University of
< Reading

Acid or salt adaptation of Listeria
monocytogenes 10403S grown until
exponential phase aerobically, enhances
sensitivity to oxidative stress

Article
Published Version
Creative Commons: Attribution 4.0 (CC-BY)

Open Access

Boura, M., Yilmaz Topcam, M. M., Spiteri, D., Bruschi, C.,
Valdramidis, V. and Karatzas, K. A. G. (2025) Acid or salt
adaptation of Listeria monocytogenes 10403S grown until
exponential phase aerobically, enhances sensitivity to
oxidative stress. Journal of Applied Microbiology, 136 (7).
Ixaf173. ISSN 1365-2672 doi: 10.1093/jambio/Ixaf173
Available at https://centaur.reading.ac.uk/123606/

It is advisable to refer to the publisher’s version if you intend to cite from the
work. See Guidance on citing.

To link to this article DOI: http://dx.doi.org/10.1093/jambio/Ixaf173

Publisher: Society for Applied Microbiology

All outputs in CentAUR are protected by Intellectual Property Rights law,
including copyright law. Copyright and IPR is retained by the creators or other
copyright holders. Terms and conditions for use of this material are defined in
the End User Agreement.



http://centaur.reading.ac.uk/71187/10/CentAUR%20citing%20guide.pdf
http://centaur.reading.ac.uk/licence

University of
< Reading

www.reading.ac.uk/centaur

CentAUR

Central Archive at the University of Reading

Reading’s research outputs online


http://www.reading.ac.uk/centaur

W& OXFORD

https://doi.org/10.1093/jambio/Ixaf173 UNIVERSITY PRESS

Advance access publication date: 14 July 2025 MICROBIOLOGY
Research Article

Acid or salt adaptation of Listeria monocytogenes 10403S
grown until exponential phase aerobically, enhances
sensitivity to oxidative stress

Marcia Boura'’*, Mahide M. Yilmaz Topcam', David Spiteri?3, Carolina Bruschi’,
Vasileios Valdramidis?3, Kimon A.G. Karatzas'”

"Department of Food and Nutritional Sciences, University of Reading, Reading, RG6 6AD, United Kingdom

2Department of Food Sciences and Nutrition, Faculty of Health Sciences, University of Malta, Msida, MSD 2080, Malta

3Centre of Molecular Medicine and Biobanking, University of Malta, Msida, MSD 2080, Malta

*Corresponding author: Department of Food and Nutritional Sciences, University of Reading, Whiteknights, PO Box 226 Reading, RG6 6AD, United Kingdom.

E-mail: k. karatzas@reading.ac.uk
These authors contributed equally to this work.

Abstract

Aims: The work aimed at investigating a possible role of sigB in catalase transcription and activity in Listeria monocytogenes. Furthermore, we
also aimed to investigate whether sigB upregulation during the exponential phase, due to acid or salt adaptation, could result in hypersensitivity
to oxidative stress. Finally, we investigated how this discovery could be used in the wider concept of Hurdle Technology through combination
of different stresses.

Methods and results: Listeria monocytogenes 10403S WT and AsigB strains were grown aerobically, and catalase transcription and activity
were assessed at different growth stages. Catalase transcription peaked at 6 h of growth in both strains, with AsigB showing higher levels.
Subsequently, from 8 to 10 h, a major drop to similarly low levels occurred for both strains. However, catalase activity peaked 2 h later (at 8 h of
growth) than transcription and remained higher in AsigB beyond this point. To evaluate stress adaptation, exponential-phase cells were exposed
to sub-lethal acidic conditions (pH 4.5; HCI) or salt (0.5 mol =" NaCl) and later subjected to H,O, or sonication (tested only with acid). Adaptation
increased sensitivity in the wild type (WT) but not in AsigB, underpinning the negative role of sigB upregulation. Acid adaptation reduced catalase
activity in both strains, explaining the reduced oxidative stress resistance, although salt adaptation did not affect catalase activity. After adaptation
to acid or salt, application of oxidative stress without removing the initial adaptation stresses resulted in a higher synergistic effect in both WT
and AsigB.

Conclusion: The above synergistic effects are important for our understanding of listerial oxidative stress resistance and optimization of relevant
oxidative stress decontamination processes (e.g. oxidative compounds, ultrasound, and plasma treatments) but also virulence.

Impact Statement

The results obtained in this study, are important for the food industry, especially for the optimization of oxidative stress-based processes but
also for the understanding of listerial stress adaptation, resistance, and virulence.

Keywords: food safety; transcriptional regulation; sigma B; acid stress; hurdle technology; ultrasound; NaCl; stress adaptation; acid adaptation; salt adaptation

Introduction where no sublethal injury occurs. For example, exposure to
sublethal acid conditions induces cross-resistance to multiple
other stresses (Lou and Yousef 1997, Davidson and Harri-
son 2002, Bonnet and Montville 2005, Skandamis et al. 2012,
Shen et al. 2015).

In Gram-positive bacteria such as L. monocytogenes, sur-
vival in a wide range of hostile environments is widely at-
tributed to the alternative sigma factor SigB, a well-studied
transcriptional regulator, responsible for regulating the ex-
pression of >150 stress genes (Abram et al. 2008). SigB-
dependent genes are being upregulated upon entrance in the

Listeria monocytogenes is a Gram-positive bacteria that is
ubiquitous in nature and found in fresh or processed foods,
causing listeriosis a life-threatening food-borne illness, (Ra-
maswamy et al. 2007, McLaughlin et al. 2011, Quereda et al.
2021). In the natural environment, L. monocytogenes is of-
ten exposed to a wide range of environmental stresses, such
as acidic conditions, high salt concentrations, increased tem-
peratures, or oxidative stress. These stresses are also often em-
ployed during disinfection and processing in food preparation

premises or food treatment [e.g. plasma, ultrasound (Ferreira ) .
et al. 2001, Moorhead and Dykes 2003, Sue et al. 2004)]. stationary phase of growth, as well as in response to a va-

Through evolution, L. monocytogenes has developed a stress rie.ty of environmental conditions, including acid stress (.Fer-
defence machinery to cope with adverse environmental con- r?rzao(e)t“ aéh2001, Suek elt al.dZBOO4, Z%Vg?eéar;p —Kﬁmp (};Il(ls eft
ditions. This machinery normally protects L. monocytogenes an » “haturongakul and Boor » undrusch and Breft

- . . 2011, Cortes et al. 2020), osmotic stress (Ferreira et al. 2001,
against multiple stresses following exposure to one, at a level
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Kazmierczak et al. 2003, Abram et al. 2008, Utratna et al.
2012,2014), heat shock, photo-oxidative, and oxidative stress
(Chaturongakul and Boor 2006, Oliver et al. 2010, Ondrusch
and Kreft 2011, Utratna et al. 2014, Boura et al. 2016). It has
also been shown that L. monocytogenes mutants lacking sigB
are sensitive to a variety of stresses, such as acidic conditions,
bile salts, and osmotic conditions (Ferreira et al. 2001, 2004,
Oliver et al. 2010).

However, the role of sigB in oxidative stress during station-
ary phase has been controversial (Boura et al. 2016), as sev-
eral studies reported a protective role for sigB (Heisick et al.
1989, Ferreira et al. 2001, Oliver et al. 2010), while others
find no significant role (Oliver et al. 2013). These differences
were mainly attributed to strain-specific effects (Oliver et al.
2013). However, subsequently, we explained that these dis-
crepancies were at least partly due to low oxygen levels in the
cultures used in these experiments. When we grew cells aerobi-
cally, we were able to show in two different L. monocytogenes
strains, EGD-e and 10403S, that under aerobic conditions, the
presence of sigB results in increased sensitivity to hydrogen
peroxide (Boura et al. 2016). Furthermore, we found that the
presence of sigB negatively affected catalase activity in station-
ary phase, explaining the above effect. We also observed that
the effect of SigB on oxidative stress depended on the stage of
growth and the oxygen levels during growth.

Knowledge of the behaviour of L. monocytogenes under
multiple stresses is highly valuable for Hurdle Technology as
the latter involves the application of multiple stresses, either
simultaneously or sequentially. This knowledge could con-
tribute to a deeper understanding of the role and impact of
environmental conditions and stresses on the behaviour of this
pathogen against oxidative stress. It could also help in op-
timization of existing food processes or in invention of new
processes (new stress combinations) to eliminate microbes in
food. Furthermore, oxidative stress occurs during phagocyto-
sis and as such, it is also important for a better understand-
ing of listerial virulence. For example, the hypersensitivity ob-
served in the presence of sigB could explain the possible lack
of a role for sigB in intracellular proliferation (Chatterjee et
al. 2006, Boura et al. 2016) and the lack of a major intracellu-
lar upregulation, as this would render cells sensitive to oxida-
tive stress in the phagocytic vacuole (Chatterjee et al. 2006,
Schultze et al. 2013).

Therefore, in the present work, to explain the above phe-
nomena, we examined catalase transcription and activity at
different time points during growth. This analysis aimed to
explain the hypersensitivity observed in the presence of sigB
during stationary phase. Furthermore, we looked if sigB up-
regulation during exponential phase could result in a similar
effect, by adapting cells to sublethal levels of acid and salt be-
fore exposure to lethal oxidative stress. Both approaches re-
flect the conditions in the environment or food, where cells
encounter multiple stresses. Since catalase was shown to be
an important parameter in the role of sigB in oxidative stress,
we also measured catalase activity.

Materials and methods

Bacterial strains and culture conditions

All experiments were performed with L. monocytogenes
10403S (Karatzas et al. 2010) and its corresponding isogenic
AsigB mutant (Wiedmann et al. 1998). All strains were stored
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at —80°C in an aqueous solution of 15% (v/v) dimethyl sul-
foxide from where stock cultures were prepared by streak-
ing onto Brain Heart Infusion (BHI) agar (1% m/v; Lab M—
NEOGEN, Lancashire, UK) and incubated at 37°C overnight.
Three colonies were picked from each strain’s stock culture
and all three were inoculated in one universal containing 3 ml
BHI broth (Lab M—NEOGEN, Lancashire, UK), to prepare
the pre-experimental first overnight culture. In all cases, ex-
periments were performed at least in triplicate, and as such, at
least three of the above cultures were prepared for each exper-
iment. These cultures were grown until the stationary phase
of growth at 37°C and 120 rpm, and each one was inoculated
at 1% in the same medium and under the same growth condi-
tions (37°C at 120 rpm), to prepare each experimental culture.
Experimental cultures were in 20 ml medium, grown in coni-
cal flasks (250 ml) until the specific time needed depending on
the experiment.

Catalase activity assays

For temporal catalase activity analysis, L. monocytogenes cul-
tures were grown as described above for 4, 6, 8, 14, and 18 h.
Catalase activity was assessed as described previously (Iwase
et al. 2013), with minor modifications. One millilitre of bac-
terial culture was centrifuged for 3 min at 10 000 x g, and the
supernatant was carefully removed without disturbing the pel-
let. In the temporal analysis, it was important to make compar-
isons between different stages of growth, where cell concentra-
tions were different. Therefore, centrifugation with biomass
normalization was employed to adjust for the number of cells,
which would allow for comparisons between different stages
of growth.

The pellet was resuspended in phosphate buffer (pH7; 100
ul per 10 mg of pellet), and 100 pl was transferred to a test
tube containing 100 ul of 1% (v/v) Triton X-100 (Sigma-—
Aldrich, Dorset, UK). A volume of 100 ul of H,O, (30%
v/v) was then added to each test tube. Oxygen released dur-
ing the enzymatic degradation of H, O, was measured as the
column of foam formed. The addition of Triton X-100 stabi-
lized the bubbles formed, allowing an accurate measurement
of the oxygen released. After 5 min, the column height of
the foam was measured and, in parallel, photographic images
were taken to estimate the foam’s height, which was propor-
tional to the oxygen levels produced by the catalase reaction.
All samples were also analysed omitting the centrifugation
step.

Additional catalase activity assays were performed in par-
allel with the survival experiments to identify the possible role
of catalase in the oxidative stress resistance, following stress
adaptation. In this case, no cell number or weight adjustment
was performed as we already had ensured that cultures had
the same number of cells, and no adjustment was required.
For every culture used in the survival experiments, a dupli-
cate culture was prepared with the same inoculum, grown in
parallel, and exposed to acid or salt adaptation as described
below. Subsequently, one of the cultures was used to assess
survival under oxidative stress, and its duplicate was used to
assess catalase activity. A volume of 100 ul of 1% (v/v) Triton
X-100 (Sigma—-Aldrich, Dorset, UK) was added to 100 ul of
these cultures and subsequently, 100 ul H, O, (30% v/v) were
then added to each test tube. Subsequently, the height of the
foam was recorded. All these experiments were performed in
triplicate.
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Table 1. Primers used in this study.

Name? Sequence (5" — 3') Efficiency
katF CGCACGGGAAATTTGTTACT 2.05
katR GGTCAGGCTTCAAGGAATGA

16SF TGGGGAGCAAACAGGATTAG 2.27
16SR TAAGGTTCTTCGCGTTGCTT

aPrimers designed based on the L. monocytogenes 10403S and were adopted
from Boura et al. (2016).

Catalase gene expression

Temporal catalase (kat) transcription during the different
stages of growth was assessed for the 10403S WT and its
corresponding isogenic AsigB mutant, as described previ-
ously (Karatzas et al. 2010) using real-time reverse transcrip-
tion quantitative polymerase chain reaction (RT-qPCR). The
primers used (Table 1) were identical to those used previously,
(Boura et al. 2016), while the primer efficiency (Table 1) was
close to 2, and these values were used for efficiency correc-
tion in the quantification step. Bacterial cultures, of both WT
and AsigB, were grown aerobically in conical flasks (120 rpm
at 37°C). Samples for RNA isolation were collected along the
growth curve at 4, 6, 8, and 10 h of growth and immediately
mixed with chilled phenol/ethanol (5/95%) solution. We did
not analyse any time points beyond 10 h, as catalase activity
did not show any major difference beyond 8-10 h of growth
(Fig. 1).

The samples in the phenol/ethanol mix were centrifuged
at 4°C, 5000 xg for 10 min and the pellet was stored at
—80°C until usage. Subsequently, the pellet was processed as
described in the RNeasy Midi kit (Qiagen, Manchester, UK).
DNA contamination was removed with the Turbo DNA-free
Kit (Ambion, Life Technologies, ThermoFisher Scientific, Pais-

WI  Asigh

WT  Asigh

ley, UK), and the RNA concentration was quantified using a
NanoDrop spectrophotometer (Thermo Fisher Scientific, Pais-
ley, UK). The RNA concentration was normalized (0.5 pg of
RNA) and converted to ¢cDNA using random primers, and
the SuperScript II Reverse Transcriptase Kit (Invitrogen, Ther-
moFisher Scientific, Paisley, UK). The cDNA was then stored
at —20 °C until further use.

Relative expression was calculated as the ratio between the
expression of the target gene (kat) and the expression of the
16S rRNA gene, which served as the reference gene in each
c¢DNA sample. Calculations were carried out using the ad-
vanced relative quantification analysis settings of the Light-
Cycler 480 software program, with PCR efficiency correction
performed as described previously (Karatzas et al. 2010). The
relative expression of each gene was calculated by a compar-
ison of its expression relative to that of the 16S rRNA gene.
For the presentation of the results, we identified the highest
of all the values, set that value arbitrarily as 100%, and then
all other ones were adjusted accordingly relative to this max-
imum value.

Survival following adaptation to acid stress and cell
transfer to lethal H,O, or ultrasound challenge

All survival experiments were performed with cells at the ex-
ponential phase of growth (5 h). The exponential phase for
WT was defined at ~5 h of growth, determined using the
Baranyi and Roberts model (data not shown; Baranyi et al.
1996, Baranyi and Roberts 1994). Listeria monocytogenes
10403S cultures were grown in BHI broth at 37°C with shak-
ing (120 rpm) until the exponential phase (5 h of growth and
~7-8 log CFU ml~'). Subsequently, cultures were adapted to
mild acidic conditions (HCIL, pH 4.5) for 30 min while non-
acid-adapted controls were left untouched for these 30 min

WT  AsigB
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2 ; 6
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® 2 4,_(_.2,‘3' g 2
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Figure 1. Catalase activity (portrayed on the primary y-axis with black line on the left side) of 10403S WT ([J; continuous black line) and AsigB (a;
continuous black line) at different stages of growth (portrayed on the secondary y-axis with dashed grey line on the left side) for WT 10403S (J; dashed

grey line) and AsigB (A

; dashed grey line) at 37°C aerobically (120 rpm). Tests were performed with the addition of 100 ul of 30% H,0, to 10 mg of a

bacterial pellet resuspended in a mix 1:1 PBS (1X) and triton X-100 (1X). Assays were performed in triplicate and asterisk (x) indicates a statistically
significant difference between the WT and AsigB (t-test; P < 0.05). Photos portray one out of three biological replicates on which catalase activity tests

were performed.
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(5.5 h total incubation). Then, acid-adapted and control cul-
tures were harvested by centrifugation (4723 x g for 10 min,
37°C). Cell pellets were resuspended in fresh BHI (pH 7.2) and
either immediately challenged with 1.5% H;O, for 60 min
(use of 30% v/v H,O,) or subjected to ultrasound treatment.
Samples were analysed through the preparation of decimal di-
lutions and plating onto BHI agar followed by incubation for
24 h at 37°C and enumeration.

For ultrasound treatment, the sample was pipetted into
100 ml of sterile distilled water and used for ultrasound treat-
ment in biological triplicates. Ultrasound treatment was con-
ducted in a Hielscher UP200St Ultrasonifier equipped with a
generator UP200St-G 200 W and a transducer UP200St-T, op-
erating at a constant frequency of 26 kHz and a 14-mm di-
ameter sonotrode. For each sample, the working solution was
transferred into a 500 ml jacketed beaker, attached to a wa-
ter pump. The beaker was carefully disinfected with alcohol
between each experiment. Then, the tip of the sonotrode was
placed in the centre of the beaker, containing 100 ml of bacte-
rial suspension, and submerged to a depth of 1 cm. All samples
were treated for 5 min in the continuous mode at 100% in-
tensity and Ultrasonic Intensity of 31.89 W/cm?. Temperature
was kept below 45°C, to eliminate the impact of the thermal
process during ultrasound treatment on microbial survival, by
circulating cold water continuously to lower delta T. Temper-
ature records were obtained with the use of PT100 probe to
ensure that during the experiments the temperature did not
exceed the 45°C.

To standardize the intensity level of the ultrasound process
due to different ultrasound devices, ultrasound intensity (UL,
expressed as W/cm?) for the ultrasonic horn was calculated.
The Ul can be determined calorimetrically using the following
equations that were described by Mason (1999).

_ AP
T xd?’

where d [cm] is the diameter of the sonotrode.
In the above equation, P [W] represents the absolute ultra-
sonic power and can be defined as

dT
P= mcI,(E) X (2)

where, 7 [g] is the mass, C,, [J/g-K] is the specific heat ca-
pacity, and dT/dt [K/s] is the ratio of change of temperature
during sonication. Where:

m =100 g,

Cp = 4.179 J/g °C,

dTldt = 0.1179 °Cls,

d=1.4cm.

Following ultrasound treatment, samples were collected,
and decimal serial dilutions were prepared and plated onto
BHI agar. Subsequently, plates were incubated overnight at
37°C and colony counts were assessed to identify the level of
inactivation induced by the ultrasound treatment.

Ul (1)

Survival following adaptation to acid or salt and cell
transfer to lethal H,O, challenge (first approach)

As mentioned above, all survival experiments were performed
with exponential phase cells (5 h of growth; Baranyi and
Roberts 1994, Baranyi et al. 1996). To assess the role of acid
and salt adaptation on oxidative stress resistance, two ap-
proaches were followed. As one of our aims was to assess the

Boura et al.

role of SigB in these stresses, the levels of adaptation condi-
tions selected were not lethal, but they were stressful enough
to upregulate sigB and activate the SigB operon. The sub-
lethal conditions were selected based on previous works (Fer-
reira et al. 2001, Kazmierczak et al. 2003, Sue et al. 2004,
Wemekamp-Kamphuis et al. 2004, Chaturongakul and Boor
2006, Abram et al. 2008, Utratna et al. 2012, 2014).

The first approach was identical to that described with the
ultrasound experiments, but with the inclusion of the AsigB
mutant together with the WT, to assess the role of SigB in
acid and salt adaptation and oxidative stress resistance. In
brief, the cells were grown in BHI broth at 37°C with shaking
(120 rpm) until the exponential phase (5 h of growth and ~7-
8 log CFU ml~"). Subsequently, cultures were adapted to mild
acidic conditions (HCI, pH 4.5) for 30 min or salt (0.5 mol
1-1 NaCl) conditions for 60 min. At this point in the first ap-
proach, stress-adapted cell cultures, together with their cor-
responding non-adapted controls were harvested by centrifu-
gation (4723 x g for 10 min, 37 °C), and removed from the
adaptation stress environment. Subsequently, cell pellets were
resuspended in fresh BHI and immediately challenged with the
use of different concentrations of 30% (v/v) H,O,. Based on
the different oxidative stress resistance of the strains, for these
survival experiments, final concentrations of 1.5% and 0.8%
H,0, for WT and AsigB were used for acid-adapted cells.
For salt-adapted cells salt and their corresponding controls,
the concentrations of 2.2% and 1.6% (v/v) were used for WT
and AsigB. Cell viability was assessed by taking samples at
regular time intervals during the H,O, challenge by prepar-
ing and plating decimal dilutions in BHI agar. Agar plates
were incubated at 37°C for 24 h and colony-forming units
(CFUs) were enumerated to assess the concentration of bacte-
ria at each time point. Results are presented as means of three
biological replicates.

Survival following adaptation to acid or salt and
exposure to lethal hydrogen peroxide stress with
maintenance of the adaptation stress (second
approach)

Furthermore, we assessed the effect of the lethal oxidative
stress applied following the adaptation to either acidic or salt
sublethal stress, but without cell transfer by omitting the sub-
sequent harvesting centrifugation step after the adaptation pe-
riod. This resulted in the lethal oxidative stress challenge co-
inciding with the adaptation stress after the adaptation was
concluded.

Overall, in this second approach, cells were adapted for
30 min (acid) and 60 min (salt) under the same pH and salt en-
vironments as the ones for the first approach in parallel with
non-stress-adapted controls. Subsequently, acid-adapted WT
and AsigB cells and their corresponding non-stress-adapted
controls were challenged with 30% (v/v) H,O; to a final con-
centration of 0.5% and 0.35% (v/v). Salt-adapted WT and
AsigB and their corresponding controls were challenged with
1.5% and 1.25% (v/v). As in the first approach, different
H,0, concentrations were used due to different oxidative
stress resistance of cells. The presence of the adaptation stress
coinciding with the lethal H, O, challenge stress, made cells
highly sensitive and therefore, overall lower H, O, concentra-
tions had to be used compared to the first approach. As in
the first approach, in every survival assay and every H,O,
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concentration used, non-adapted WT and AsigB were always
included.

Cell viability was assessed by taking samples at regular time
intervals and plating decimal serial dilutions onto BHI agar.
Agar plates were incubated at 37°C for 24 h and CFUs were
enumerated to assess the concentration of bacteria at each
time point. Results are presented as means of three biologi-
cal replicates, each performed in triplicate.

Statistical analysis

All experiments were performed at least in triplicate (three bi-
ological replicates and three technical replicates) unless stated
otherwise, and differences between groups were assessed us-
ing paired #-test, with P < 0.05 being considered statistically
significant.

Results

Catalase activity during growth

In previous work, we have shown that catalase activity de-
pends on the phase of growth and the presence of sigB (Boura
et al. 2016). Therefore, in the present study, we performed a
temporal analysis of the catalase activity during the growth of
WT and AsigB. Catalase activity measured with cell biomass
adjustment, was low in both WT and AsigB during the lag and
early exponential phase (4 h; Fig. 1). At the late exponential
phase of growth (6 h), both strains showed some catalase ac-
tivity, which was higher in the WT, although this was without
statistical significance (P > 0.05). At the early stationary phase
(8 h), WT had lower catalase activity than AsigB (P < 0.05)
and remained as such thereafter (10, 14, and 18 h; Fig. 1).
At the stationary phase (8-18 h), catalase activity appeared
to be stable in both strains and significantly higher in AsigB
(P < 0.05; Fig. 1).

Catalase (kat) transcription during L.
monocytogenes growth

Along with the temporal analysis of catalase activity, we also
performed a temporal analysis of catalase (kat) transcription
but only until 10 h of growth since beyond this point, no ma-
jor changes in catalase activity occurred (Fig. 1). A major ex-
pression peak occurred at 6 h of growth, which was signifi-
cantly higher in AsigB (P < 0.05) than the WT. This peak was
followed by a major drop at low and similar levels for both
strains at 8 h of growth (early stationary phase; Fig. 2). A sim-
ilar trend without any difference between the two strains was
also observed at 10 h of growth (Fig. 2).

Survival following adaptation to acid stress and cell
transfer to lethal H,O, or ultrasound challenge

Following the temporal analysis of catalase activity and tran-
scription, the effect of acid adaptation on the survival of WT
was evaluated against lethal H,O, oxidative stress and ul-
trasound, which also exerts antimicrobial effects mediated by
oxidative stress (Spiteri et al. 2017). Acid-adapted cells (HCI,
pH 4.5 for 30 min), harvested and resuspended in fresh BHI
(pH 7.2) showed significantly lower resistance to H, O, with
a dramatic 5.98 log reduction compared to no reduction for
non-adapted controls (Fig. 3a). Subsequently, we looked at the
effect of ultrasound and acid-adapted cells also showed lower
resistance to ultrasound, having a 3.4 log reduction of CFU

100 +
80

60 -

40 -

% Transcription

20 4

Time (h)

Figure 2. Expression of kat gene in 10403S WT ([J; continuous black line)
and AsigB (m, dashed black line), at different stages of growth under
37°C aerobically (120 rpm). The percentage of expression was calculated
for each replicate by normalizing kat relative expression against the
highest value, which was arbitrarily set as 100%. The asterisk denotes a
statistically significant difference (P < 0.05) between WT and AsigB.
Error bars represent mean standard deviations of three individual
experiments.

ml~!(P < 0.05) compared to 0.6 and —0.1 log reduction of
CFU ml~! for ultrasound and the acid adaptation treatment
alone, respectively (Fig. 3b).

Survival following adaptation to acid and cell
transfer to lethal H,O, challenge (first approach)
Acid-adapted WT cells (HCIL; pH 4.5 for 30 min) from the
exponential phase of growth showed statistically significant
lower resistance to 1.5% H,O,, having a 5.6 log reduction of
CFU ml~! (P < 0.05), 30 min after the challenge, while cell
numbers of the non-acid adapted control were not affected
(P > 0.05; Fig. 4a). Non-adapted AsigB control showed com-
plete inactivation within 30 min (no counts recovered; Fig. 4a)
and was more sensitive than the WT.

Acid-adapted AsigB from the exponential phase of growth
did not show a statistically significant difference in survival to
0.8% H,0;, compared to the non-adapted control (Fig. 4b),
as they showed a 3.4 and 2.19 log reduction, respectively.
Non-adapted WT showed no reduction after 60 min (Fig. 4b),
and as such, it was significantly more resistant than AsigB.

Survival following adaptation to acid and exposure
to lethal H,O, stress with maintenance of the
adaptation stress (second approach)

We also performed experiments with a similar acid adaptation
(HCI; pH 4.5 for 30 min) conditions as the ones described in
the first approach but omitted the harvesting-centrifugation
step and applied the lethal H,O; challenge in the presence of
the acidic conditions, resulting in the two stresses coinciding
(second approach). Final concentrations of 0.5% and 0.35%
H, 0O, were used for both WT and AsigB (Fig. 5).
Acid-adapted WT was sensitive to 0.5% as it showed a 4.9
log reduction in 60 min, while no inactivation occurred in
the WT without any adaptation (Fig. 5a). Non-adapted AsigB
showed complete inactivation within 30 min (no counts recov-
ered; Fig. 5a) and as such, was more sensitive than the WT.
Interestingly, at 0.35% H,0O,, AsigB showed similar be-
haviour to WT, as adaptation to acid rendered it sensitive to
the lethal HyO, when the sublethal acidic conditions were
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Figure 3. Effect of acid adaptation (HCI) on H,O, resistance (a) and ultrasound resistance (b) of exponential phase cultures of L. monocytogenes 10403S
WT with sequential application of the stresses (first approach). WT 10403S was grown in BHI broth until the exponential phase and were either
adapted to sublethal acid stress (HCI) at pH 4.5 (acid adaptation) or left untouched as controls for 30 min. They were subsequently harvested,
resuspended in fresh BHI (pH 7.2) and subjected to 1.5% H, 0O, for 60 min (acid adaptation + H,O5; black bar; A), or a 3 min ultrasound treatment (Acid
adapt. + US; black bar; B), while non-acid adapted controls were subjected to similar H,O, (H,O;; grey bar; A) and ultrasound (US; grey bar, B)
treatments. Asterisks represent statistically significant difference (P < 0.01). Error bars represent standard deviation of three independent biological
replicates, while each comprised three technical replicates.
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Figure 4. Effect of acid adaptation (HCI) on oxidative stress resistance of exponential phase cultures of L. monocytogenes 10403S WT (LJ/m) and AsigB
(A/A) with cell transfer from acid adaptation to the lethal H,O, stress (first approach). Cultures were grown in BHI broth until the exponential phase,
and were either adapted to sublethal acid stress (HCI) at pH 4.5 (CJ/A) or, left untouched as non-acid-adapted controls (B/A) for 30 min. They were
subsequently harvested, resuspended to fresh BHI (pH 7.2) and WT was challenged with 1.5% H,0O, (a), while AsigB with 0.8% H,0, (b). Catalase
activity on the above acid-adapted (white bars), or non-stress-adapted control (black bars) cultures were also investigated after harvesting and
resuspension to fresh BHI, but immediately prior to the H,O, challenge (c). D.L. denotes the detection limit of the assay and asterisks denote a
statistically significant difference (P < 0.01). Error bars represent the standard deviation of three independent biological replicates, while each comprised
three technical replicates.
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Figure 5. Effect of acid adaptation on oxidative stress resistance of L. monocytogenes 10403S WT (LJ/m) and AsigB (A/A) from the exponential phase
with the application of H,O, without cell transfer (second approach). Cultures were grown until the exponential phase and were either adapted to
sublethal acid stress (HCI) at pH 4.5 ([J/A) or, left untouched as non-acid-adapted controls for 30 min (B/A). Subsequently, they were challenged with
0.5% H,0, (a) and 0.35% H, 0O, (b) without any harvesting or cell transfer step. Catalase activity on the above acid-adapted (white bars) or
non-stress-adapted control (black bars) cultures was also investigated immediately prior to the H,O, challenge (c). D.L. denotes the assay's detection
limit and asterisks denote a statistically significant difference (P < 0.01). Error bars represent the standard deviation of three independent biological

replicates while each comprised three technical replicates.

maintained (second approach; 5.81 log reduction in 60 min;
Fig. 5b). Non-adapted WT showed no reduction after 60 min
(Fig. 5b) and as such, it was significantly more resistant than
AsigB.

Survival following adaptation to salt and cell
transfer to lethal H,O, challenge (first approach)

We also assessed the behaviour of cells following adaptation
to sublethal levels of salt (0.5 mol I=! NaCl; Abram et al. 2008,
Utratna et al. 2011), which is another stress that upregulates
sigB expression (Utratna et al. 2011). Also, in this case, various
H,0O; concentrations were tested, and 2.2% and 1.6% H,0,
were used for both WT and AsigB.

Similarly to adaptation to acid, salt adaptation, followed
by cell transfer to fresh BHI (first approach; pH 7.2), 2.2%
H, 0, resulted in a sensitive phenotype for WT, as adapted
cells showed a significant 5.73 log reduction compared to
0.76 without adaptation to salt (Fig. 6a). Non-adapted AsigB
showed complete inactivation within 20 min (no counts recov-
ered; Fig. 6a) and as such, was more sensitive than the WT.

Furthermore, similarly to acid adaptation experiments, 1 h
adaptation to salt followed by cell transfer to lethal 1.6%
H,O,, did not significantly alter the behaviour of the AsigB
mutant, as both adapted and non-adapted cells showed simi-

lar reduction (Fig. 6b). Non-adapted WT showed no reduction
after 60 min (Fig. 6b) and as such, it was significantly more
resistant than AsigB.

Survival following adaptation to salt and exposure
to lethal H,O, stress with maintenance of the
adaptation stress (second approach)

We also performed experiments where, following 1 h adapta-
tion to salt, cells were not harvested and H,O, was applied,
while the sublethal salt levels were present (second approach).
Final concentrations of 1.5% and 1.25% H, O, for the WT
and AsigB with the latter being significantly more sensitive to
H,0;.

Also in thesecond approach experiments, salt-adapted WT
was more sensitive to 1.5% H; O, (2.87 log reduction within
60 min) than its non-salt-adapted control (no cell death ob-
served within 60 min; Fig. 7a). Non-adapted AsigB showed
complete inactivation within 20 min (no counts recovered;
Fig. 7a) and as such, was more sensitive than the WT.

However, when salt-adapted AsigB was challenged with
1.25% H,0O, behaved similarly to its non-salt-adapted con-
trol (Fig. 7b) and they were both reduced by 5 log CFU ml~".
Non-adapted WT showed no reduction after 60 min (Fig. 7b)
and as such, it was significantly more resistant than Asig.
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Figure 6. Effect of adaptation to salt on oxidative stress resistance of L. monocytogenes 10403S (LJ/m) and AsigB (A/A) from the exponential phase
with cell transfer from the salt adaptation to the lethal H,O, stress (first approach). Cultures were grown in BHI at 37°C until the exponential phase and
were either adapted to 0.5 mol I~ NaCl ((J/A) or left untouched as non-salt-adapted controls (m/a) for 60 min. Subsequently, they were harvested,
resuspended in fresh BHI (pH 7.2), and immediately, WT was challenged with 2.2% H,0, (a) and AsigB with 1.6% H,0O, (b). Catalase activity on the
above cells adapted to 0.5 mol I=" NaCl (white bars) or control (black bars) was also investigated immediately after the harvesting and resuspension to
fresh BHI, but prior to the H,O, challenge (c). D.L. denotes the detection limit of the assay and asterisks denote a statistically significant difference

(P < 0.01). Error bars represent the standard deviation of three independent biological replicates while each comprised three technical replicates.

Catalase activity during survival assays

As in previous work (Boura et al. 2016), it was shown that
catalase is a major determinant in oxidative stress resistance,
catalase activity was performed in identical duplicate cultures
in parallel to all survival assays. A significant reduction in
catalase activity was observed in WT and AsigB after acid
adaptation, harvesting, and resuspension to fresh BHI (first
approach; Fig. 4¢c; P < 0.05). Following acid adaptation, the
levels of catalase activity in the WT and AsigB were similar.
It should be mentioned that these catalase activity tests were
performed at the point immediately prior to the application of
lethal oxidative stress in the experiments presented in Fig. 4a
and b but also in those at Fig. 3a and b, including the ultra-
sound treatment (Fig. 3b).

Similarly, a significant reduction was observed in catalase
activity of WT and AsigB after acid adaptation (second ap-
proach; Fig. 5¢; P < 0.05). Interestingly, without acid adap-
tation, WT had a higher catalase activity than AsigB, while
following acid adaptation, the levels of catalase activity in the
WT were comparable to those of the AsigB (Fig. 5c¢).

In the experiments with salt adaptation (0.5 mol 1-! NaCl)
with cell transfer (first approach), salt adaptation had no
significant impact on catalase levels, neither in WT nor in
AsigB (Fig. 6¢). Interestingly, catalase activity of both adapted
and non-adapted AsigB cells was lower than that of the cor-
responding WT cultures (Fig. 6¢). Similarly, in experiments
with salt adaptation omitting cell transfer (second approach),

adaptation to salt, had no significant impact on catalase lev-
els neither in WT nor in AsigB (Fig. 7c). Also in this case,
catalase activity of both adapted and non-adapted AsigB was
lower than that of the corresponding WT cultures (Fig. 7¢).

Discussion

Listeria monocytogenes is the deadliest foodborne bacte-
rial pathogen in the UK, the USA, and other countries
(FDA/USDA. 2003, Mook et al. 2010). It encounters oxidative
stress during decontamination processes (e.g. oxidative disin-
fectants), novel food processing techniques (plasma treatment
and sonication; Spiteri et al. 2017) but also in the phagocytic
vacuole of macrophages (Dessaux et al. 2021). Listeria mono-
cytogenes possess various oxidative stress resistance mecha-
nisms such as catalase, a scavenger protein, responsible for
H, 0, detoxification and conversion into less toxic molecules
(H20 and O;) (Imlay 2003, 2008). Previously, we showed that
SigB, the main stress gene regulator in L. monocytogenes, that
normally protects cells from multiple stresses, makes cells sen-
sitive to oxidative stress. This phenotype was confirmed in
two strains (10403S and EGD-e) and occurs during station-
ary phase under aerobic growth, while it is catalase-mediated
(Boura et al. 2016). Therefore, understanding listerial oxida-
tive stress will not only help reduce its presence in foods and
food preparation premises, but will also provide a better un-
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Figure 7. Effect of adaptation to salt on oxidative stress resistance of L. monocytogenes 10403S (CJ/m) and AsigB (A/A) from the exponential phase
without cell transfer (second approach). Cultures grown until the exponential phase were either adapted to 0.5 mol I=" NaCl ((J/A) or left untouched
(m/a) for 60 min. Subsequently, they were challenged with 1.5% H,0; (a) or 1.26% H, O, (b) without any harvesting step or transfer to another medium.
Catalase activity on the above cells adapted to 0.5 mol I=! NaCl (white bars) or control (black bars) was also investigated immediately prior to the H,O,
challenge (c). D.L. denotes the detection limit of the assay and asterisks denote a statistically significant difference (P < 0.01). Error bars represent the
standard deviation of three independent biological replicates while each comprised three technical replicates.

derstanding of its virulence and possibly guide strategies to
diminish it.

Since growth phase and SigB are important parameters for
oxidative stress resistance and catalase activity in L. mono-
cytogenes, we performed a temporal analysis of catalase ac-
tivity per cell and transcription of the only catalase gene
(kat), during growth in both 104030S WT and AsigB. At 4 h
of growth (mid-exponential phase), catalase activity per cell
(Fig. 1; Boura et al. 2016) and transcription (Fig. 2) were sim-
ilarly low in WT and AsigB. All the above explain the previ-
ously reported similar oxidative stress resistance between WT
and AsigB at this growth stage (Boura et al. 2016).

At late exponential phase, (~6 h of growth) catalase ac-
tivity (Fig. 1), and kat transcription (Fig. 2) increased, with
the latter showing a peak, which was higher in AsigB com-
pared to the WT. This higher transcription in AsigB translated
into a higher catalase activity, 2 h later, at 8 h (Fig. 1), when
transcription had already dropped in both WT and AsigB, at
similarly low levels (Fig. 2). This delayed increase in catalase
activity compared to the transcription, could be explained by
a possible intracellular catalase accumulation through time.
However, at 6 h, catalase activity seems to be variable as seen
by the higher standard deviation, implying a major change in
catalase transcription and catalase activity. The higher cata-
lase activity of AsigB compared to WT at 8 h of growth and
beyond (Fig. 1) explains its previously observed higher oxida-
tive stress resistance (Boura et al. 2016). Following its drop
at 8 h, catalase transcription, remained at similarly low levels
until 10 h in both WT and AsigB (Fig. 2). We did not look at

transcription beyond 10 h, as no difference occurred in cata-
lase activity beyond 8 h (Fig. 1). However, no difference in kat
transcription was previously found between WT and AsigB at
18 h (Boura et al. 2016) and 8 and 16 h of growth (EGD-e;
Hain et al. 2008).

The SigB-mediated downregulation of kat at 6 h of growth
is puzzling since no consensus SigB box is present upstream
of kat (Hain et al. 2008), while SigB does not normally act as
a repressor, but as a transcriptional activator, by binding to
the core RNA polymerase (Kazmierczak et al. 2005). Interest-
ingly, a similar behaviour of higher catalase activity and hyper-
resistance to oxidative stress in AsigB has also been observed
in B. subtilis (van Schaik et al. 2005). A possible explanation
for the above phenomena could be associated with SigB pro-
moting expression of PerR, a repressor of peroxide-inducible
genes (e.g. catalases) in Gram-positive bacteria (Fuangthong et
al. 2002, Faulkner et al. 2012, Seixas et al. 2025). Loss of sigB
could result in lower PerR activity leading to kat upregulation
(Herbig and Helmann 2001, Horsburgh et al. 2001, Rea et al.
2004, Faulkner et al. 2012, Seixas et al. 2025), although this
still needs to be demonstrated in L. monocytogenes. Another
possible explanation could be that kat is being upregulated in
AsigB, to counteract for the loss of another oxidative stress re-
sistance mechanism such as SpxA, which upregulates catalase
under aerobic conditions (Cesinger et al. 2020) and requires
SigB for its expression (Gaballa et al. 2019).

Since cells in the environment are normally exposed to mul-
tiple stresses, we decided to look at the effect of stress adap-
tation on oxidative stress and the role of SigB in this context.
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First, we looked at the effect of acid adaptation on oxidative
stress and as it has been shown previously (Dhowlaghar et
al. 2019), acid adaptation significantly enhanced sensitivity to
oxidative stress during the first approach (Fig. 3a). Further-
more, we investigated if the observed effect of acid adaptation
occurs when another oxidative stress-based technology such
as ultrasound (Spiteri et al. 2017) is used. Indeed, as in the case
of H, O3, acid adaptation enhanced sensitivity to ultrasound,
resulting in a synergistic effect even after the removal of the
acid stress (Fig. 3b).

The case of increased sensitivity towards oxidative stress
following adaptation to mild sublethal acidic conditions is
rare as normally adaptation to one stress results in protec-
tion against other stresses (Lou and Yousef 1997, Ferreira et
al. 2003, Sue et al. 2004, Wemekamp-Kamphuis et al. 2004)
and not increased sensitivity as shown here. Cross-protection
between stresses is normally mediated by SigB (O’Byrne and
Karatzas 2008), although we have shown previously that SigB
can have the opposite effect, by reducing the oxidative stress
resistance of aerobically grown stationary phase L. monocy-
togenes (Boura et al. 2016). Therefore, by employing an iso-
genic sigB deletion mutant, we decided to investigate the role
of SigB in oxidative stress following stress adaptation.

Following acid adaptation of WT under conditions (pH
4.5) that are known to upregulate sigB (Chaturongakul and
Boor 2006, Ondrusch and Kreft 2011, Utratna et al. 2014)
and challenge with H,O;, we observed a 6 log reduction,
while non-adapted WT cells remained largely unaffected
(Fig. 4a). On the other hand, acid adaptation at pH 4.5 did
not affect the oxidative stress resistance in AsigB to the non-
adapted AsigB control (Fig. 4b). Therefore, this hypersensitiv-
ity to oxidative stress occurs only in the presence of SigB (WT)
and not in its absence (AsigB), underpinning a SigB-mediated
phenomenon.

We thought that this hypersensitivity to oxidative stress
could be the result of sublethal injury or induction of a viable
but nonculturable (VBNC) state caused by the acid adaptation
step. However, VBNC state is not likely as the adaptation con-
ditions did not affect viability. Furthermore, conditions were
within the growth range of this particular strain (Abram et
al. 2008, Cheng et al. 2015) resulting in robust cells with in-
creased multiple stress resistance (Lou and Yousef 1997, Fer-
reira et al. 2003, Sue et al. 2004, Wemekamp-Kamphuis et
al. 2004). In addition, the acid-adapted AsigB and the non-
adapted control showed similar oxidative stress resistance
(Fig. 4b), suggesting no negative impact of acid adaptation on
oxidative stress resistance and therefore, no sublethal injury.
Since acid adaptation caused no sublethal injury to AsigB, the
same is valid for the significantly more robust WT, suggesting
no role for the sublethal injury.

We previously associated the hypersensitivity of WT to ox-
idative stress at stationary phase with catalase activity (Boura
et al. 2016). Therefore, we looked at catalase activity to ex-
plain the above results. We found that acid adaptation sig-
nificantly reduced catalase activity in WT (Fig. 4c), and this
could explain the hypersensitivity to oxidative stress follow-
ing acid adaptation (Fig. 4a). On the other hand, the ef-
fect of acid adaptation on the catalase activity of AsigB was
much lower, and of significantly lower magnitude compared
to the WT (Fig. 4c). This could largely explain the minor non-
statistically significant reduction in the oxidative stress resis-
tance of AsigB, following acid adaptation (Fig. 4b). Overall,
the catalase activity results (Fig. 4¢) largely explain the oxida-

Boura et al.

tive stress resistance of acid-adapted WT (Fig. 4a) and AsigB
(Fig. 4b). As there is a variety of oxidative stress mechanisms
that might be upregulated by SigB, a minor discrepancy be-
tween oxidative stress resistance (Fig. 4b) and catalase activ-
ity (Fig. 4c), as this one seen in AsigB, is expected. Our results
also link previous oxidative stress hypersensitivity observed
by Dhowlaghar et al. (2019) and Boura et al. (2016) with SigB
upregulation.

In addition, we followed a second approach , with omitting
the harvesting and resuspension of cells in fresh BHI broth,
thereby exposing cells to both the adaptation stresses (acid)
and the lethal stress (H,O,) coinciding. Similarly to the first
approach, acid-adapted WT was more sensitive to oxidative
stress than its non-acid-adapted control (Fig. 5a). This clearly
indicates an important synergistic effect between acidic con-
ditions and H,O,, which according to our knowledge, has
not been shown before in such a setup. Jyung et al. (2023)
have previously shown a synergistic effect between plasma-
activated water and lactic, malic acid, citric acid, and acetic
acid, whereas propionic acid did not show any synergistic ef-
fect. However, HCl was not assessed, and the setup did not
involve any adaptation step. In the second approach, when
we employed AsigB (Fig. 5b), similarly to the WT, the results
suggest that the role of SigB in this challenge was relatively
limited. This was expected since both adaptation acid stress
and the lethal oxidative stress coincided, and the survival de-
pended on a variety of mechanisms and not solely on oxidative
stress mechanisms such as catalase. This is obvious since, to
achieve a comparable inactivation in the fi 7 st approach, we
used 1.5% and 0.8% H,O, for the WT and AsigB (Fig. 4a
and b), while in the second approach, we used 3 times lower
H,O; concentrations (Fig. 5a and b). Also, in these experi-
ments, catalase activity was reduced by the acid adaptation
step in both WT and AsigB (Fig. S¢), explaining the lower
survival of both strains in the coinciding stress application
(Fig. 5a and b). We also observed that the catalase activity of
WT and AsigB was not affected by harvesting and resuspen-
sion in fresh BHI (comparison between Fig. 4c and Fig. 5¢).

We also investigated the effects of salt adaptation on oxida-
tive stress resistance. Similarly to experiments with acid adap-
tation (Fig. 4a), salt-adapted WT (0.5 mol I=! NaCl), in the
first approach, was more sensitive to oxidative stress com-
pared to the non-adapted control (Fig. 6a). Similarly to the
case with acid adaptation, the results here signify a very in-
teresting synergistic effect between salt adaptation and H, O,
although the salt stress was removed and not present during
the subsequent oxidative stress.

Furthermore, similarly to acid adaptation (Fig. 4b), adap-
tation to 0.5 mol 17! NaCl did not alter the oxidative stress
resistance of AsigB (Fig. 6b). Therefore, since this hypersen-
sitivity to oxidative stress occurred only in the presence of
SigB (WT) and not in its absence (AsigB), we could assume
that it is a SigB-mediated phenomenon. Interestingly, this ef-
fect was not catalase-mediated, as catalase activity remained
unchanged prior to and post-salt adaptation (Fig. 6c). These
results are novel, and they are also in contrast to the concept of
cross-protection between different stresses, showing that salt
adaptation enhances sensitivity to oxidative stress. In addi-
tion, all results together confirm a general pattern, where sigB
upregulation enhances sensitivity to oxidative stress.

The second approach was also used with salt adaptation.
Results for the WT were similar to those obtained with the
first approach (Fig. 5a), as salt adaptation increased the sen-
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sitivity of WT to oxidative stress (Fig. 7a), but not that of
AsigB (Fig. 7b). The latter behaviour of AsigB differs from
that with acid adaptation (Fig. 5b). This suggests that in the
case of salt adaptation stress coinciding with the lethal oxida-
tive stress, the effect was SigB-mediated. Also in this case, and
in contrast to acid adaptation experiments (Figs 4c and 5c),
salt adaptation had no noticeable effect on catalase activity
(Figs 6¢ and 7c), and the effects observed are probably at-
tributed to other oxidative stress mechanisms. A possible ex-
planation might be associated with the downregulation of 2-
cys peroxiredoxin (/m01604), by SigB in the presence of salt
(Abram et al. 2008). In previous work, Yadav et al. (2019)
showed that salt concentration did not affect the inactivation
of L. innocua during cold plasma treatment of ham. How-
ever, our results explain the previously-observed increased in-
activation of L. monocytogenes in high salt level cheese brines
following a challenge with 100-ppm H, O, (Glass et al. 2024).

Similarly to the acid adaptation experiments, salt-adapted
cells were more sensitive during the second approach (Fig. 7a
and b) than those at the first approach (Fig. 6a and b) since
lower H, O, levels were used for the latter to achieve a lethal
effect. In all the above experiments, we included controls
without stress adaptation, and we found that controls of
AsigB were significantly more sensitive to oxidative stress
than WT, when challenged with similar H, O, concentrations.
This could be explained at least partly by the consistently
higher catalase activity of WT compared to AsigB in the ex-
ponential phase as seen in Figs 4c, Sc, 6¢, and 7c. This dif-
ference in catalase activity was accompanied by a statistical
significance in Figs 4c and 5c (5.5 h of growth), but not in
Figs 6¢ and 7¢ (6 h of growth). It should be stated here that sur-
vival and catalase activity measurements were not performed
at 5 h of growth but after the adaptation step was completed,
at 5.5 and 6 h for acid- and the salt-adapted including their
non-stress-adapted controls respectively. Beyond this point,
and into stationary phase, catalase activity in AsigB remains
higher than that of WT (Fig. 1) and clearly results in the higher
oxidative stress resistance documented previously (Boura et al.
2016).

The higher sensitivity of AsigB compared to the WT at 5.5-
6 h of growth, might counteract the argument that the pres-
ence of sigB increases sensitivity to H,O,. However, the main
point in the present work was to look at the role of SigB, fol-
lowing acid and salt adaptation. It could be concluded that,
during the exponential phase, sigB transcription is relatively
low (Utratna et al. 2011, 2012, 2014), which however might
lead to a low-level induction of multiple mechanisms, pro-
tecting against oxidative stress. However, once exponential
phase cells are exposed to mild acidic conditions similar to
those used by various studies previously (Chaturongakul and
Boor 2006, Ferreira et al. 2001, Sue et al. 2004, Wemekamp-
Kamphuis et al. 2004), or mild osmotic conditions (Abram et
al. 2008, Ferreira et al. 2001, Kazmierczak et al. 2003, Utratna
et al. 2012, 2014), sigB transcriptional upregulation occurs.
The latter, although protects cells against multiple stresses, it
makes them sensitive to oxidative stress.

The above results are novel and give a further insight into
the oxidative stress resistance of L. monocytogenes and the
negative role of SigB. It should be mentioned that Lou and
Yousef (1997) have shown that adaptation to 7% NaCl or
acid (HCI; pH 4.5) enhances oxidative stress resistance in L.
monocytogenes ScottA. However, their work was performed
with Scott A, while ours with 10403S. We have confirmed

"

these findings with EGD-e as well (data not shown). Further-
more, the above authors performed their survival assays in
PB, or saline buffer at 4°C, resulting in a cold shock and sub-
sequently transferred cells to 30°C, while their survival assays
lasted for 8 h, with low H,O» concentrations (0.1%). Such
long exposures could allow the deployment of various addi-
tional oxidative stress resistance mechanisms, which could ex-
plain this discrepancy. In our case, we applied significantly
higher H,O, concentrations, not allowing any cellular re-
sponses. In other work, it has also been shown that adapta-
tion to salt leads to increased kat transcription and oxidative
stress resistance (Bergholz et al. 2012); however, in that case,
cells were grown without aeration. Lack of aeration results in
a dramatically different behaviour in L. monocytogenes, with
SigB not playing a role or in some cases protecting against ox-
idative stress, while under aeration, it has the opposite effect
(Boura et al. 2016). As mentioned above, our work here agrees
with and explains the work of Dhowlaghar et al. (2019), Jyung
et al. (2023), Glass et al. (2024), and Boura et al. (2016), al-
though further work is required to identify the mechanism(s)
through which SigB downregulates or inhibits the activity of
oxidative stress mechanisms such as catalase.

Oxidative stress plays a role in listerial virulence, as it is
one of the main mechanisms of bacterial inactivation in the
phagolysosome (Flannagan et al. 2015, Herb and Schramm
2021). The role of SigB in virulence is clear in the initial stages
of invasion facilitating the upregulation of internalins, and
LLO (Boura et al. 2016, Dessaux et al. 2021). However, its
role in proliferation, and later stages of the virulence cycle and
particularly survival in the phagolysosome is not clear. Some
lines of research show that SigB plays no role in proliferation
and survival in the phagolysosome, since AsigB proliferates
at a similar rate as the WT (Kim et al. 2004, Soraya et al.
2011, Boura et al. 2016) or even higher (Rukit et al. 2022). In
addition, sigB is not significantly upregulated intracellularly
(Chatterjee et al. 2006, Boura et al. 2016), supporting the lat-
ter concept, as sigB upregulation in the phagolysosome would
result in high sensitivity to its acidic and oxidative stress con-
ditions (Uribe-Querol and Rosales 2017, Santiago-Burgos et
al. 2022). On the other hand, another line of research shows
that SigB plays a role in intracellular proliferation as oxida-
tive stress in the phagocytic vacuole upregulates Prli42, that
activates RsbR 1, which, in turn, activates SigB and tethers the
stresso 'some to the listerial membrane (Dessaux et al. 2021).
However, the stressosome core protein remains undetectable
intracellularly raising the question of how the stressosome can
function without its core protein (Impens et al. 2017). It is
possible that the key is the level of SigB upregulation that
might be subject to fine-tuning. For example, during expo-
nential phase, low levels of sigB transcription upregulate var-
ious background mechanisms (e.g. removal of denatured pro-
teins), providing a survival advantage to the WT over AsigB
(Figs Sc and 7¢). However, high level of sigB upregulation,
could reduce catalase activity, or the expression of other ox-
idative stress mechanisms providing a survival advantage to
AsigB. Therefore, more work is required to clarify the above
phenomena.

Overall, the present study provides further insight into the
activity and transcription of catalase at different growth stages
of L. monocytogenes. It also enhances our knowledge of the
role of acid and salt adaptation in oxidative and ultrasound
stress resistance, in association with SigB and catalase activ-
ity. We demonstrate that adaptation to mild acid or salt stress
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acts synergistically with oxidative stress even if the adapta-
tion stresses are removed. This complements the well-known
concept of cross protection (O’Byrne and Karatzas 2008,
Bergholz et al. 2012) between stresses, which does not seem
to be applicable with oxidative stress. As this phenomenon
of cross protection between stresses is normally associated
with SigB, we also show that the above phenomena are also
attributed to SigB, where the latter, instead of protecting, it
enhances sensitivity to oxidative stress. By taking advantage
of these synergistic effects, we could possibly use oxidative
stress-based technologies in combination with acid or salt, to
efficiently eliminate L. monocytogenes or enhance the efficacy
of the oxidative stress-based technologies. It should be stated
that such technologies (e.g. ultrasound, or plasma etc.) have
limited penetration in the food industry (dos Santos Rocha
et al. 2022) due to their low efficacy. The above observations
could enhance the antimicrobial effects of these technologies,
optimize their application, or enhance their efficacy in com-
bination with other stresses, making them more effective for
use in food safety. They also contribute to our deeper under-
standing of the intracellular cycle of L. monocytogenes.
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