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Glabridin is a prenylated isoflavan which can be extracted from liquorice roots and has shown antimicrobial
activity against foodborne pathogens and spoilage microorganisms. However, its application may be hindered
due to limited information about its mode of action. In this study, we aimed to investigate the mode of action of
glabridin using a combined phenotypic and proteomic approach on Listeria monocytogenes. Fluorescence and
transmission electron microscopy of cells exposed to glabridin showed membrane permeabilization upon
treatment with lethal concentrations of glabridin. Comparative proteomics analysis of control cells and cells
exposed to sub-lethal concentrations of glabridin showed upregulation of proteins related to the two-component
systems LiaSR and VirRS, confirming cell envelope damage during glabridin treatment. Additional upregulation
of SigmaB regulon members signified activation of the general stress response in L. monocytogenes during this
treatment. In line with the observed upregulation of cell envelope and general stress response proteins, sub-lethal
treatment of glabridin induced (cross)protection against lethal heat and low pH stress and against antimicrobials
such as nisin and glabridin itself. Overall, this study sheds light on the mode of action of glabridin and activation
of the main stress responses to this antimicrobial isoflavan and highlights possible implications of its use as a
naturally derived antimicrobial compound.

1. Introduction growth of pathogenic microorganisms and may substitute synthetic

preservatives currently used in food and the food industry. Among the

Listeria monocytogenes is a robust and adaptable foodborne pathogen
that can cause listeriosis. Listeriosis is characterized by a low prevalence
and high case fatality rate and mainly affects immunocompromised
people, the elderly, pregnant women and infants. L. monocytogenes is
ubiquitous in the environment and can resist different stresses encoun-
tered in food and food processing environments (Bucur et al., 2018;
Gandhi & Chikindas, 2007). Moreover, it can grow in a wide range of
temperatures, pHs and salt concentrations and persist in the food chain
(NicAogain & O’Byrne, 2016). Due to these characteristics,
L. monocytogenes can be present in various raw and processed foods such
as deli meat, cold-smoked salmon, cheese and fresh-cut fruit and vege-
tables, representing an important food safety concern (EFSA and ECDC
(European Food Safety Authority and European Centre for Disease
Prevention and Control), 2022; Forauer et al., 2021; Zhang et al., 2020).

Natural plant antimicrobials are promising alternatives to inhibit the
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variety of plant bioactive compounds, prenylated flavonoids and iso-
flavonoids (collectively called (iso)flavonoids) showed high antimicro-
bial activity against foodborne pathogens (Araya-Cloutier et al., 2018a;
Ng et al., 2019). Glabridin (Fig. 1) is a monoprenylated isoflavan with
antimicrobial activity against foodborne pathogens. It can be extracted
from liquorice roots which have been reported to contain 0.24 + 0.02
mg per g dry roots (van Dinteren et al., 2022). Previous research showed
that glabridin had good in vitro antimicrobial activity against Gram-
positive bacteria such as Staphylococcus aureus and Bacillus subtilis with
a minimum inhibitory concentration (MIC) ranging from 8 to 15 ug/mL
(Araya-Cloutier et al., 2018a; Bombelli et al., 2023; Kalli et al., 2021; Lin
et al., 2022). Moreover, glabridin has been reported to have anti-biofilm
properties when tested against S. aureus (Gangwar et al., 2020; Tsuka-
tani et al., 2022). Our previous research showed that glabridin inhibited
L. monocytogenes at different environmental conditions (MIC 3.1-12.5
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Fig. 1. Structure of the prenylated isoflavan glabridin. The prenyl group is
highlighted in red. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

ug/mL) in vitro using a microbroth dilution assay and delayed the growth
of L. monocytogenes in fresh-cut cantaloupe (Bombelli et al., 2023). All
these characteristics make glabridin and natural extracts rich in this
prenylated isoflavan promising candidates as natural alternatives to
synthetic antimicrobials for the food industry.

Despite its potential, the antimicrobial mode of action of glabridin is
not fully understood. In general, it has been shown that the main activity
of prenylated (iso)flavonoids is due to interaction with the cytoplasmic
membrane and subsequent increased permeabilization or disruption
(Araya-Cloutier et al., 2018a; Araya-Cloutier et al., 2018b; Wesolowska
et al., 2014). For example, morusin, a prenylated flavone, was shown to
disrupt the integrity of the cytoplasmic membrane of S. aureus by
transmission electron microscopy (Pang et al., 2019). Although mem-
brane permeabilization may be the primary effect of glabridin as an
antimicrobial agent, other modes of action have also been reported.
Previous studies indicated that the antibacterial activity of glabridin
against S. aureus was caused by the generation of reactive oxygen species
(ROS) (Singh et al., 2015) and inhibition of the DNA gyrase (Lin et al.,
2022). Therefore, further studies are needed to elucidate the mode of
action of glabridin against L. monocytogenes.

Proteomic analysis can be used to investigate the mode of action of
novel antimicrobial compounds (Schafer & Wenzel, 2020; Yang et al.,
2021). Although proteomics of S. aureus treated with glabridin was
previously performed, the study focused on the change of surface pro-
teins during biofilm formation (48 h) rather than the antimicrobial mode
of action (Gangwar et al., 2020). Short term exposure to glabridin can be
used to investigate the mode of action and identify specific stress re-
sponses of the cells when subjected to glabridin. In L. monocytogenes,
various stress mechanisms have been reported; among them, a major
component is the activation of SigmaB (SigB), which controls the gen-
eral stress response (Guerreiro et al., 2020). Previous studies already
reported the involvement of the general stress response when
L. monocytogenes was subjected to antimicrobial compounds such as
ampicillin, penicillin and bacteriocins (Begley et al., 2006). Moreover,
two-component systems (TCSs) coordinate the response mechanisms to
environmental changes, with LiaSR and VirSR being TCSs with an
essential role in the cell envelope stress response (Collins et al., 2012;
Fritsch et al., 2011; Jiang et al., 2019). The activation of the stress
response in L. monocytogenes may also induce protection towards
different or equal subsequent stresses, thus defined as (cross)protection.
(Cross)protection after sub-lethal stresses has already been well reported
in L. monocytogenes, for example, an increase in nisin resistance after
exposure to salt stress (Bergholz et al., 2013) and heat and acid resis-
tance after adaptation to resveratrol (Oliveira et al., 2017). However, to
our knowledge, no study has evaluated the stress response of
L. monocytogenes after exposure to glabridin and the possibility of (cross)
protection after exposure to a sub-lethal concentration.

This study aims to investigate the antimicrobial mechanism of
glabridin against L. monocytogenes. We investigated the effect of glab-
ridin on the permeabilization of the cytoplasmic membrane with fluo-
rescence and transmission electron microscopy. Notably, proteomic
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analysis was used for the first time to study differences in the proteomic
profile of L. monocytogenes when exposed to a sub-lethal concentration
of glabridin. This analysis allowed us to explore the mode of action of
glabridin and characterize the stress response of L. monocytogenes.
Furthermore, we assessed the possible (cross)protection to stresses after
exposure to the sub-lethal stress of glabridin.

2. Materials and methods
2.1. Chemicals and media

Glabridin (purity > 99 %) was purchased from Fujifilm Wako Pure
Chemical corporation (Osaka, Japan) and dissolved in dimethyl sulf-
oxide (DMSO, Merck KGaA, Darmstadt, Germany) to obtain a stock so-
lution (max 40 mg/mL) which was stored at — 20 °C. Tryptone Soya
Broth (TSB) and agar bacteriological were purchased from Oxoid Ltd
(Basingstoke, UK). Brain Heart Infusion (BHI) was purchased from
Becton Dickinson (Le Pont- de- Claix, France). Tris buffer was prepared
with 100 mM of Tris (Invitrogen, Aukland, New Zealand) and adjusted
to pH 8. Peptone physiological salt solution (PPS) was prepared with 0.1
% (w/v) neutralized bacteriological peptone (Oxoid Ltd) and 0.85 % (w/
v) of sodium chloride (Sigma- Aldrich) dissolved in demineralized
water. Nisin (from Lactococcus lactis, 2.5 % nisin) was purchased from
Sigma-Aldrich, and the working solution (0.5 mg/ml) was freshly pre-
pared in 0.02 N HCI and directly used.

2.2. Bacterial strain, culture condition and glabridin treatment

All experiments were carried out with the model strain
L. monocytogenes EGDe, for which the proteome is the reference in the
Uniprot databank (The Uniprot Consortium, 2022). Cells were streaked
from — 80 °C glycerol stock on a BHI agar plate and incubated for 24 h at
37 °C. One colony was transferred to 10 mL of TSB and incubated for 18
h at 30 °C in a shaking incubator at 160 revolutions per minute (rpm) to
obtain an overnight culture (ON). The ON was then used to inoculate
(1:1,000 v/v) 4 mL fresh TSB in polystyrene tubes. The tubes were
incubated at 30 °C in a shaking incubator at 160 rpm. After 6 h (ODgoo =
0.3), glabridin was added at a concentration of 6.25, 12.5 or 25 ug/mL,
and tubes were placed back in the incubator at the same condition.
Solvent controls were prepared by adding DMSO to a final concentration
of 0.06 % (v/v), the maximum concentration reached. The growth of
treated and untreated cells was measured by plating appropriate di-
lutions on BHI plates and checking the optical density at 600 nm
(ODgo). BHI plates were incubated at 37 °C for 48 h. After 1 h and 2 h of
treatment, 100 uL of suspension were stained with SYTO 9 and propi-
dium iodide (PI) at final concentrations of 10 uM and 60 pM, respec-
tively, following the manufacturer’s instructions (LIVE/DEAD BacLight
Bacterial Viability Kit, ThermoFisher, Eugene, OR, USA). Stained cells
were visualized using a Zeiss Axioskop fluorescence microscope. The
growth of treated and untreated cells was tested with three independent
biological replicates, and each replicate was performed in duplicate.

2.3. Transmission electron microscopy (TEM)

For TEM images, L. monocytogenes was cultured as described in sec-
tion 2.2. Cells were treated with glabridin at a concentration of 25 pg/
mL. Solvent controls were prepared by adding DMSO to a final con-
centration of 0.06 % (v/v). Before and after two hours of treatment,
samples were pelleted at 13,800 x g for 5 min and fixated in 1 mL of 2.5
% glutaraldehyde in 0.1 M phosphate buffer overnight at 4 °C. Fixed
cells were washed twice with 0.1 M phosphate buffer and resuspended in
100 uL of 4 % gelatin in 0.1 M phosphate buffer. Gelatin was solidified at
4°C, and the specimen was cut into pieces of approximately 3 mm?>, The
cubes were fixated in 2.5 % glutaraldehyde for one hour and post-fixated
in 1 % osmium tetroxide in 0.1 M phosphate buffer for one hour.
Specimens were dehydrated with increasing concentrations of ethanol
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(30 %, 50 %, 70 %, 80 %, 90 %, 96 % and twice 100 %) and infiltrated
with increasing concentrations of resin in ethanol (33 %, 50 %, 66 % and
100 %). After storing overnight the specimen in 100 % of resin, the resin
was polymerized at 70 °C for 8 h. Sections of 50 nm were obtained with a
Leica EM UC7 microtome (Leica Microsystems B.V., The Netherlands)
and stained with uranyl acetate and lead citrate. Sections were visual-
ized with a JEOL JEM-1400 plus electron microscope (JEOL USA Inc.,
USA) at 120 kV.

2.4. Proteomics

L. monocytogenes was cultured as described in section 2.2. For the
proteome analysis, glabridin was added at a concentration of 6.25 pg/
mlL, as shown to be the lowest concentration that inhibits the growth of
L. monocytogenes in the tested condition. Before and after 15 min, 30
min, 1 h and 2 h of glabridin treatment, 4 mL of samples were pelleted at
13,800g for 1 min and washed twice with 100 mM Tris buffer (pH 8).
The pellet was resuspended in 50 L of Tris buffer and then stored at —
80 °C until further use. Samples treated for 1 h with DMSO (0.06 % v/v)
were prepared to verify the effect of the solvent. For each condition,
three independent biological replicates were collected and further
analyzed.

On the day of proteomic sample preparation, samples were thawed,
and cells were lysed by sonication with three cycles of 15 s on ice
(Soniprep 150, MSE, London, UK). Proteins were precipitated by adding
200 pL of acetone and incubating the samples for 30 min at room tem-
perature. Afterwards, samples were centrifuged at 13,800g for 1 min, the
supernatant was removed, and the pellet was resuspended in 100 mM
Tris buffer (pH 8). Proteins were quantified with Pierce™ BCA Protein
Assay Kit (Thermo Fisher Scientific, USA), and the amount of protein in
all samples was standardized to 100 ug of protein in 80 pL of Tris buffer.
Samples were prepared according to the filter-aided sample preparation
(FASP) (Wisniewski et al., 2009). Briefly, proteins were reduced with 15
mM dithiothreitol, alkylated with 20 mM acrylamide, and digested with
trypsin overnight. Each prepared peptide was analyzed by injecting 5 pL
into a nanoscale liquid chromatography-tandem mass spectrometry
(nanoLC-MS/MS) system (Thermo nLC1000 instrument connected to a
Thermo Exploris 480), as described previously (Feng et al., 2022). LC-
MS data with all MS/MS spectra were processed with the MaxQuant
2.0.3.0 quantitative proteomics software package (Cox & Mann, 2008),
as described previously (Liu et al., 2022). The L. monocytogenes EGDe
protein database used in the Maxquant analysis was downloaded from
UniProt (UniProt identifier UP0O00000817). Statistical analyses of the
MaxQuant ProteinGroups file were performed with Perseus (Tyanova
et al., 2016). Reverse hits and contaminants were filtered out. Protein
groups were filtered to contain minimally two peptides for protein
identification, of which at least one is unique and at least one is un-
modified. Proteins were identified as significantly up- or downregulated
if the logy transformed ratio of the normalized label-free quantitation
intensity in the treated samples over the control (before treatment) was
above 1 or below —1 with a Benjamini-Hochberg corrected p-value
smaller than 0.05. Data visualization was performed using R (R Core
Team, 2020). The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE (Vizcaino
et al., 2016) partner repository with the dataset identifier PXD043864.
The list of proteins regulated by TCSs was based on Fritsch et al. (2011)
and Mandin et al. (2005) for LiaSR and VirRS regulated proteins,
respectively. SigB regulon was based on Abram et al. (2008); Chatterjee
et al. (2006); Guariglia-Oropeza et al. (2018); Hain et al. (2008); Kaz-
mierczak et al. (2003); Liu et al. (2017); Mattila et al. (2020); Oliver
et al. (2010); Ollinger et al. (2009); Ryan et al. (2009); Toledo-Arana
et al. (2009); Wemekamp-Kamphuis et al. (2004).

2.5. (Cross)protection

To evaluate possible cross-protection towards other stresses after the
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exposure to sub-lethal concentration of glabridin, untreated or treated
cells were further subjected to i) heat inactivation (55 °C), ii) acidic
inactivation (pH 3) and iii) nisin treatment (5 pg/mL). Moreover,
possible protection toward a subsequential lethal concentration of
glabridin was evaluated by subjecting untreated or treated cells to a
lethal concentration of glabridin (50 pg/mL). Cells were prepared as
described in section 2.2. Before and after 1 h of treatment (glabridin
6.25 ug/mL or DMSO 0.06 % v/v), the cultures were pelleted at 13,800g
for 1 min and then washed with PPS. Afterwards, the culture was used to
inoculate 40 mL of fresh TSB in a glass flask for the heat, acid and nisin
inactivation step. For heat inactivation, TSB was preheated and main-
tained at 55 °C by placing the flask in a water bath. TSB was adjusted to
pH 3 with 5 M HCI for the acid inactivation and to a final concentration
of nisin of 5 ug/mL for the nisin treatment, and the temperature was
maintained constant at 30 °C. For glabridin inactivation, the final vol-
ume of TSB with 50 pg/mL of glabridin was 1 mL, and the tube was
placed in a thermoblock at 30 °C. The initial inoculum in all treatments
was 7.2 £+ 0.2 Log CFU/mL. The reduction of treated and untreated cells
was measured by plating appropriate dilutions on BHI plates, and the
plates were incubated at 37 °C for at least 3 days to allow the recovery of
damaged cells. Each condition was tested with three independent bio-
logical replicates, and each replicate was performed in duplicate.

3. Results

3.1. Effect of glabridin treatment on growth and propidium iodide (PI)
uptake

Glabridin was added at the late exponential phase (6 h) with con-
centrations ranging from 6.25 pg/mL to 25 pug/mL to verify the effect of
the concentration on cell viability and identify the suitable concentra-
tion for proteomic analysis. As shown in Fig. 2A, glabridin immediately
inhibited the growth of L. monocytogenes at concentrations equal to 6.25
ug/mL based on cell viability. No difference was measured with 12.5 pg/
mL of glabridin compared to 6.25 pug/mL. However, the presence of 25
pg/mL of glabridin decreased the viable count from 8.5 + 0.1 Log CFU/
mL to 5.2 + 0.7 Log CFU/mL after 2 h of treatment. During the treat-
ment, cells were stained with PI and SYTO9 and visualized with fluo-
rescence microscopy to investigate membrane permeabilization. Fig. 2B
shows that glabridin induces PI uptake in L. monocytogenes depending on
the concentration used. Cells treated with 6.25 and 12.5 pg/mL of
glabridin showed limited uptake of PI indicating limited permeabiliza-
tion of the cell with these concentrations (Fig. 2B). In line with the viable
count, treatment with 25 ug/mL of glabridin resulted in a substantial
uptake of PI, indicating that membrane permeabilization occurred
during the treatment (Fig. 2B). Addition of DMSO (0.06 %) was used as a
control, and showed no effect on growth and membrane permeabiliza-
tion (Fig. S1).

3.2. Transmission electron microscopy

TEM of ultrathin sections was used to investigate morphological
changes in L. monocytogenes after treatment with 25 ug/mL of glabridin.
Cells were harvested before or after two hours of glabridin treatment,
and representative images are shown in Fig. 3. Untreated cells appeared
to have an intact cell envelope, and no defects in the morphology were
visualized (Fig. 3A). Glabridin induced disruption of the cell envelope
and release of intracellular materials (Fig. 3B-C, red arrows). Moreover,
glabridin treatment resulted in the detachment of the cytoplasmic
membrane from the cell wall (Fig. 3C, yellow arrows). No visible dif-
ference in the cell envelope was detected between untreated and DMSO
treated cells (Fig. S2).

3.3. Proteomic analysis of glabridin-treated cells

Proteomic analysis was used to study the differences in the proteomic
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Fig. 2. Growth of L. monocytogenes in the presence and absence of glabridin. A) Growth curves of untreated cells (empty squares) and glabridin treated cells (filled
markers). Cells treated with glabridin are represented with triangles, diamonds and circles for concentrations of 6.25 ug/mL, 12.5 ug/mL and 25 pg/mL, respectively.
The arrow represents when the treatment time started. Data are expressed as averages, and error bars represent standard deviations of biologically independent
replicates (n = 3). B) Corresponding fluorescence pictures of samples treated with glabridin or untreated samples. Cells were stained with SYTO9 and PI. Scale bar:
10 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

A B

Fig. 3. TEM images of L. monocytogenes treated with 25 ug/mL of glabridin. A) L. monocytogenes untreated cells. B and C) L. monocytogenes treated with 25 ug/mL of
glabridin for two hours. Cells were imaged under various angles. Cell envelope damage and detachment of the cell membrane from the cell wall are represented with
red and yellow arrows, respectively. The scale bar is 200 nm for A and B and 100 nm for C. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

profile of L. monocytogenes before and after sub-lethal glabridin treat-
ment. After reaching the late exponential phase, cells were treated with
6.25 pg/mL of glabridin, and samples were taken before and after 15
min, 30 min, 1 h and 2 h in triplicate. In total, 1,735 proteins were
identified and quantified (Table S1). The heat map in Fig. 4A shows a
good separation between treated and untreated samples based on the z-
score of label-free quantitation values of the detected proteins. More-
over, samples treated for one and two hours clustered together, showing
good separation between treatment times. Fig. 4B shows a gradual in-
crease of differently expressed proteins as the treatment length in-
creases, reaching a maximum of 145 upregulated (green) and 196
downregulated (purple) proteins after two hours of treatment. Venn
diagrams were used to visualize the number of unique and shared up-
and downregulated proteins among the treated samples at different time
points (Fig. 4C and D). Notably, 34 proteins (19 %, Fig. 4C) were
upregulated in all time points. As these shared proteins were upregu-
lated immediately after 15 min of treatment, we identified this as the

overlap in primary stress response from the cell in the presence of
glabridin. Most downregulated proteins (126 proteins, 53 %, Fig. 4D)
were unique in the sample treated for 2 h, and only four downregulated
proteins were shared between the treatment time points (RsbS,
1Imo00694, Im02482 and 1mo1090, Table S1).

The 34 proteins upregulated in all time points were visualized with
STRING in Fig. 5. Among the shared upregulated proteins, six proteins
(Imo0047, 1mo1966, Imo02486-2487 and Lial - LiaH) are regulated by the
TCS LiaSR (highlighted in red) and four proteins (AnrA-AnrB, Imo2156
and Imo02439) by another TCS, VirRS (highlighted in blue) (Fritsch et al.,
2011; Mandin et al., 2005). Moreover, 13 proteins among the 34 shared
upregulated proteins are regulated by SigB (highlighted in black, Fig. 5)
(Hain et al., 2008; Kazmierczak et al., 2003; Liu et al., 2017; Ollinger
et al., 2009; Ryan et al., 2009). This group includes proteins involved in
glycerol metabolism (DhaK-DhaL-DhaM and GlpD) and arginine meta-
bolism (ArgR and ArcA). Finally, proteins related to a general stress
response but not regulated by SigB (Imo2830 (thioredoxin), Im00229,



A. Bombelli et al. Food Research International 175 (2024) 113687

A C 30 min 1h
- . 15 min
3 1 1 3

Z-score
s == — —_
© =—
S —
n_ —
<moOom<O<CHO0O<@nO0<ao0
595 £ egcceg<ccc < 15min
£EEEEEEEEE "N
O O O L Wvuw uvu O O o
OO0 O« ® ® ®

MUpregulated
HWDownregulated

15 min 30 min 1h 2h

number of proteins
= N W
o O o
2 O Q =)

Fig. 4. Differentially expressed proteins of L. monocytogenes treated with glabridin (6.25 ug/mL) versus control. A) Heat-map represents the clustering of the rep-
licates based on the label free quantitation values of the detected proteins B) Number of upregulated (green) and downregulated (purple) proteins compared to
control in samples treated with glabridin for 15 min, 30 min, 1 h and 2 h. C and D) Venn diagrams showing the number of shared and unique upregulated (C) and
downregulated (D) proteins in samples treated with glabridin for different time points. The intensity of the colour is relative to the percentage of proteins in the
corresponding area. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Protein-protein association predicted using STRING of the shared upregulated protein between samples treated with glabridin (6.25 pg/mL) after 15 min, 30
min, 1 h and 2 h. Dots represent all the shared upregulated proteins. Thicker lines represent stronger associations. Different colour highlights proteins regulated by
the two component systems (LiaSR and VirRS, in red and blue, respectively), SigB regulated proteins (in black), stress response proteins (in yellow) and others (grey).

Lmo2156 has been reported to be regulated by both VirRS and SigB. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

CIpE) were shown to be upregulated in all time points (highlighted in Table 1 shows the list of differently expressed proteins in at least one
yellow). time point regulated by LiaSR and VirRS. Overall, the expression of

Fig. 6 shows a volcano plot of differentially expressed proteins in the proteins regulated by LiaSR increased during the treatment. For
glabridin-treated sample for two hours compared to untreated cells, example, Lial and LiaH were upregulated immediately after 15 min of
highlighting proteins regulated by the TSCs LiaSR and VirRS, and SigB. exposure, and after two hours, the fold change reached 16.0 and 26.6 for
These proteins represented 44.1 % of the upregulated proteins and Lial and LiaH, respectively. Lial is a membrane protein that binds the
covered the area of most significant proteins, indicating a remarkable phage shock protein (Psp) homologue LiaH. LiaS and LiaF (the histidine
activation of the LiaSR, VirRS, and SigB dependent stress responses in kinase and a protein which controls the activity of LiaS, respectively)
the presence of sublethal concentrations of glabridin. were similarly upregulated after 30 min of treatment compared to
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Fig. 6. Volcano plot of proteins expressed in L. monocytogenes treated with
glabridin (6.25 pg/mL) for two hours compared to untreated control. Dots
represent all the detected proteins. Different colours highlight protein regulated
by the two component systems (LiaSR and VirRS, in red and blue, respectively),
SigB regulated proteins (in black) and others (grey). Lmo2156 has been re-
ported to be regulated by both VirRS and SigB. Red lines represent the cut off
values used for the definition of different regulated proteins (p-value < 0.05,
log2 fold change > 1 or < -1). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

untreated cells reaching 2.7 fold change after two hours of treatment.

Lmo2486-2487 are part of the same operon and were shown to be
strongly upregulated in the treated samples; lmo2487 is a homologue of

Table 1
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YvIB of B. subtilis, which is part of the Psp response network (Nielsen
et al., 2012; Popp et al., 2022). Lmo01966 and 1m01967 (telA) form an
operon and were upregulated, reaching a 9.1 and 4.7-fold change,
respectively, compared to the control after two hours of treatment. TelA
is a mediator of resistance to a number of cell envelope-acting antimi-
crobials (Collins et al., 2010b). Moreover, ABC transporters regulated by
LiaSR, such as Imo0194-0195, Imo1636 and Imo02745, were upregulated
compared to untreated samples, with fold changes ranging from 2.2 to
4.3 after 2 h of exposure. None of the proteins regulated by LiaSR were
differently expressed in the DMSO control samples (Table S2), indi-
cating that this stress response is specific to the glabridin treatment.

Among the proteins regulated by VirRS, AnrA and AnrB form an ABC
transporter that was immediately upregulated. AnrA and AnrB were
upregulated with increasing values as the treatment length increased,
reaching a 4.5 and 5.8 fold change after two hours, respectively.
Moreover, the two hypothetical proteins Imo2156 and Imo02439 were
more expressed in all time points than the control. Although the D-alanyl
carrier protein (DCP) involved in the D-alanylation of lipoteichoic acid
was upregulated after 1 h of treatment, a similar fold change was
observed in the DMSO control sample (Table S2). Overall, the upregu-
lation of proteins controlled by the TCSs LiaSR and VirRS indicated that
glabridin induced the activation of the cell-envelope stress response,
including upregulation of the Psp and ABC transporters.

Table 2 shows the proteins regulated by SigB that were upregulated
in at least one time point during two hours of treatment, indicating a
general stress response from L. monocytogenes in the presence of glab-
ridin. For example, the general stress protein Ctc and the universal stress
protein (Imo0515) were upregulated with a fold change ranging from
13.6 to 28.2 after 2 h of exposure. Proteins associated with general stress
response, such as Imo1580 and lmo1601, were also upregulated in the
treated samples. Proteins with protease and peptidase activity were also
upregulated, such as ClpC, ClpP and htrA, which are known to cleave
misfolded proteins formed during various environmental stresses
(Abfalter et al., 2019; Illigmann et al., 2021). The upregulation of
oxidoreductase-related proteins, such as superoxide dismutase and
heme-degrading monooxygenase, points to oxidative stress upon

Differently regulated proteins in L. monocytogenes cells treated with 6.25 pg/mL of glabridin whose expression is controlled by TCSs LiaSR and VirRS. Fold change
compared to untreated cells was measured after 15 min, 30 min, 1 h and 2 h of exposure. Protein name and function are obtained from KEGG and Uniprot if not

differently stated.

Gene name Protein 15 min 30 min 1h 2h
LiaSR regulated protein

Imo0954-lial Lial * 3.1 4.4 8.8 16.0
Imo0955-liaH LiaH * 4.3 7.6 16.4 26.6
lmo1020-liaF LiaF * n.s. 1.4 2.1 2.7
Imo1021-liaS LiaS * - two-component sensor histidine kinase n.s. 1.4 2.2 2.7
Imo2486 hypothetical protein 3.6 6.2 12.4 15.0
Imo2487 hypothetical protein, B. subtilis YvIB homologue 5.0 7.9 16.5 25.0
Imo1966 hypothetical protein 2.6 3.4 6.0 9.1
Imo1967-telA § hypothetical protein n.s. 2.0 3.3 4.7
Imo0193 hypothetical protein n.s. n.s. 1.6 2.6
Imo0194 ABC transporter, ATP-binding protein n.s. n.s. 2.0 2.4
Imo0195 ABC transporter, permease n.s. n.s. 1.5 2.2
Imo1636 ABC transporter, ATP-binding protein 1.3 1.5 1.8 2.2
Imo2745 ATP-binding/permease protein 1.7 2.3 3.6 4.3
lmo0047 hypothetical protein 2.6 3.0 4.0 4.4
Imo2258 hypothetical protein 2.9 3.8 n.s. 7.7
Imo2224 hypothetical protein n.s. n.s. 3.0 4.9
VirRS regulated protein

Imo2114 AnrA {- ABC transporter ATP-binding protein 2.9 3.7 4.5 4.5
Imo2115 AnrB {- ABC transporter permease 3.1 4.7 5.7 5.8
Imo2156 hypothetical protein 5.7 6.0 7.5 6.8
Imo2439 hypothetical protein 12.9 16.7 17.3 17.8
Imo0972-ditC D-alanyl carrier protein (DCP) n.s. n.s. 8.9 15.8

* according to Fritsch et al. (2011)
§ according to Collins et al. (2010b)
t according to Collins et al. (2010a)
n.s.: not significant
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Table 2
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Upregulated proteins in L. monocytogenes cells treated with 6.25 pg/mL of glabridin whose expression is controlled by SigB. Fold change compared to untreated cells
was measured after 15 min, 30 min, 1 h and 2 h of exposure. Protein name and function are obtained from KEGG and Uniprot if not differently stated.

Gene name Protein 15 min 30 min 1h 2h
General stress response

Imo0211-ctc General stress protein Ctc 1.9 3.5 8.0 13.6
Imo0231-mcsB Protein-arginine kinase n.s. 2.1 3.6 3.2
Imo0232-clpC Endopeptidase Clp ATP-binding chain C n.s. 2.3 4.2 4.7
Imo0292-htrA Heat-shock protein htrA serine protease n.s. 2.2 4.8 6.4
Imo0515 Universal stress protein UspA n.s. 11.7 17.6 28.2
Imo1138-clpP ATP-dependent Clp protease proteolytic subunit n.s. 2.8 5.4 6.5
Imo1580 Universal stress protein 1.9 2.7 3.6 3.2
Imo1601 General stress protein n.s. n.s. 1.9 2.1
Imo1879-cspD Cold-shock protein 2.8 n.s. n.s. n.s.
Imo2230 Arsenate reductase n.s. 6.0 n.s. 7.1
lmo2468 -clpP ATP-dependent Clp protease proteolytic subunit n.s. 1.6 2.1 2.7
Oxidative stress response

Imo1439-sodA Superoxide dismutase n.s. 1.8 2.0 3.4
Imo2191-spx Global transcriptional regulator Spx 2.4 2.2 1.7 n.s.
Imo2213 Heme-degrading monooxygenase 4.7 5.7 6.5 6.8
Acid stress response

Imo0043-arcA Arginine deiminase ArcA 4.2 4.0 4.0 3.9
Imo0796 Hypothetical protein n.s. n.s. n.s. 4.5
Imo0913 Succinate semialdehyde dehydrogenase n.s. n.s. n.s. 6.0
lmo1367-argR Arginine repressor ArgR 2.3 3.5 3.7 5.5
Imo2391 Hypothetical protein n.s. n.s. 5.9 6.1
Imo2434 Glutamate decarboxylase n.s. n.s. 10.4 10.8
Metabolism

Imo0265 Succinyl-diaminopimelate desuccinylase 13.6 17.2 27.0 28.4
Imo0539-lacD Tagatose 1,6-diphosphate aldolase n.s. n.s. 3.3 4.3
Imo0554 NADH-dependent butanol dehydrogenase 2.0 1.8 2.3 1.8
Imo0783 PTS mannose transporter subunit IIB n.s. n.s. n.s. 3.2
lmo0784 PTS mannose transporter subunit IIB n.s. n.s. 2.3 n.s.
Imo0956 N-acetylglucosamine-6P-phosphate deacetylase n.s. n.s. 2.0 2.1
Imo1293-glpD Glycerol-3-phosphate dehydrogenase GlpD 2.7 5.2 7.3 7.9
Imo1538-glpK Glycerol kinase n.s. 2.0 2.5 2.4
Imo1830 Short-chain dehydrogenase n.s. n.s. 12.7 13.2
lmo2205-gpmA Phosphoglyceromutase 2.6 3.8 5.1 7.0
Imo2511-hpf Ribosome hibernation promoting factor (HPF) 2.8 4.4 8.9 11.7
Imo2573 Zinc-binding dehydrogenase 4.6 5.2 6.6 8.6
1mo2695-dhak Dihydroxyacetone kinase subunit DhakK 3.9 6.2 10.8 10.8
Imo2696-dhalL Dihydroxyacetone kinase subunit DhaL 4.7 8.2 13.1 13.5
Imo2697-dhaM Phosphoenolpyruvate - glycerone phosphotransferase subunit DhaM 3.0 6.0 10.1 9.0
Other/unknown functions

Imo0134 Hypothetical protein n.s. 6.3 10.0 8.6
Imo0170 Hypothetical protein n.s. 2.1 3.1 3.5
Imo0407 Hypothetical protein n.s. n.s. n.s. 20.1
Imo0629 Hypothetical protein n.s. n.s. n.s. 2.1
Imo0654 Hypothetical protein n.s. 3.1 4.0 4.0
lmo0794 Hypothetical protein n.s. 4.1 5.8 15.0
Imo1241 Hypothetical protein 3.4 3.8 3.5 3.2
Imoi1261 Hypothetical protein 2.7 3.1 3.2 n.s.
Imo1526 Hypothetical protein n.s. 1.9 1.9 3.3
Imo1694 CDP-abequose synthase n.s. n.s. n.s. 5.2
Imo2156 Hypothetical protein 5.7 6.0 7.5 6.8
Imo2494 Phosphate-specific transport system accessory protein PhoU n.s. n.s. n.s. 2.4
Imo2572 Dihydrofolate reductase subunit A n.s. 2.3 3.1 3.8
Imo2673 Hypothetical protein n.s. 3.0 3.1 3.7

n.s.: not significant

exposure to glabridin. Regarding the acid stress response, upregulation
of arginine deiminase ArcA (Imo0043) and the arginine repressor ArgR
(Imo1367) indicated upregulation of the arginine deiminase (ADI)
pathway. Moreover, the upregulation of glutamate decarboxylase
(Imo2434) indicated the activation of the glutamate decarboxylase
(GAD) pathway. ADI and GAD pathways are involved in acid resistance
in L. monocytogenes (Karatzas et al., 2012; Ryan et al., 2009). Although
ArgR was similarly upregulated in the DMSO control sample (Table S2),
no upregulation of ADI or GAD pathway proteins was measured in the
DMSO control sample. The upregulated proteins part of the SigB regulon
also showed changes in the metabolism of L. monocytogenes. The most
upregulated protein was 1mo0265 (28.4 fold change after 2 h), a
succinyl-diaminopimelate desuccinylase involved in lysine metabolism.
Moreover, the upregulation of proteins involved in glycerol utilization

(GlpD, glpK and DhaK-Dhal-DhaM) indicated changes in carbon
metabolism.

3.4. (Cross)protection

The increase in expression of the cell envelope and general stress
defence protein regulated by LiaSR, VirRS and SigB after sublethal
glabridin treatment may provide protection against subsequential other
lethal stresses. To test this hypothesis, control cells (no pretreatment)
and cells pre-treated with 6.25 pg/mL of glabridin for one hour were
subsequentially exposed to a lethal treatment for 20 min. The lethal
stresses included heat (55 °C), low pH (3), and high concentrations of
nisin and glabridin (5 pg/mL and 50 ug/mL, respectively). Fig. 7 shows
the reduction of viable cells after 20 min of treatment compared to the
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Fig. 7. Reduction of L. monocytogenes after 20 min of treatment at 55 °C (heat),
pH 3 (pH) and with 5 ug/mL of nisin and 50 pg/mL of glabridin. Reduction of
untreated cell is represented by empty bars and reduction of cells treated with
6.25 pg/mL of glabridin for one hour are represented with filled bars. Data are
expressed as averages and error bars represent standard deviations of biologi-
cally independent replicates (n = 3).

initial inoculum. Control cells showed a significantly higher reduction
than glabridin pre-treated cells, indicating that pre-exposure to glabri-
din increased the resistance of L. monocytogenes to the tested lethal
stresses. Reduction in viable cells for the control cells was similar be-
tween the tested stresses, with an average reduction of 4.2 + 0.5 Log
CFU/mL. Cells pre-exposed to glabridin showed a reduction of 2.0 £ 0.1
Log CFU/mL and 1.3 + 0.0 Log CFU/mL after 20 min of treatment at 55
°C and pH 3, respectively. Notably, no reduction in viable cells of
glabridin pre-treated samples was measured after 20 min of treatment
with a lethal concentration of nisin and glabridin (5 pg/mL and 50 ng/
mL, respectively). No significant difference (p > 0.05) was observed
between untreated cells and DMSO control (Fig. S3), indicating that the
(cross)protection against lethal stresses is due to the pretreatment with
glabridin.

4. Discussion

This study aimed to explore the mode of action of glabridin, a
promising natural antimicrobial compound, against L. monocytogenes.

Psp response
Lial-LiaH
Imo2486-2487
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The main effects of glabridin against L. monocytogenes are summarized in
Fig. 8. We showed that L. monocytogenes activated the TCSs LiaSR and
VirRS, which play a key role in orchestrating the cell envelope stress
response in L. monocytogenes and other Gram-positive bacteria such as
B. subtilis (Jordan et al., 2008; Nielsen et al., 2012). Moreover, the
upregulation of proteins part of the SigB regulon and other stress-related
proteins indicated the activation of the general stress response in
L. monocytogenes.

4.1. Glabridin treatment permeabilize the cytoplasmic membrane

This study showed that glabridin caused cytoplasmic membrane
permeabilization in L. monocytogenes. The tested PI uptake upon expo-
sure indicates that glabridin caused interruptions in membranes larger
than 1.5 nm based on the PI molecular size (Bowman et al., 2010).
Previous studies reported membrane permeabilization and dissipation
of proton motive force of S. aureus after exposure to glabrol, a-man-
gostin, isobavachalcone and morusin, all prenylated phenolic com-
pounds (Pang et al., 2019; Song et al., 2021; Wu et al., 2019b). TEM
images confirmed that exposure to glabridin resulted in the disruption of
the cell envelope and shrinkage of the cytoplasmic membrane of
L. monocytogenes. In line with the results presented here, previous
studies showed that kuwanon G and morusin, both prenylated flavones,
induced separation of the cytoplasmic membrane and destruction of the
cell envelope in S. aureus with TEM imaging (Pang et al., 2019; Wu et al.,
2019a). Our previous study indicated that glabridin induced limited
permeabilization in L. monocytogenes. (Araya-Cloutier et al., 2018a).
However, lower concentrations tested and the use of a different method
may explain this difference. Overall, this study indicates that the
bactericidal activity of glabridin can be explained by membrane per-
meabilization and cell envelope disruption in L. monocytogenes.

4.2. Glabridin induces cell-envelope stress responses via the TCSs LiaSR
and VirRS

The TCS LiaSR is known to regulate the expression of 29 genes
(Fritsch et al., 2011), and among them, 16 were shown to be upregulated
upon exposure to glabridin, indicating activation of this TCS. The TCS
LiaSR has been reported to be activated in L. monocytogenes when cell
envelope-acting antimicrobials are applied, such as nisin and bacitracin
(Fritsch et al., 2011; Pinilla et al., 2021). Therefore, the activation of
LiaSR after exposure to glabridin supports the hypothesis that glabridin

ABC transporters
Imo0193-0195 ABC transporter
Imo1636, Imo2745 AnrAB
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Fig. 8. Overview of main effects of glabridin treatment against L. monocytogenes. Different colours highlight the involvement of the two component systems LiaSR
and VirRS in red and blue, respectively. Psp: phage shock protein. See text for details. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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is active on the cell envelope of L. monocytogenes.

The proteomic profile shows that Lial and LiaH were part of the main
upregulated proteins in response to glabridin. The lialH operon is re-
ported to be the main target of the response regulator LiaR upon acti-
vation of the TCS, and it is part of the Psp stress response in
L. monocytogenes (Dominguez-Escobar et al., 2014). Lial is a membrane
protein that can bind to LiaH, which contains a PspA domain. This
complex formation is enhanced during cell envelope stress and may
confer protection to the cytoplasmic membrane (Dominguez-Escobar
et al., 2014). The Psp stress response is a well-studied cellular response
upon cell envelope stress (Flores-Kim & Darwin, 2016; Joly et al., 2010).
However, few studies focused on the Psp response in L. monocytogenes. In
addition to LiaH, the only protein that contains a PspA domain in
L. monocytogenes, Imo2485 and 1mo02486 contain a PspC domain (Popp
et al., 2022). Interestingly, Imo2485 and 1mo2486 are part of the same
operon (lmo2484-2487, (Toledo-Arana et al., 2009)), which is also
regulated by LiaSR. Although 1m02485 was not detected in our prote-
omic experiment, Imo2486 was highly upregulated after exposure to
glabridin. Lmo2487 was also highly upregulated in the presence of
glabridin and reported to be a homologue of YVIB of B. subtilis (Nielsen
et al., 2012), which is part of the Psp response network in B. subtilis
(Popp et al., 2022). The operon 1m02484-2487 has been reported to be
upregulated during treatment with cell wall antibiotic cefuroxime
(Nielsen et al., 2012), highlighting its importance for cell envelope an-
timicrobials in L. monocytogenes.

Different ABC transporters regulated by the TCSs LiaSR and VirRS
were upregulated after exposure to glabridin. The most characterized
upregulated ABC transporter was AnrAB. AnrAB was reported to be
involved in the detoxification of cell-envelope active antimicrobials such
as nisin and bacitracin (Collins et al., 2010a; Jiang et al., 2019; Ris-
mondo & Schulz, 2021), and its upregulation indicates cell-envelope
stress in the presence of glabridin. AnrAB is regulated by the TCS
VirRS, which has already been reported to have an essential role in
L. monocytogenes exposed to antimicrobials which affect membrane
integrity, such as nisin, lauric arginate, e-polylysine (Kang et al., 2015;
Pang et al., 2022; Pinilla et al., 2021).

Among the upregulated ABC transporters under the control of LiaSR,
Imo2745 has high similarity with BmrA of B. subtilis (also known as
YvcC), the multidrug resistance ABC transporter (Steinfels et al., 2004).
BmrA forms a homodimer which has been shown to export toxic com-
pounds in B. subtilis (Chami et al., 2002; Rismondo & Schulz, 2021);
however, Im02745 has not been studied in detail in L. monocytogenes.
The upregulation of Im01636 and Im0193-0195 shows that other ABC
transporters are involved in response to glabridin. Lmo1636 forms an
ABC transporter with 1mol1637 (upregulated less than two-fold,
Table S1). Orthologs of these transporters are defined as bacitracin
ABC transporter, highlighting the importance of this transporter for cell
envelope active antimicrobials. The operon Imo0193-0195 encodes for
an ABC transporter formed by Imo0195 and lmo0194 and an additional
protein, Imo0193. Interestingly, Imo0195 contains a MacB domain and
Imo0193 a HlyD domain, both characteristic of ABC multidrug efflux
transporters (Delmar et al., 2014; Greene et al., 2018). Overall, the
proteomic profile of L. monocytogenes exposed to glabridin indicates the
activation of the cell-envelope stress response orchestrated by LiaSR and
VirRS, which may be confirmed in follow-up studies by mutation of the
selected genes.

4.3. Activation of the general stress response

The increased presence of stress-related proteins, including the ones
regulated by SigB, indicated that L. monocytogenes responds to glabridin
by activating the general stress response. Notably, one of the proteins
downregulated in all time points was RsbS, which is part of the stres-
sosome and has a key role in the signal cascade that activates SigB
(Guerreiro et al., 2020). Among the SigB regulon, upregulation of the
ADI and GAD pathway indicates acidic stress, which may be related to
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the inability of L. monocytogenes to regulate the internal pH due to the
permeabilization of the membrane, as previously suggested for other
membrane active antimicrobial compounds (Song et al., 2021). More-
over, the upregulation of the general stress protein Ctc and the serine
protease HtrA (regulated by SigB) indicates major changes in the pro-
teome of L. monocytogenes. Overexpression of the ctc gene (Imo0211)
and htrA gene (Im00292) was reported in L. monocytogenes after expo-
sure to the cefuroxime and the bacteriocin pediocin (Laursen et al.,
2015; Nielsen et al., 2012). Induction of the SigB regulon after exposure
to cell envelope-acting antimicrobials has also been shown in other
Gram-positive bacteria, such as in the response of B. subtilis in the
presence of bacitracin (Mascher et al., 2003). Sivaranjani et al. (2019)
reported the upregulation of general stress response proteins such as Clp,
sodA in Staphylococcus epidermidis after exposure to o-mangostin, a
prenylated xanthone reported to affect membrane integrity in Gram-
positive bacteria.

Notably, our comparative proteome analysis of L. monocytogenes cells
exposed to sublethal concentrations of glabridin provided new insights
into this pathogen’s primary and secondary response against this
membrane active antimicrobial. Previous studies reported that glabridin
induced the generation of ROS in S. aureus (Singh et al., 2015). In our
proteomic data, the upregulation of proteins related to oxidative stress
(such as thioredoxin-lmo2830 and superoxide dismutase) indicates that
ROS accumulation might occur in L. monocytogenes during glabridin
treatment. As proteins involved in cell envelope stress described above
(Section 4.2) and proteins related to oxidative stress were upregulated
immediately after 15 min of treatment, both responses may be linked to
a primary effect of glabridin on the cell membrane. Possible perturba-
tion of the membrane homeostasis can lead to defects in the respiratory
chain which may be the source of ROS. Choi et al. (2015) highlighted
this hypothesis for an antimicrobial peptide which caused per-
meabilization of the cytoplasmic membrane and increased ROS in E. coli.
Previous studies have also reported the induction of secondary oxidative
stress upon exposure to cell envelope-acting antimicrobials, such as
nisin, daptomycin and other antimicrobial peptides (Liu et al., 2015;
Miyamoto et al., 2015; Po et al., 2021; Schafer & Wenzel, 2020).

4.4. Sub-lethal treatment with glabridin can induce (cross)-protection

Our data show that exposure to sub-lethal concentrations of glabri-
din induced (cross)protection against heat, low pH, nisin and glabridin
itself. Increased resistance to heat and low pH can be explained by the
activation of the general stress response, as previous studies related this
phenotype to the upregulation of the SigB regulon (Koomen et al.,
2021). Proteins such as Ctc, HtrA and Clp are known to be involved in
response to heat stress, whereas the GAD and ADI pathways are part of
the acid tolerance response (NicAogain & O’Byrne, 2016; Soni et al.,
2011). Their upregulation may explain the induced cross-protection by
the pretreatment with glabridin. Notably, the pre-exposure to a suble-
thal concentration of glabridin, induced higher resistance towards lethal
concentrations of nisin and glabridin than other stresses, suggesting
similarities between the mode of action of glabridin and nisin and
further indicating the cell envelope as the primary target of glabridin.
Different mechanisms have been reported to contribute to the resistance
of L. monocytogenes to nisin, including the activation of VirRS and LiaSR
regulon members (Bergholz et al., 2013). Among the proteins regulated
by LiaSR, TelA (Imo1967) has been found to contribute to the resistance
of L. monocytogenes to nisin and bacitracin (Collins et al., 2010a; Collins
et al., 2010b). Therefore, activation of these TCSs might explain the
higher resistance to nisin treatment. These results highlight possible
implications of using glabridin as an antimicrobial compound and the
need to evaluate its antimicrobial efficacy if applied with other anti-
microbials or as part of hurdle technology. Notably, understanding the
stress response of cells in the presence of glabridin can help identify the
correct use and support application of this novel antimicrobial in the
food industry.
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5. Conclusion

In conclusion, this study described the phenotypic and proteomic
response of L. monocytogenes to (sub)lethal concentrations of glabridin to
elucidate the mode of action of this antimicrobial. PI uptake and TEM
confirmed permeabilization of the cytoplasmic membrane upon expo-
sure to lethal concentrations of glabridin, suggesting that the mode of
action of glabridin relies upon the interaction with bacterial membranes.
This was further confirmed in proteomic studies that revealed the acti-
vation of a specific cell-envelope damage repair response characterized
by the activation of TCSs LiaSR and VirRS. In addition, a Sigma B-
dependent general stress defence response was activated by a sub-lethal
concentration of glabridin, resulting in (cross)protection towards sub-
sequential selected lethal food-preservation stresses.
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