the anaerobic packaging
and storage of food products under different stressors may help
bacteria, especially Listeria species, to develop resistance to the
critical antimicrobial agents.

Overall, these findings could be relevant to FPEs, specifically
where food products are exposed to various stresses such as
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temperature, pH, salt, and UV stress to prolong their shelf life,
preserve their nutritional value, and prevent microbial spoilage
(Singh and Shalini, 2016; Amit et al., 2017). We may argue that
contamination of food products by antimicrobial-resistant
strains in FPEs and laterally consumed by consumers may
be more difficult to treat in clinical settings. Subsequently, the
strains are more difficult to treat by conventional drugs in vivo
within anaerobic host environments (Sydnor and Perl, 2011;
Nguyen et al., 2018); thereby leading to unsuccessful therapeutic
outcomes and possibly higher mortality (Sydnor and Perl, 2011).
To our knowledge, this is the first study covering the Lm and
non-Lm species antimicrobials susceptibility under aerobic and
anaerobic incubations with various stress conditions.
Nevertheless, the adaptive response to various food-related
stresses is a complicated process. It depends on several physical
and chemical stresses which challenge the bacterial cell and
determine the fate of the pathogen along the food chain.
Subsequently, this impacts the disease-causing potential of strains
and the outcome of the disease. In a nutshell, we have found a
greater tendency for tolerance, resistance and/or cross-protection
for the “Lm” species compared to the “non-Lm” species. These
findings showed that resistant L. monocytogenes in FPEs, can
cause contamination of food products and clinical infection.
Additionally, stressed L. monocytogenes showed high MIC values
by displaying antimicrobial resistance potential against critical
such as

antimicrobials trimethoprim-sulfamethoxazole,

gentamicin, and ampicillin, which may pose profound
implications for clinical practices that are also involved with
numerous physical and chemical stresses. From this perspective,
the findings of the current study suggested potential risks to food
technology and public health. Therefore, keeping the food chain
or FPEs free from L. monocytogenes contamination is fundamental
for designing improved food processing conditions and public

health safety.

5. Conclusion

The findings of this study showed higher tolerance capabilities
among Lm strains than non-Lm strains to various stresses. More
importantly, our findings evidenced that the exposition to
environmental stress like heat, acidic, alkali, UV, and osmotic stress
rendered Listeria species more resistant to antimicrobial agents,
especially in anaerobic conditions which is often used in food
packaging and storage. Hence, the findings of this study highlight
the significance of stress tolerance in affecting antimicrobial
resistance phenotypes of Listeria species regarding the clinically
critical antimicrobials, posing significant public health concerns.
Finally, we believe that further studies based on more widely
sampling Listeria isolates are needed to confirm these results
and conclusions.
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