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Abstract 

Aims: T he w ork aimed at in v estigating a possible role of sigB in catalase transcription and activity in Listeria monocytogenes. Furthermore, we 
also aimed to in v estigate whether sigB upregulation during the exponential phase, due to acid or salt adaptation, could result in hypersensitivity 
to o xidativ e stress. Finally, w e in v estigated ho w this disco v ery could be used in the wider concept of Hurdle Technology through combination 
of different stresses. 
Methods and results: Listeria monocytogenes 10403S WT and �sigB strains were grown aerobically, and catalase transcription and activity 
were assessed at different growth st ages. Cat alase transcription peaked at 6 h of growth in both strains, with �sigB 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 �sigB beyond this point. To evaluate stress adaptation, exponential-phase cells were exposed 
to sub-lethal acidic conditions (pH 4.5; HCl) or salt (0.5 mol l −1 NaCl) and later subjected to H 2 O 2 or sonication (tested only with acid). Adaptation 
increased sensitivity in the wild type (WT) but not in �sigB, underpinning the negative role of sigB upregulation. Acid adaptation reduced catalase 
activity in both strains, explaining the reduced o xidativ e stress resistance, although salt adaptation did not affect catalase activity. After adaptation 
to acid or salt, application of o xidativ e stress without removing the initial adaptation stresses resulted in a higher synergistic effect in both WT 
and �sigB . 
Conclusion: T he abo v e synergistic effects are important for our understanding of listerial o xidativ e stress resistance and optimization of rele v ant 
o xidativ e stress decontamination processes (e.g. o xidativ e 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. 
Ke yw or ds: food safety; transcriptional regulation; sigma B; acid stress; hurdle technology; ultrasound; NaCl; stress adaptation; acid adaptation; salt adaptation 
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Introduction 

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 )].
Through evolution, L. monocytogenes has developed a stress 
defence machinery to cope with adverse environmental con- 
ditions. This machinery normally protects L. monocytogenes 
against multiple stresses following exposure to one, at a level 
Received 21 January 2025; revised 23 May 2025; accepted 12 July 2025 
© The Author(s) 2025. Published by Oxford University Press 2025. This is an Op
Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), which permits
provided the original work is properly cited. 
here no sublethal injury occurs. For example, exposure to 

ublethal acid conditions induces cross-resistance to multiple 
ther stresses (Lou and Yousef 1997 , Davidson and Harri-
on 2002 , Bonnet and Montville 2005 , Skandamis et al. 2012 ,
hen et al. 2015 ). 

In Gram-positive bacteria such as L. monocytogenes, sur- 
ival in a wide range of hostile environments is widely at-
ributed to the alternative sigma factor SigB, a well-studied 

ranscriptional regulator, responsible for regulating the ex- 
ression of > 150 stress genes (Abram et al. 2008 ). SigB-
ependent genes are being upregulated upon entrance in the 
tationary phase of growth, as well as in response to a va-
iety of environmental conditions, including acid stress (Fer- 
eira et al. 2001 , Sue et al. 2004 , Wemekamp-Kamphuis et
l. 2004 , Chaturongakul and Boor 2006 , Ondrusch and Kreft
011 , Cortes et al. 2020 ), osmotic stress (Ferreira et al. 2001 ,
en Access article distributed under the terms of the Creative Commons 
 unrestricted reuse, distribution, and reproduction in any medium, 
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azmierczak et al. 2003 , Abram et al. 2008 , Utratna et al.
012 , 2014 ), heat shock, photo-oxidative, and oxidative stress
Chaturongakul and Boor 2006 , Oliver et al. 2010 , Ondrusch
nd Kreft 2011 , Utratna et al. 2014 , Boura et al. 2016 ). It has
lso been shown that L. monocytogenes mutants lacking sigB
re sensitive to a variety of stresses, such as acidic conditions,
ile salts, and osmotic conditions (Ferreira et al. 2001 , 2004 ,
liver et al. 2010 ). 
However, the role of sigB in oxidative stress during station-

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

Knowledge of the behaviour of L. monocytogenes under
ultiple stresses is highly valuable for Hurdle Technology as

he latter involves the application of multiple stresses, either
imultaneously or sequentially. This knowledge could con-
ribute to a deeper understanding of the role and impact of
nvironmental conditions and stresses on the behaviour of this
athogen against oxidative stress. It could also help in op-
imization of existing food processes or in invention of new
rocesses (new stress combinations) to eliminate microbes in
ood. Furthermore, oxidative stress occurs during phagocyto-
is and as such, it is also important for a better understand-
ng of listerial virulence. For example, the hypersensitivity ob-
erved in the presence of sigB could explain the possible lack
f a role for sigB in intracellular proliferation (Chatterjee et
l. 2006 , Boura et al. 2016 ) and the lack of a major intracellu-
ar upregulation, as this would render cells sensitive to oxida-
ive stress in the phagocytic vacuole (Chatterjee et al. 2006 ,
chultze et al. 2015 ). 

Therefore, in the present work, to explain the above phe-
omena, we examined catalase transcription and activity at
ifferent time points during growth. This analysis aimed to
xplain the hypersensitivity observed in the presence of sigB
uring stationary phase. Furthermore, we looked if sigB up-
egulation during exponential phase could result in a similar
ffect, by adapting cells to sublethal levels of acid and salt be-
ore exposure to lethal oxidative stress. Both approaches re-
ect the conditions in the environment or food, where cells
ncounter multiple stresses. Since catalase was shown to be
n important parameter in the role of sigB in oxidative stress,
e also measured catalase activity. 

aterials and methods 

acterial strains and culture conditions 

ll experiments were performed with L. monocytogenes
0403S (Karatzas et al. 2010 ) and its corresponding isogenic
sigB mutant (Wiedmann et al. 1998 ). All strains were stored
t −80 

◦C in an aqueous solution of 15% (v/v) dimethyl sul-
oxide from where stock cultures were prepared by streak-
ng onto Brain Heart Infusion (BHI) agar (1% m/v; Lab M—
EOGEN, Lancashire, UK) and incubated at 37 

◦C overnight.
hree colonies were picked from each strain’s stock culture
nd all three were inoculated in one universal containing 3 ml
HI broth (Lab M—NEOGEN, Lancashire, UK), to prepare

he pre-experimental first overnight culture. In all cases, ex-
eriments were performed at least in triplicate, and as such, at
east three of the above cultures were prepared for each exper-
ment. These cultures were grown until the stationary phase
f growth at 37 

◦C and 120 rpm, and each one was inoculated
t 1% in the same medium and under the same growth condi-
ions (37 

◦C at 120 rpm), to prepare each experimental culture.
xperimental cultures were in 20 ml medium, grown in coni-
al flasks (250 ml) until the specific time needed depending on
he experiment. 

atalase activity assays 

or temporal catalase activity analysis, L. monocytogenes cul-
ures were grown as described above for 4, 6, 8, 14, and 18 h.
atalase activity was assessed as described previously (Iwase

t al. 2013 ), with minor modifications. One millilitre of bac-
erial culture was centrifuged for 3 min at 10 000 × g , and the
upernatant was carefully removed without disturbing the pel-
et. In the temporal analysis, it was important to make compar-
sons between different stages of growth, where cell concentra-
ions were different. Therefore, centrifugation with biomass
ormalization was employed to adjust for the number of cells,
hich would allow for comparisons between different stages
f growth. 
The pellet was resuspended in phosphate buffer (pH7; 100

l per 10 mg of pellet), and 100 μl was transferred to a test
ube containing 100 μl of 1% (v/v) Triton X-100 (Sigma–
ldrich, Dorset, UK). A volume of 100 μl of H 2 O 2 (30%
/v) was then added to each test tube. Oxygen released dur-
ng the enzymatic degradation of H 2 O 2 was measured as the
olumn of foam formed. The addition of Triton X-100 stabi-
ized the bubbles formed, allowing an accurate measurement
f the oxygen released. After 5 min, the column height of
he foam was measured and, in parallel, photographic images
ere taken to estimate the foam’s height, which was propor-

ional to the oxygen levels produced by the catalase reaction.
ll samples were also analysed omitting the centrifugation

tep. 
Additional catalase activity assays were performed in par-

llel with the survival experiments to identify the possible role
f catalase in the oxidative stress resistance, following stress
daptation. In this case, no cell number or weight adjustment
as performed as we already had ensured that cultures had

he same number of cells, and no adjustment was required.
or every culture used in the survival experiments, a dupli-
ate culture was prepared with the same inoculum, grown in
arallel, and exposed to acid or salt adaptation as described
elow . Subsequently , one of the cultures was used to assess
urvival under oxidative stress, and its duplicate was used to
ssess catalase activity. A volume of 100 μl of 1% (v/v) Triton
-100 (Sigma–Aldrich, Dorset, UK) was added to 100 μl of

hese cultures and subsequently, 100 μl H 2 O 2 (30% v/v) were
hen added to each test tube. Subsequently, the height of the
oam was recorded. All these experiments were performed in
riplicate. 



Acid-salt-induced oxidative stress sensitivity 3 

Table 1. Primers used in this study. 

Name a Sequence (5 ′ → 3 ′ ) Efficiency 

katF CGCACGGGAAA TTTGTT ACT 2.05 
katR GGTC AGGCTTC AAGGAATGA 

16SF TGGGGA GCAAA CA GGA TT AG 2.27 
16SR TAAGGTTCTTCGCGTTGCTT 

a Primers designed based on the L. monocytogenes 10403S and were adopted 
from Boura et al. ( 2016) . 
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Temporal catalase ( kat ) transcription during the different 
stages of growth was assessed for the 10403S WT and its 
corresponding isogenic �sigB 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 �sigB , 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 ×g 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- 
Figure 1. Catalase activity (portra y ed on the primary y -axis with black line on th
continuous black line) at different stages of growth (portrayed on the secondary
grey line) and �sigB ( ; dashed grey line) at 37 ◦C aerobically (120 rpm). Tests
bacterial pellet resuspended in a mix 1:1 PBS (1X) and triton X-100 (1X). Assa y s
significant difference between the WT and �sigB ( t -test; P < 0.05). Photos por
w ere perf ormed. 
ey, UK), and the RNA concentration was quantified using a
anoDrop spectrophotometer (Thermo Fisher Scientific, Pais- 

ey, UK). The RNA concentration was normalized (0.5 μg of
NA) and converted to cDNA using random primers, and 

he SuperScript II Reverse Transcriptase Kit (Invitrogen, Ther- 
oFisher Scientific, Paisley, UK). The cDNA was then stored 

t −20 

◦C until further use. 
Relative expression was calculated as the ratio between the 

xpression of the target gene ( kat ) and the expression of the
6S rRNA gene, which served as the reference gene in each
DNA sample. Calculations were carried out using the ad- 
anced relative quantification analysis settings of the Light- 
ycler 480 software program, with PCR efficiency correction 

erformed as described previously (Karatzas et al. 2010 ). The
elative expression of each gene was calculated by a compar-
son of its expression relative to that of the 16S rRNA gene.
or the presentation of the results, we identified the highest
f all the values, set that value arbitrarily as 100%, and then
ll other ones were adjusted accordingly relative to this max-
mum value. 

urvival following adaptation to acid stress and cell 
ransfer to lethal H 2 O 2 or ultrasound challenge 

ll survival experiments were performed with cells at the ex-
onential phase of growth (5 h). The exponential phase for
T was defined at ∼5 h of growth, determined using the

aranyi and Roberts model (data not shown; Baranyi et al.
996 , Baranyi and Roberts 1994 ). Listeria monocytogenes 
0403S cultures were grown in BHI broth at 37 

◦C with shak-
ng (120 rpm) until the exponential phase (5 h of growth and
7–8 log CFU ml −1 ). Subsequently, cultures were adapted to
ild acidic conditions (HCl, pH 4.5) for 30 min while non-

cid-adapted controls were left untouched for these 30 min 
e left side) of 10403S WT ( �; continuous black line) and �sigB ( � ; 
 y -axis with dashed grey line on the left side) for WT 10403S ( ; dashed 
 were performed with the addition of 100 μl of 30% H 2 O 2 to 10 mg of a 
 w ere perf ormed in triplicate and asterisk ( ∗) indicates a statistically 
tray one out of three biological replicates on which catalase activity tests 
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5.5 h total incubation). Then, acid-adapted and control cul-
ures were harvested by centrifugation (4723 × g for 10 min,
7 

◦C). Cell pellets were resuspended in fresh BHI (pH 7.2) and
ither immediately challenged with 1.5% H 2 O 2 for 60 min
use of 30% v/v H 2 O 2 ) or subjected to ultrasound treatment.
amples were analysed through the preparation of decimal di-
utions and plating onto BHI agar followed by incubation for
4 h at 37 

◦C and enumeration. 
For ultrasound treatment, the sample was pipetted into

00 ml of sterile distilled water and used for ultrasound treat-
ent in biological triplicates. Ultrasound treatment was con-
ucted in a Hielscher UP200St Ultrasonifier equipped with a
enerator UP200St-G 200 W and a transducer UP200St-T, op-
rating at a constant frequency of 26 kHz and a 14-mm di-
meter sonotrode. For each sample, the working solution was
ransferred into a 500 ml jacketed beaker, attached to a wa-
er pump. The beaker was carefully disinfected with alcohol
etween each experiment. Then, the tip of the sonotrode was
laced in the centre of the beaker, containing 100 ml of bacte-
ial suspension, and submerged to a depth of 1 cm. All samples
ere treated for 5 min in the continuous mode at 100% in-

ensity and Ultrasonic Intensity of 31.89 W/cm 

2 . Temperature
as kept below 45 

◦C, to eliminate the impact of the thermal
rocess during ultrasound treatment on microbial survival, by
irculating cold water continuously to lower delta T. Temper-
ture records were obtained with the use of PT100 probe to
nsure that during the experiments the temperature did not
xceed the 45 

◦C. 
To standardize the intensity level of the ultrasound process

ue to different ultrasound devices, ultrasound intensity (UI;
xpressed as W/cm 

2 ) for the ultrasonic horn was calculated.
he UI can be determined calorimetrically using the following
quations that were described by Mason ( 1999 ). 

UI = 

4 P 
πd 

2 
, (1) 

here d [cm] is the diameter of the sonotrode. 
In the above equation, P [W] represents the absolute ultra-

onic power and can be defined as 

P = m C p 

(
dT 

dt 

)
x =0 

, (2) 

where, m [g] is the mass, C p [J/g ·K] is the specific heat ca-
acity, and dT / dt [K/s] is the ratio of change of temperature
uring sonication. Where: 
m = 100 g, 
C p = 4.179 J/g ◦C, 
dT / dt = 0.1179 

◦C/s, 
d = 1.4 cm. 
Following ultrasound treatment, samples were collected,

nd decimal serial dilutions were prepared and plated onto
HI agar. Subsequently, plates were incubated overnight at
7 

◦C and colony counts were assessed to identify the level of
nactivation induced by the ultrasound treatment. 

urvival following adaptation to acid or salt and cell
ransfer to lethal H 2 O 2 challenge ( first approach ) 

s mentioned above, all survival experiments were performed
ith exponential phase cells (5 h of growth; Baranyi and
oberts 1994 , Baranyi et al. 1996 ). To assess the role of acid
nd salt adaptation on oxidative stress resistance, two ap-
roaches were followed. As one of our aims was to assess the
ole of SigB in these stresses, the levels of adaptation condi-
ions selected were not lethal, but they were stressful enough
o upregulate sigB and activate the SigB operon. The sub-
ethal conditions were selected based on previous works (Fer-
eira et al. 2001 , Kazmierczak et al. 2003 , Sue et al. 2004 ,
emekamp-Kamphuis et al. 2004 , Chaturongakul and Boor

006 , Abram et al. 2008 , Utratna et al. 2012 , 2014 ). 
The first approach was identical to that described with the

ltrasound experiments, but with the inclusion of the �sigB
utant together with the WT, to assess the role of SigB in

cid and salt adaptation and oxidative stress resistance. In
rief, the cells were grown in BHI broth at 37 

◦C with shaking
120 rpm) until the exponential phase (5 h of growth and ∼7–
 log CFU ml −1 ). Subsequently, cultures were adapted to mild
cidic conditions (HCl, pH 4.5) for 30 min or salt (0.5 mol
 

−1 NaCl) conditions for 60 min. At this point in the first ap-
roach , stress-adapted cell cultures, together with their cor-
esponding non-adapted controls were harvested by centrifu-
ation (4723 × g for 10 min, 37 

◦C), and removed from the
daptation stress environment. Subsequently, cell pellets were
esuspended in fresh BHI and immediately challenged with the
se of different concentrations of 30% (v/v) H 2 O 2 . Based on
he different oxidative stress resistance of the strains, for these
urvival experiments, final concentrations of 1.5% and 0.8%
 2 O 2 for WT and �sigB were used for acid-adapted cells.
or salt-adapted cells salt and their corresponding controls,
he concentrations of 2.2% and 1.6% (v/v) were used for WT
nd �sigB . Cell viability was assessed by taking samples at
egular time intervals during the H 2 O 2 challenge by prepar-
ng and plating decimal dilutions in BHI agar. Agar plates
ere incubated at 37 

◦C for 24 h and colony-forming units
CFUs) were enumerated to assess the concentration of bacte-
ia at each time point. Results are presented as means of three
iological replicates. 

urvival following adaptation to acid or salt and 

xposure to lethal hydrogen peroxide stress with 

aintenance of the adaptation stress ( second 

pproach ) 

urthermore, we assessed the effect of the lethal oxidative
tress applied following the adaptation to either acidic or salt
ublethal stress, but without cell transfer by omitting the sub-
equent harvesting centrifugation step after the adaptation pe-
iod. This resulted in the lethal oxidative stress challenge co-
nciding with the adaptation stress after the adaptation was
oncluded. 

Overall, in this second approach , cells were adapted for
0 min (acid) and 60 min (salt) under the same pH and salt en-
ironments as the ones for the first approach in parallel with
on-stress-adapted controls. Subsequently, acid-adapted WT
nd �sigB cells and their corresponding non-stress-adapted
ontrols were challenged with 30% (v/v) H 2 O 2 to a final con-
entration of 0.5% and 0.35% (v/v). Salt-adapted WT and
sigB and their corresponding controls were challenged with
.5% and 1.25% (v/v). As in the first approach , different
 2 O 2 concentrations were used due to different oxidative

tress resistance of cells. The presence of the adaptation stress
oinciding with the lethal H 2 O 2 challenge stress, made cells
ighly sensitive and therefore, overall lower H 2 O 2 concentra-
ions had to be used compared to the first approach . As in
he first approach , in every survival assay and every H 2 O 2 



Acid-salt-induced oxidative stress sensitivity 5 

 

 

Figure 2. Expression of kat gene in 10403S WT ( �; continuous black line) 
and �sigB ( �, 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 �sigB . 
Error bars represent mean standard deviations of three individual 
experiments. 
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concentration used, non-adapted WT and �sigB 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 t -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 �sigB . Catalase activity measured with cell biomass 
adjustment, was low in both WT and �sigB 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 �s igB ( 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 �sigB 

( 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 �sigB ( 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 2 O 2 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 2 O 2 oxidative stress and ul- 
trasound, which also exerts antimicrobial effects mediated by 
oxidative stress (Spiteri et al. 2017 ). Acid-adapted cells (HCl; 
pH 4.5 for 30 min), harvested and resuspended in fresh BHI 
(pH 7.2) showed significantly lower resistance to H 2 O 2 with 

a dramatic 5.98 log reduction compared to no reduction for 
non-adapted controls (Fig. 3 a). 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 
l −1 ( P < 0.05) compared to 0.6 and −0.1 log reduction of
FU ml −1 for ultrasound and the acid adaptation treatment 
lone, respectively (Fig. 3 b). 

urvival following adaptation to acid and cell 
ransfer to lethal H 2 O 2 challenge ( first approach ) 

cid-adapted WT cells (HCl; pH 4.5 for 30 min) from the
xponential phase of growth showed statistically significant 
ower resistance to 1.5% H 2 O 2 , having a 5.6 log reduction of
FU ml −1 ( P < 0.05), 30 min after the challenge, while cell
umbers of the non-acid adapted control were not affected 

 P > 0.05; Fig. 4 a). Non-adapted �sigB control showed com-
lete inactivation within 30 min (no counts recovered; Fig. 4 a)
nd was more sensitive than the WT. 

Acid-adapted �sigB from the exponential phase of growth 

id not show a statistically significant difference in survival to
.8% H 2 O 2 , compared to the non-adapted control (Fig. 4 b),
s they showed a 3.4 and 2.19 log reduction, respectively.
on-adapted WT showed no reduction after 60 min (Fig. 4 b),

nd as such, it was significantly more resistant than �sigB . 

urvival following adaptation to acid and exposure 

o lethal H 2 O 2 stress with maintenance of the 

daptation stress ( second approach ) 

e also performed experiments with a similar acid adaptation 

HCl; pH 4.5 for 30 min) conditions as the ones described in
he first approach but omitted the harvesting-centrifugation 

tep and applied the lethal H 2 O 2 challenge in the presence of
he acidic conditions, resulting in the two stresses coinciding 
 second approach ) . Final concentrations of 0.5% and 0.35%
 2 O 2 were used for both WT and �sigB (Fig. 5 ). 
Acid-adapted WT was sensitive to 0.5% as it showed a 4.9

og reduction in 60 min, while no inactivation occurred in
he WT without any adaptation (Fig. 5 a). Non-adapted �sigB
howed complete inactivation within 30 min (no counts recov- 
red; Fig. 5 a) and as such, was more sensitive than the WT. 

Interestingly, at 0.35% H 2 O 2, �sigB showed similar be- 
aviour to WT, as adaptation to acid rendered it sensitive to
he lethal H O when the sublethal acidic conditions were
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Figure 3. Effect of acid adaptation (HCl) on H 2 O 2 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 (HCl) 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 2 O 2 for 60 min (acid adaptation + H 2 O 2 ; 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 2 O 2 (H 2 O 2 ; 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. 

Figure 4. Effect of acid adaptation (HCl) on o xidativ e stress resistance of exponential phase cultures of L. monocytogenes 10403S WT ( �/ �) and �sigB 

( � / � ) with cell transfer from acid adaptation to the lethal H 2 O 2 stress ( first approach ). Cultures were grown in BHI broth until the exponential phase, 
and were either adapted to sublethal acid stress (HCl) at pH 4.5 ( �/ � ) or, left untouched as non-acid-adapted controls ( �/ � ) for 30 min. They were 
subsequently harvested, resuspended to fresh BHI (pH 7.2) and WT was challenged with 1.5% H 2 O 2 (a), while �sigB with 0.8% H 2 O 2 (b). Catalase 
activity on the abo v e 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 2 O 2 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 o xidativ e stress resistance of L. monocytogenes 10403S WT ( �/ �) and �sigB ( � / � ) from the exponential phase 
with the application of H 2 O 2 without cell transfer ( second approach ). Cultures were grown until the exponential phase and were either adapted to 
sublethal acid stress (HCl) at pH 4.5 ( �/ � ) or, left untouched as non-acid-adapted controls for 30 min ( �/ � ). Subsequently, they were challenged with 
0.5% H 2 O 2 (a) and 0.35% H 2 O 2 (b) without any harvesting or cell transfer step. Catalase activity on the abo v e acid-adapted (white bars) or 
non-stress-adapted control (black bars) cultures was also investigated immediately prior to the H 2 O 2 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. 
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maintained ( second approach ; 5.81 log reduction in 60 min; 
Fig. 5 b). Non-adapted WT showed no reduction after 60 min 

(Fig. 5 b) and as such, it was significantly more resistant than 

�sigB . 

Survival following adaptation to salt and cell 
transfer to lethal H 2 O 2 challenge ( first approach ) 

We also assessed the behaviour of cells following adaptation 

to sublethal levels of salt (0.5 mol l −1 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 2 O 2 concentrations were tested, and 2.2% and 1.6% H 2 O 2 

were used for both WT and �sigB . 
Similarly to adaptation to acid, salt adaptation, followed 

by cell transfer to fresh BHI ( first approach ; pH 7.2), 2.2% 

H 2 O 2 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. 6 a). Non-adapted �sigB 

showed complete inactivation within 20 min (no counts recov- 
ered; Fig. 6 a) 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 2 O 2 , did not significantly alter the behaviour of the �sigB 

mutant, as both adapted and non-adapted cells showed simi- 
ar reduction (Fig. 6 b). Non-adapted WT showed no reduction
fter 60 min (Fig. 6 b) and as such, it was significantly more
esistant than �sigB . 

urvival following adaptation to salt and exposure 

o lethal H 2 O 2 stress with maintenance of the 

daptation stress ( second approach ) 

e also performed experiments where, following 1 h adapta- 
ion to salt, cells were not harvested and H 2 O 2 was applied,
hile the sublethal salt levels were present ( second approach ) .
inal concentrations of 1.5% and 1.25% H 2 O 2 for the WT
nd �sigB with the latter being significantly more sensitive to
 2 O 2 . 
Also in the second approach experiments, salt-adapted WT 

as more sensitive to 1.5% H 2 O 2 (2.87 log reduction within
0 min) than its non-salt-adapted control (no cell death ob-
erved within 60 min; Fig. 7 a). Non-adapted �sigB showed
omplete inactivation within 20 min (no counts recovered; 
ig. 7 a) and as such, was more sensitive than the WT. 
However, when salt-adapted �sigB was challenged with 

.25% H 2 O 2 behaved similarly to its non-salt-adapted con- 
rol (Fig. 7 b) and they were both reduced by 5 log CFU ml −1 .
on-adapted WT showed no reduction after 60 min (Fig. 7 b)

nd as such, it was significantly more resistant than �sig . 
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Figure 6. Effect of adaptation to salt on o xidativ e stress resistance of L. monocytogenes 10403S ( �/ �) and �sigB ( � / � ) from the exponential phase 
with cell transfer from the salt adaptation to the lethal H 2 O 2 stress ( first appr oach ). Cult ures were grown in BHI at 37 ◦C until the exponential phase and 
were either adapted to 0.5 mol l −1 NaCl ( �/ � ) or left untouched as non-salt-adapted controls ( �/ � ) for 60 min. Subsequently, they were harvested, 
resuspended in fresh BHI (pH 7.2), and immediately, WT was challenged with 2.2% H 2 O 2 (a) and �sigB with 1.6% H 2 O 2 (b). Catalase activity on the 
abo v e cells adapted to 0.5 mol l −1 NaCl (white bars) or control (black bars) was also investigated immediately after the harvesting and resuspension to 
fresh BHI, but prior to the H 2 O 2 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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atalase activity during survival assays 

s in previous work (Boura et al. 2016 ), it was shown that
atalase is a major determinant in oxidative stress resistance,
atalase activity was performed in identical duplicate cultures
n parallel to all survival assays. A significant reduction in
atalase activity was observed in WT and �sigB after acid
daptation, harvesting, and resuspension to fresh BHI ( first
pproach ; Fig. 4 c; P < 0.05). Following acid adaptation, the
evels of catalase activity in the WT and �sigB were similar.
t should be mentioned that these catalase activity tests were
erformed at the point immediately prior to the application of
ethal oxidative stress in the experiments presented in Fig. 4 a
nd b but also in those at Fig. 3a and b, including the ultra-
ound treatment (Fig. 3 b). 

Similarly, a significant reduction was observed in catalase
ctivity of WT and �sigB after acid adaptation ( second ap-
roach ; Fig. 5 c; P < 0.05). Interestingly, without acid adap-
ation, WT had a higher catalase activity than �sigB , while
ollowing acid adaptation, the levels of catalase activity in the

T were comparable to those of the �sigB (Fig. 5 c). 
In the experiments with salt adaptation (0.5 mol l −1 NaCl)

ith cell transfer ( first approach ), salt adaptation had no
ignificant impact on catalase levels, neither in WT nor in
sigB (Fig. 6 c). Interestingly, catalase activity of both adapted

nd non-adapted �sigB cells was lower than that of the cor-
esponding WT cultures (Fig. 6 c). Similarly, in experiments
ith salt adaptation omitting cell transfer ( second approach ),
daptation to salt, had no significant impact on catalase lev-
ls neither in WT nor in �sigB (Fig. 7 c). Also in this case,
atalase activity of both adapted and non-adapted �sigB was
ower than that of the corresponding WT cultures (Fig. 7 c). 

iscussion 

isteria monocytogenes is the deadliest foodborne bacte-
ial pathogen in the UK, the USA, and other countries
FD A/USD A. 2003 , Mook et al. 2010 ). It encounters oxidative
tress during decontamination processes (e.g. oxidative disin-
ectants), novel food processing techniques (plasma treatment
nd sonication; Spiteri et al. 2017 ) but also in the phagocytic
acuole of macrophages (Dessaux et al. 2021 ). Listeria mono-
ytogenes possess various oxidative stress resistance mecha-
isms such as catalase, a scavenger protein, responsible for
 2 O 2 detoxification and conversion into less toxic molecules

H 2 O and O 2 ) (Imlay 2003 , 2008 ). Previously, we showed that
igB, the main stress gene regulator in L. monocytogenes , that
ormally protects cells from multiple stresses, makes cells sen-
itive to oxidative stress. This phenotype was confirmed in
wo strains (10403S and EGD-e) and occurs during station-
ry phase under aerobic growth, while it is catalase-mediated
Boura et al. 2016 ). Therefore, understanding listerial oxida-
ive stress will not only help reduce its presence in foods and
ood preparation premises, but will also provide a better un-
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Figure 7. Effect of adaptation to salt on o xidativ e stress resistance of L. monocytogenes 10403S ( �/ �) and �sigB ( � / � ) from the exponential phase 
without cell transfer ( second approach ). Cultures grown until the exponential phase were either adapted to 0.5 mol l −1 NaCl ( �/ � ) or left untouched 
( �/ � ) for 60 min. Subsequently, they were challenged with 1.5% H 2 O 2 (a) or 1.25% H 2 O 2 (b) without any harvesting step or transfer to another medium. 
Cat alase activit y on the abo v e cells adapted to 0.5 mol l −1 NaCl (white bars) or control (black bars) w as also in v estigated immediately prior to the H 2 O 2 

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. 

 

t  

l  

t
1  

H
 

i  

o  

a  

t  

i  

r  

i  

f  

m
g
a  

c  

(  

2  

s
p  

�  

s
u  

S
 

t  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/jam

bio/article/136/7/lxaf173/8199912 by guest on 29 July 2025
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 �sigB . 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 �sigB . All the above explain the previ- 
ously reported similar oxidative stress resistance between WT 

and �sigB 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 �sigB com- 
pared to the WT. This higher transcription in �sigB translated 

into a higher catalase activity, 2 h later, at 8 h (Fig. 1 ), when 

transcription had already dropped in both WT and �sigB , 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 �sigB 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 �sigB (Fig. 2 ). We did not look at 
ranscription beyond 10 h, as no difference occurred in cata-
ase activity beyond 8 h (Fig. 1 ). However, no difference in kat
ranscription was previously found between WT and �sigB at 
8 h (Boura et al. 2016 ) and 8 and 16 h of growth (EGD-e;
ain et al. 2008 ). 
The SigB-mediated downregulation of kat at 6 h of growth

s puzzling since no consensus SigB box is present upstream
f kat (Hain et al. 2008 ), while SigB does not normally act as
 repressor, but as a transcriptional activator, by binding to
he core RNA polymerase (Kazmierczak et al. 2005 ). Interest-
ngly, a similar behaviour of higher catalase activity and hyper-
esistance to oxidative stress in �sigB has also been observed
n B. subtilis (van Schaik et al. 2005 ). A possible explanation
or the above phenomena could be associated with SigB pro-
oting expression of PerR, a repressor of peroxide-inducible 

enes (e.g. catalases) in Gram-positive bacteria (Fuangthong et 
l. 2002 , Faulkner et al. 2012 , Seixas et al. 2025 ). Loss of sigB
ould result in lower PerR activity leading to kat upregulation
Herbig and Helmann 2001 , Horsburgh et al. 2001 , Rea et al.
004 , Faulkner et al. 2012 , Seixas et al. 2025 ), although this
till needs to be demonstrated in L. monocytogenes. Another 
ossible explanation could be that kat is being upregulated in
sigB, to counteract for the loss of another oxidative stress re-

istance mechanism such as SpxA, which upregulates catalase 
nder aerobic conditions (Cesinger et al. 2020 ) and requires
igB for its expression (Gaballa et al. 2019 ). 

Since cells in the environment are normally exposed to mul-
iple stresses, we decided to look at the effect of stress adap-
ation on oxidative stress and the role of SigB in this context.
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irst, we looked at the effect of acid adaptation on oxidative
tress and as it has been shown previously (Dhowlaghar et
l. 2019 ), acid adaptation significantly enhanced sensitivity to
xidative stress during the first approach (Fig. 3 a). Further-
ore, we investigated if the observed effect of acid adaptation
ccurs when another oxidative stress-based technology such
s ultrasound (Spiteri et al. 2017 ) is used. Indeed, as in the case
f H 2 O 2 , acid adaptation enhanced sensitivity to ultrasound,
esulting in a synergistic effect even after the removal of the
cid stress (Fig. 3 b). 

The case of increased sensitivity towards oxidative stress
ollowing adaptation to mild sublethal acidic conditions is
are as normally adaptation to one stress results in protec-
ion against other stresses (Lou and Yousef 1997 , Ferreira et
l. 2003 , Sue et al. 2004 , Wemekamp-Kamphuis et al. 2004 )
nd not increased sensitivity as shown here. Cross-protection
etween stresses is normally mediated by SigB (O’Byrne and
aratzas 2008 ), although we have shown previously that SigB

an have the opposite effect, by reducing the oxidative stress
esistance of aerobically grown stationary phase L. monocy-
ogenes (Boura et al. 2016 ). Therefore, by employing an iso-
enic sigB deletion mutant, we decided to investigate the role
f SigB in oxidative stress following stress adaptation. 
Following acid adaptation of WT under conditions (pH

.5) that are known to upregulate sigB (Chaturongakul and
oor 2006 , Ondrusch and Kreft 2011 , Utratna et al. 2014 )
nd challenge with H 2 O 2 , we observed a 6 log reduction,
hile non-adapted WT cells remained largely unaffected

Fig. 4 a). On the other hand, acid adaptation at pH 4.5 did
ot affect the oxidative stress resistance in �sigB to the non-
dapted �sigB control (Fig. 4 b). Therefore, this hypersensitiv-
ty to oxidative stress occurs only in the presence of SigB (WT)
nd not in its absence ( �sigB ), underpinning a SigB-mediated
henomenon. 
We thought that this hypersensitivity to oxidative stress

ould be the result of sublethal injury or induction of a viable
ut nonculturable (VBNC) state caused by the acid adaptation
tep. However, VBNC state is not likely as the adaptation con-
itions did not affect viability. Furthermore, conditions were
ithin the growth range of this particular strain (Abram et
l. 2008 , Cheng et al. 2015 ) resulting in robust cells with in-
reased multiple stress resistance (Lou and Yousef 1997 , Fer-
eira et al. 2003 , Sue et al. 2004 , Wemekamp-Kamphuis et
l. 2004 ). In addition, the acid-adapted �sigB and the non-
dapted control showed similar oxidative stress resistance
Fig. 4 b), suggesting no negative impact of acid adaptation on
xidative stress resistance and therefore, no sublethal injury.
ince acid adaptation caused no sublethal injury to �sigB , the
ame is valid for the significantly more robust WT, suggesting
o role for the sublethal injury. 
We previously associated the hypersensitivity of WT to ox-

dative stress at stationary phase with catalase activity (Boura
t al. 2016 ). Therefore, we looked at catalase activity to ex-
lain the above results. We found that acid adaptation sig-
ificantly reduced catalase activity in WT (Fig. 4 c), and this
ould explain the hypersensitivity to oxidative stress follow-
ng acid adaptation (Fig. 4 a). On the other hand, the ef-
ect of acid adaptation on the catalase activity of �sigB was
uch lower, and of significantly lower magnitude compared

o the WT (Fig. 4 c). This could largely explain the minor non-
tatistically significant reduction in the oxidative stress resis-
ance of �sigB , following acid adaptation (Fig. 4 b). Overall,
he catalase activity results (Fig. 4 c) largely explain the oxida-
ive stress resistance of acid-adapted WT (Fig. 4 a) and �sigB
Fig. 4 b). As there is a variety of oxidative stress mechanisms
hat might be upregulated by SigB, a minor discrepancy be-
ween oxidative stress resistance (Fig. 4 b) and catalase activ-
ty (Fig. 4 c), as this one seen in �sigB , is expected. Our results
lso link previous oxidative stress hypersensitivity observed
y Dhowlaghar et al. ( 2019 ) and Boura et al. ( 2016 ) with SigB
pregulation. 
In addition, we followed a second approach , with omitting

he harvesting and resuspension of cells in fresh BHI broth,
hereby exposing cells to both the adaptation stresses (acid)
nd the lethal stress (H 2 O 2 ) coinciding. Similarly to the first
pproach , acid-adapted WT was more sensitive to oxidative
tress than its non-acid-adapted control (Fig. 5 a). This clearly
ndicates an important synergistic effect between acidic con-
itions and H 2 O 2 , which according to our knowledge, has
ot been shown before in such a setup. Jyung et al. ( 2023 )
ave previously shown a synergistic effect between plasma-
ctivated water and lactic, malic acid, citric acid, and acetic
cid, whereas propionic acid did not show any synergistic ef-
ect. However, HCl was not assessed, and the setup did not
nvolve any adaptation step. In the second approach , when
e employed �sigB (Fig. 5 b), similarly to the WT, the results

uggest that the role of SigB in this challenge was relatively
imited. This was expected since both adaptation acid stress
nd the lethal oxidative stress coincided, and the survival de-
ended on a variety of mechanisms and not solely on oxidative
tress mechanisms such as catalase. This is obvious since, to
chieve a comparable inactivation in the fi r st approach , we
sed 1.5% and 0.8% H 2 O 2 for the WT and �sigB (Fig. 4 a
nd b), while in the second approach , we used 3 times lower
 2 O 2 concentrations (Fig. 5 a and b). Also, in these experi-
ents, catalase activity was reduced by the acid adaptation

tep in both WT and �sigB (Fig. 5 c), explaining the lower
urvival of both strains in the coinciding stress application
Fig. 5 a and b). We also observed that the catalase activity of

T and �sigB was not affected by harvesting and resuspen-
ion in fresh BHI (comparison between Fig. 4 c and Fig. 5 c). 

We also investigated the effects of salt adaptation on oxida-
ive stress resistance. Similarly to experiments with acid adap-
ation (Fig. 4 a), salt-adapted WT (0.5 mol l −1 NaCl), in the
rst approach , was more sensitive to oxidative stress com-
ared to the non-adapted control (Fig. 6 a). Similarly to the
ase with acid adaptation, the results here signify a very in-
eresting synergistic effect between salt adaptation and H 2 O 2 ,
lthough the salt stress was removed and not present during
he subsequent oxidative stress. 

Furthermore, similarly to acid adaptation (Fig. 4 b), adap-
ation to 0.5 mol l −1 NaCl did not alter the oxidative stress
esistance of �sigB (Fig. 6 b). Therefore, since this hypersen-
itivity to oxidative stress occurred only in the presence of
igB (WT) and not in its absence ( �sigB ), we could assume
hat it is a SigB-mediated phenomenon. Interestingly, this ef-
ect was not catalase-mediated, as catalase activity remained
nchanged prior to and post-salt adaptation (Fig. 6 c). These
esults are novel, and they are also in contrast to the concept of
ross-protection between different stresses, showing that salt
daptation enhances sensitivity to oxidative stress. In addi-
ion, all results together confirm a general pattern, where sigB
pregulation enhances sensitivity to oxidative stress. 
The second approach was also used with salt adaptation.

esults for the WT were similar to those obtained with the
rst approach (Fig. 5 a), as salt adaptation increased the sen-
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sitivity of WT to oxidative stress (Fig. 7 a), but not that of 
�sigB (Fig. 7 b). The latter behaviour of �sigB differs from 

that with acid adaptation (Fig. 5 b). 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 4 c and 5 c),
salt adaptation had no noticeable effect on catalase activity 
(Figs 6 c and 7 c), 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 ( lmo1604 ), 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 2 O 2 (Glass et al. 2024 ).

Similarly to the acid adaptation experiments, salt-adapted 

cells were more sensitive during the second approach (Fig. 7 a 
and b) than those at the first approach (Fig. 6 a and b) since 
lower H 2 O 2 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 
�sigB were significantly more sensitive to oxidative stress 
than WT, when challenged with similar H 2 O 2 concentrations.
This could be explained at least partly by the consistently 
higher catalase activity of WT compared to �sigB in the ex- 
ponential phase as seen in Figs 4 c, 5 c, 6 c, and 7 c. This dif- 
ference in catalase activity was accompanied by a statistical 
significance in Figs 4 c and 5 c (5.5 h of growth), but not in 

Figs 6 c and 7 c (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 �sigB 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 �sigB 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 2 O 2 . 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 (HCl; 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 
hese findings with EGD-e as well (data not shown). Further-
ore, the above authors performed their survival assays in 

B, or saline buffer at 4 

◦C, resulting in a cold shock and sub-
equently transferred cells to 30 

◦C, while their survival assays
asted for 8 h, with low H 2 O 2 concentrations (0.1%). Such
ong exposures could allow the deployment of various addi- 
ional oxidative stress resistance mechanisms, which could ex- 
lain this discrepancy. In our case, we applied significantly 
igher H 2 O 2 concentrations, not allowing any cellular re- 
ponses. In other work, it has also been shown that adapta-
ion to salt leads to increased kat transcription and oxidative
tress resistance (Bergholz et al. 2012 ); however, in that case,
ells were grown without aeration. Lack of aeration results in
 dramatically different behaviour in L. monocytogenes , with 

igB not playing a role or in some cases protecting against ox-
dative stress, while under aeration, it has the opposite effect
Boura et al. 2016 ). As mentioned above, our work here agrees
ith and explains the work of Dhowlaghar et al. ( 2019 ), Jyung

t al. ( 2023 ), Glass et al. ( 2024 ), and Boura et al. ( 2016 ), al-
hough further work is required to identify the mechanism(s) 
hrough which SigB downregulates or inhibits the activity of 
xidative stress mechanisms such as catalase. 
Oxidative stress plays a role in listerial virulence, as it is

ne of the main mechanisms of bacterial inactivation in the
hagolysosome (Flannagan et al. 2015 , Herb and Schramm 

021 ). The role of SigB in virulence is clear in the initial stages
f invasion facilitating the upregulation of internalins, and 

LO (Boura et al. 2016 , Dessaux et al. 2021 ). However, its
ole in proliferation, and later stages of the virulence cycle and
articularly survival in the phagolysosome is not clear. Some 

ines of research show that SigB plays no role in proliferation
nd survival in the phagolysosome, since �sigB proliferates 
t a similar rate as the WT (Kim et al. 2004 , Soraya et al.
011 , Boura et al. 2016 ) or even higher (Rukit et al. 2022 ). In
ddition, sigB is not significantly upregulated intracellularly 
Chatterjee et al. 2006 , Boura et al. 2016 ), supporting the lat-
er concept, as sigB upregulation in the phagolysosome would 

esult in high sensitivity to its acidic and oxidative stress con-
itions (Uribe-Querol and Rosales 2017 , Santiago-Burgos et 
l. 2022 ). On the other hand, another line of research shows
hat SigB plays a role in intracellular proliferation as oxida-
ive stress in the phagocytic vacuole upregulates Prli42, that 
ctivates RsbR1, which, in turn, activates SigB and tethers the
tresso`some to the listerial membrane (Dessaux et al. 2021 ).
owever, the stressosome core protein remains undetectable 

ntracellularly raising the question of how the stressosome can 

unction without its core protein (Impens et al. 2017 ). It is
ossible that the key is the level of SigB upregulation that
ight be subject to fine-tuning. For example, during expo- 
ential phase, low levels of sigB transcription upregulate var- 

ous background mechanisms (e.g. removal of denatured pro- 
eins), providing a survival advantage to the WT over �sigB
Figs 5 c and 7 c). However, high level of sigB upregulation,
ould reduce catalase activity, or the expression of other ox-
dative stress mechanisms providing a survival advantage to 

sigB . Therefore, more work is required to clarify the above
henomena. 
Overall, the present study provides further insight into the 

ctivity and transcription of catalase at different growth stages 
f L. monocytogenes. It also enhances our knowledge of the
ole of acid and salt adaptation in oxidative and ultrasound
tress resistance, in association with SigB and catalase activ- 
ty. We demonstrate that adaptation to mild acid or salt stress
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cts synergistically with oxidative stress even if the adapta-
ion stresses are removed. This complements the well-known
oncept of cross protection (O’Byrne and Karatzas 2008 ,
ergholz et al. 2012 ) between stresses, which does not seem

o be applicable with oxidative stress. As this phenomenon
f cross protection between stresses is normally associated
ith SigB, we also show that the above phenomena are also

ttributed to SigB, where the latter, instead of protecting, it
nhances sensitivity to oxidative stress. By taking advantage
f these synergistic effects, we could possibly use oxidative
tress-based technologies in combination with acid or salt, to
fficiently eliminate L. monocytogenes or enhance the efficacy
f the oxidative stress-based technologies. It should be stated
hat such technologies (e.g. ultrasound, or plasma etc.) have
imited penetration in the food industry (dos Santos Rocha
t al. 2022 ) due to their low efficacy. The above observations
ould enhance the antimicrobial effects of these technologies,
ptimize their application, or enhance their efficacy in com-
ination with other stresses, making them more effective for
se in food safety. They also contribute to our deeper under-
tanding of the intracellular cycle of L. monocytogenes . 
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