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A B S T R A C T   

Prenylated isoflavonoids can be extracted from plants of the Leguminosae/Fabaceae family and have shown 
remarkable antimicrobial activity against Gram-positive food-borne pathogens, such as Listeria monocytogenes. 
Promising candidates from this class of compounds are glabridin and 6,8-diprenylgenistein. This research aimed 
to investigate the potential of glabridin and 6,8-diprenylgenistein as food preservatives against L. monocytogenes. 
Their antimicrobial activity was tested in vitro at various conditions relevant for food application, such as 
different temperatures (from 10 ◦C to 37 ◦C), pH (5 and 7.2), and in the presence or absence of oxygen. The 
minimum inhibitory concentrations of glabridin and 6,8-diprenylgenistein in vitro were between 0.8 and 12.5 μg/ 
mL in all tested conditions. Growth inhibitory activities were similar at 10 ◦C compared to higher temperatures, 
although bactericidal activities decreased when the temperature decreased. Notably, lower pH (pH 5) increased 
the growth inhibitory and bactericidal activity of the compounds, especially for 6,8-diprenylgenistein. 
Furthermore, similar antimicrobial efficacies were shown anaerobically compared to aerobically at the tested 
conditions. Glabridin showed a more stable inhibitory and bactericidal activity when the temperature decreased 
compared to 6,8-diprenylgenistein. Therefore, we further determined the antimicrobial efficacy of glabridin 
against L. monocytogenes growth on fresh-cut cantaloupe at 10 ◦C. In these conditions, concentrations of glabridin 
of 50, 100 and 250 μg/g significantly reduced the growth of L. monocytogenes compared to the control, resulting 
on average in >1 Log CFU/g difference after 4 days compared to the control. Our results further underscored the 
importance of considering the food matrix when assessing the activity of novel antimicrobials. Overall, this study 
highlights the potential of prenylated isoflavonoids as naturally derived food preservatives.   

1. Introduction 

Listeria monocytogenes is a robust pathogen and the causative agent of 
listeriosis, one of the most severe food-borne diseases. Listeriosis pri-
marily affects immunocompromised people, the elderly, pregnant 
women and infants and, although reported with low incidence, is 
characterised by high case fatality. A total of 1876 confirmed invasive 
human cases were reported in the EU in 2020, with a case fatality of 
13.0 % (EFSA and ECDC, 2021). L. monocytogenes is a highly adaptable 
pathogen; it can grow and survive in a wide range of environmental 
conditions and thus persist in the food chain (NicAogáin and O’Byrne, 
2016). Its ability to grow at low temperatures, low pH, high salt 

concentration and in the presence or absence of oxygen highlights the 
challenges of controlling this pathogen in food and food-related envi-
ronments (Bucur et al., 2018). Due to these aspects, L. monocytogenes can 
be found in a wide variety of raw and processed food. 

A food category particularly relevant for L. monocytogenes is ready- 
to-eat (RTE) products, such as deli meat, cold-smoked salmon, cheese 
and fresh-cut fruit and vegetables. The possible presence of 
L. monocytogenes in this food category has caused food safety concerns 
for these products (Forauer et al., 2021; Zhang et al., 2020). Although 
these products are usually stored at refrigerated temperatures, 
L. monocytogenes can grow on various RTE products at low temperatures, 
and its growth is enhanced when exposed to temperature abuse (Kroft 
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et al., 2022; Luo et al., 2015). A well-known example of a product 
associated with the presence of L. monocytogenes is cantaloupe. 
L. monocytogenes can be present on cantaloupe’s surfaces and, after 
processing, it can grow on fresh-cut cantaloupe also at refrigerated 
temperatures (Danyluk et al., 2014; Salazar et al., 2017). Contaminated 
cantaloupes with L. monocytogenes have been associated in 2011 with a 
multistate outbreak in the United States (McCollum et al., 2013), 
highlighting the importance of controlling the growth of this pathogen 
in cantaloupe. 

Lowering the incidence and the growth of L. monocytogenes in RTE 
foods is an important goal to ensure food safety, and strict microbio-
logical criteria are applied to verify control measures (European Com-
mission, 2005). To reduce the growth of L. monocytogenes, the use of 
commercially available preservatives (e.g. sorbates, benzoates and ni-
trites) is one valid option. However, the growing trend of consumers’ 
demand for natural antimicrobials and the increased resistance to 
commonly used antimicrobials have motivated researchers to find al-
ternatives (Quinto et al., 2019). In this prospect, plants can be a source 
of novel bioactive compounds, and their antimicrobial activity has been 
well explored. During stress, plants have been shown to produce sec-
ondary metabolites that have remarkable potential as food pre-
servatives. Among the vast diversity of plant secondary metabolites with 
antibacterial properties, prenylated flavonoids and isoflavonoids 
(collectively called (iso)flavonoids) are receiving more attention due to 
their high activity against Gram-positive food-borne pathogens (Araya- 
Cloutier et al., 2018b; Kalli et al., 2021; Wu et al., 2019). 

Prenylated (iso)flavonoids are characterised by the substitution with 
a prenyl group (5‑carbon isoprenoid), and one of the primary sources 
are plants of the Leguminosae/Fabaceae family (Chang et al., 2021). Our 
previous studies (Araya-Cloutier et al., 2017; Kalli et al., 2020), in line 
with others (Ahuja et al., 2012; Yang et al., 2015), showed that preny-
lated (iso)flavonoids are produced when plants are exposed to stresses 
and have higher bioactivity than their unprenylated analogues. This 
aspect highlights the importance of the prenyl substitution for their 
biological functions. It has been proposed that the antimicrobial prop-
erties of prenylated (iso)flavonoids are mainly due to the interaction 
with the bacterial cytoplasmic membrane (Araya-Cloutier et al., 2018a; 
Wu et al., 2019). It has been suggested that the prenyl groups, by 
increasing the hydrophobicity of the compound, improve the interaction 
and affinity of (iso)flavonoids to bacterial cytoplasmic membranes and 
thus their antimicrobial effect (Chen et al., 2014). Hydrophobicity of 
prenylated (iso)flavonoids may vary based on the pH of the matrix due 

to the presence of dissociable groups (e.g. hydroxyl groups). Therefore, 
the hydrophobicity is commonly represented using the distribution co-
efficient (LogD), which increases as the hydrophobicity of the com-
pounds increases. Antimicrobial candidates from this class of 
compounds are glabridin (monoprenylated isoflavan) and 6,8-diprenyl-
genistein (diprenylated isoflavone) (Fig. 1). Although knowledge about 
the safety of prenylated (iso)flavonoids is limited, Glavonoid, a novel 
food ingredient containing 3 % of glabridin and other prenylated (iso) 
flavonoids in smaller amounts, was approved by the European Food 
Safety Authority (EFSA). Glavonoid is considered safe up to 120 mg/day 
for the general adult population (EFSA Panel on Dietetic Products, 
Nutrition and Allergies, 2011), suggesting promising prospective for the 
safety of these compounds. Previously, we showed that glabridin and 
6,8-diprenylgenistein have shown potent antimicrobial activity against 
L. monocytogenes with minimum inhibitory concentrations (MICs) be-
tween 6.3 and 15 μg/mL (Araya-Cloutier et al., 2018a). 

Although glabridin and 6,8-diprenylgenistein have been previously 
studied, their activity has mainly been tested in standard laboratory 
settings, and the impact of food-relevant conditions on their antimi-
crobial activity has not been investigated. Standard methods to measure 
antimicrobial activity (e.g. broth microdilution assay) are usually car-
ried out in laboratory settings (e.g. 30 ◦C and neutral pH). Different 
studies have shown how the activities of antimicrobial compounds can 
be affected by changes in temperature and pH of the matrix (Klančnik 
et al., 2011; Parichanon et al., 2022; Shen et al., 2015). This is partic-
ularly relevant for L. monocytogenes due to its ability to adapt to various 
environmental conditions. One of the adaptation strategies of 
L. monocytogenes is the change in cytoplasmic membrane composition in 
response to external stresses, such as low temperature and low pH 
(Diakogiannis et al., 2013; Gandhi and Chikindas, 2007). The bacterial 
cytoplasmic membrane is the cell’s first barrier and the target of various 
compounds. Therefore, membrane composition alteration can signifi-
cantly influence antimicrobial activities (Lee et al., 2019). Furthermore, 
different studies reported lower activity of antimicrobials food products 
compared to in vitro results, probably due to food matrix influences (Ma 
et al., 2020; Oulahal and Degraeve, 2021; Yuan et al., 2017). These 
findings underline the importance of testing novel antimicrobials in 
conditions relevant to food and on food products to assess their potential 
use in the food industry. 

This study aims to assess the effect of temperature, pH, and oxygen 
on the activity of glabridin and 6,8-diprenylgenistein against 
L. monocytogenes. Based on these findings, the most promising candidate 

Fig. 1. Structures of glabridin (left) and 6,8-diprenylgenistein (right). The prenyl groups are highlighted in red. Hydroxyl groups with the corresponding pKa are 
highlighted in blue. Numbers below the structures represent the distribution coefficient (LogD) measured at pH 7.2 and pH 5 (between brackets; a higher value 
indicates higher lipophilicity). pKa and LogD values were calculated using MarvinSketch 21.8. 
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was further tested in fresh-cut cantaloupe melon at 10 ◦C to investigate 
the applicability as naturally derived food preservatives in RTE 
products. 

2. Materials and methods 

2.1. Chemicals and media 

Glabridin was purchased from Fujifilm Wako Pure Chemical corpo-
ration (Osaka, Japan), and 6,8-diprenylgenistein was purchased from 
Plantech UK (Reading, UK), both with a purity ≥95 %. Dimethyl sulf-
oxide (DMSO) and ethanol absolute (EtOH, ≥99.5 %) were purchased 
from Merck KGaA (Darmstadt, Germany). 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). Agar Listeria according to Ottaviani and 
Agosti (ALOA) was purchased from bioMérieux (Marcy-l’Étoile, France). 
Peptone Physiological salt solution (PPS) was prepared with 0.1 % (w/v) 
neutralised bacteriological peptone (Oxoid Ltd., Basingstoke, UK) and 
0.85 % (w/v) of sodium chloride (Sigma-Aldrich, St. Louis, MO, USA) 
dissolved in demineralised water. The pH of TSB is 7.2, and this is 
referred to later as “neutral pH”. When needed, the pH of TSB was 
adjusted to 5.0 with 5 M HCl (VWR, Fontenay-sous-Bois, France), later 
referred to as “low pH”. 

2.2. Bacterial strain and culture condition 

All experiments were carried out with L. monocytogenes EGDe. 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 rpm to 
obtain an overnight culture (ON). The ON was then used to inoculate 
(1:1000 v/v) 20 mL of fresh TSB to preculture cells at different condi-
tions. Aerobic precultures were incubated in 100 mL Erlenmeyer flasks 
at the desired temperature at 160 rpm. Anaerobic precultures were 
incubated at the desired temperature in 50 mL centrifuge tubes in an 
anaerobic jar flushed with a gas mix (10 % CO2, 10 % H2 and 80 % N2) 
with the Anoxomat (Mart Microbiology, Lichtenvoorde, The 
Netherlands). Depending on the assay, cultures were incubated at 10, 
20, 30 or 37 ◦C. TSB was adjusted to pH 5.0 and used to preculture cells 
at low pH for acidic-adapted cells. In all conditions, cells were cultured 
until the stationary phase to obtain standardised working cultures 
(Table S1), and this was checked by measuring the optical density at 
600 nm (OD600) and enumerating viable cells by plating appropriate 
dilutions on BHI plates. 

2.3. Broth microdilution assay 

Antibacterial activity was determined using the broth microdilution 
assay described by Araya-Cloutier et al. (2018a) with some modifica-
tions. Antibacterial activity was tested at different temperatures, pH 
values and aerobically or anaerobically. The working culture was ob-
tained under the same conditions of the assay to adapt cells to the test 
environment. The working culture was diluted in TSB to reach a final 
inoculum concentration of 4.9 ± 0.2 Log CFU/mL. The stock solution of 
antimicrobial compounds was prepared in DMSO (10 mg/mL), which 
was then diluted in TSB to reach the desired concentration. Next, equal 
volumes of inoculum and compound solution (100 μL) were mixed in a 
honeycomb plate. For aerobic assays, plates were incubated in a Bio-
screen C (Labsystems Oy, Helsinki, Finland) with continuous shaking. 
For anaerobic assays, the honeycomb plate was placed in an anaerobic 
jar, and the anoxomat was used to achieve the anaerobic environment, 
as described in Section 2.2. The jar was incubated in a shaking incubator 
at 160 rpm. The final concentrations of compounds varied from 0.40 μg/ 
mL to 200 μg/mL. The maximum final concentration of DMSO was 2 % 
(v/v). Negative controls (inoculum with TSB), solvent control (inoculum 

with 2 % (v/v) of DMSO) and blanks (compound solution and TSB 
without bacteria) were included in every experiment. 

Plates were incubated at the desired temperature for different incu-
bation times based on the assay condition (Table S1). For aerobic assays, 
OD600 was periodically checked during the entire incubation time. For 
anaerobic assays, OD600 was checked before and after incubation. The 
incubation time of the experiment was set to allow the negative control 
to reach the stationary phase. Inhibition of growth was first checked by 
the OD600 measurements, and cell viability was checked when turbidity 
did not increase. The replicates with the same concentration of antimi-
crobials were pooled together, and appropriate dilutions were plated on 
BHI plates. Plates were incubated at 37 ◦C for at least 3 days to fully 
recover damaged cells. 

The minimum inhibitory concentration (MIC) and the minimum 
bactericidal concentration (MBC) were defined based on cell count. MIC 
is the lowest compound concentration that inhibits growth compared to 
the inoculum (with a maximum increase in cell count of 0.5 Log CFU/ 
mL), and MBC is the lowest concentration at which at least 3 Log CFU/ 
mL reductions were obtained (Balouiri et al., 2016). All conditions were 
tested in at least two independent biological replicates performed on 
different days, and each replicate was performed in triplicate. 

2.4. Time-kill curves 

Working cultures and antimicrobial solutions were prepared as 
described in Sections 2.2 and 2.3. An equal volume (2.5 mL) of the 
inoculum and the antimicrobial solution were mixed, aiming for an 
initial concentration of 4.9 ± 0.1 Log CFU/mL and incubated at 160 rpm 
at 10, 20, 30 or 37 ◦C for different incubation times (Table S1). At 
different time points, appropriate dilutions of samples were plated on 
BHI plates; plates were incubated at 37 ◦C for at least 3 days. Significant 
differences between counts at different times and temperatures with the 
same concentration of antimicrobials were tested with a t-test in R (R 
Core Team, 2020) with stats package. Time kill curves were tested with 
two independent biological replicates, and each replicate was performed 
in duplicate. 

2.5. Antimicrobial activity in fresh-cut cantaloupe 

The antimicrobial activity of glabridin was further evaluated in 
fresh-cut cantaloupe. Cantaloupe was purchased from a local super-
market and stored at 4 ◦C for a maximum of 24 h. Before sample prep-
aration, the whole cantaloupe was washed carefully with sterilised 
demineralised water. All instruments used were sterile or cleaned peri-
odically with 70 % EtOH. The whole fruit was cut in half with a knife, 
and the seeds were removed. Next, the halves were sliced (0.5 cm), and 
the rind was removed. Squares of 3 g (approximately 2 cm × 2 cm) were 
obtained from the slices and transferred to petri dishes. 

L. monocytogenes was aerobically cultured at 10 ◦C as described in 
Section 2.2. The working culture was then diluted in PPS to reach a final 
inoculum of 2.3 ± 0.1 CFU/g. The stock solution of glabridin was pre-
pared in absolute EtOH (15 mg/mL), which was then diluted in absolute 
EtOH to reach the desired concentration. Subsequently, 50 μL of glab-
ridin solution were spread on the surface of the cantaloupe with a sterile 
spreader, and petri dishes were left open for 15 min inside a laminar 
airflow cabinet to allow evaporation of EtOH. Afterwards, 50 μL of 
inoculum were spread on the surface of the cantaloupe and petri dishes 
were left open for 15 min to allow microbial attachment. The final 
concentrations of glabridin ranged from 25 μg/g to 250 μg/g. The 
maximum EtOH concentration was 0.7 % v/w (prior to evaporation). 
Negative control (untreated samples with the inoculum) and solvent 
control (50 μL of EtOH (0.7 % v/w) and inoculum) were prepared as the 
samples and included in every experiment. The petri dishes were 
covered with parafilm and stored at 10 ◦C, to test the activity of glab-
ridin under temperature abuse conditions. Immediately after sample 
preparation and after 0.5, 1, 2, 3 and 4 days, samples were opened. 
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Cantaloupe pieces were transferred into stomacher bags, diluted with 
PPS and homogenised first manually and then with a Stomacher 400 
(Seward, Worthing, UK) for 1 min at 260 rpm. Appropriate decimal 
dilutions were then plated on ALOA plates and incubated at 37 ◦C for 48 
h. The lower detection limit was 1.7 Log CFU/g. For each replicate, non- 
inoculated samples were prepared as previously described and used to 
check the absence of L. monocytogenes. Furthermore, 40 g of cantaloupe 
were homogenised with Stomacher 400 for 1 min at 260 rpm, and the 
juice was used to measure the pH of the cantaloupe. The antimicrobial 
activity in fresh-cut cantaloupe was tested with three independent bio-
logical replicates performed on different days. 

The biphasic model without the stationary phase was used to esti-
mate the lag time λ (days) and the growth rate μ (Log CFU/g day) of 
L. monocytogenes in fresh-cut cantaloupe with different treatments. The 
model is described in Eqs. (1)–(2): 

Lag phase :

for t ≤ λ,Log Nt = Log N0
(1)  

Exponential growth phase :
for t > λ,Log Nt = Log N0 + μ (t − λ)

(2)  

where Nt is the population density at time t (CFU/g), N0 is the initial 
population density (CFU/g), and t is the elapsed time. The model was 
fitted using an adapted version of the biogrowth package in R (Garre 
et al., 2022), accessed from https://github.com/xchuam/biogrowth/t 
ree/two_phase_model. First, the model was fitted to the biological rep-
licates data together, and the significance of λ was checked. If λ was not 
significant for a specific condition, the linear model (Eq. (2), without the 
λ parameter) was used to estimate μ. The μ and the λ were estimated by 
fitting the selected model to each biological replicate, and the average 
and standard deviation of the growth parameters were calculated for 
each condition. Significant differences between treatments were tested 
with t-test in R (R Core Team, 2020) with stats package. 

2.6. Chemical structures and prediction of properties 

MarvinSketch (version 21.8.0, Chemaxon, https://www.chemaxon. 
com) was used to draw chemical structures and predict LogD values 
and undissociated percentages at pH 7.2 and 5. 

3. Results 

The inhibitory and bactericidal activity of glabridin and 6,8-dipre-
nylgenistein against L. monocytogenes were measured based on the 
OD600 and viable counts. Fig. 2 shows the activity in vitro of glabridin 
and 6,8-diprenylgenistein when tested aerobically at neutral pH and 
30 ◦C. Glabridin delayed the growth at a concentration of 6.3 μg/mL and 
completely inhibited the growth at a concentration of 12.5 μg/mL 
(Fig. 2A). Based on cell count, >3 Log reductions were achieved with a 
concentration of 25 μg/mL of glabridin (Fig. 2B). Therefore, 12.5 μg/mL 
and 25 μg/mL were defined as MIC and MBC, respectively. 6,8-Diprenyl-
genistein completely inhibited growth at 3.1 μg/mL and caused a 3 Log 
reduction at 6.3 μg/mL (Fig. 2C, D). Compared to the control, 2 % (v/v) 
DMSO did not affect the growth of L. monocytogenes (Fig. 2A, C and 
Table S2). 

The activity of antimicrobials can be influenced by various envi-
ronmental conditions relevant to foods, such as low temperature, pH, 
and the presence or absence of oxygen. Therefore, their influence was 
evaluated for glabridin and 6,8-diprenylgenistein. MIC and MBC values 
of glabridin and 6,8-diprenylgenistein were aerobically measured 
against L. monocytogenes at various combinations of pH and tempera-
tures (Table 1). Importantly, MIC values of prenylated isoflavonoids at 
pH 7.2 were rather similar at different temperatures (maximum two-fold 
change), especially for glabridin. To highlight this stable inhibition by 
glabridin, Fig. 3 shows the differences in viable counts between the end 

of the broth microdilution assay. No growth was measured with 12.5 μg/ 
mL of glabridin at all temperatures, while the controls increased >4 Log 
CFU/mL in all conditions. Compared to MICs, MBCs were more affected 
by the tested temperature because higher MBC values were measured for 
the two prenylated isoflavonoids at lower temperatures (Table 1). For 
glabridin tested at pH 7.2, the MBC at 37 ◦C was 17.5 μg/mL, while the 
MBC increased to 50 μg/mL at 10 ◦C. The bactericidal activity of 6,8- 
diprenylgenistein was even more affected by temperature because the 
MBC at neutral pH increased from 6.3 μg/mL at 37 ◦C to >200 μg/mL at 
10 ◦C. 

Notably, glabridin and 6,8-diprenylgenistein showed higher anti-
microbial efficacy at pH 5 than at pH 7.2 (Table 1). The effect of the 
temperature on MIC values measured at neutral pH was also shown at 
pH 5: MIC values were similar at the tested temperature and ranged from 
3.1 to 12.5 μg/mL and from 0.8 to 1.6 μg/mL for glabridin and 6,8-dipre-
nylgenistein, respectively. Consistently to neutral pH, MBC values for 
both compounds increased as the temperature decreased. For glabridin 
tested at low pH, the MBC was 12.5 μg/mL at 37 ◦C and between 12.5 
and 25 μg/mL at 10 ◦C. The MBC of 6,8-diprenylgenistein at low pH 
increased from 1.6 μg/mL at 37 ◦C to 12.5–50 μg/mL at 10 ◦C. MBC 
values were notably lower at pH 5 compared to pH 7.2, especially for 
6,8-diprenylgenistein, resulting in a remarkable improvement of its 
bactericidal activity at low pH. 

These results show that tested temperature minimally affected the 
inhibitory activity of glabridin and 6,8-diprenylgenistein against 
L. monocytogenes and inhibition was still present at 10 ◦C. Lowering the 
temperature decreased both tested compounds’ bactericidal activity 

Fig. 2. Broth microdilution assay at pH 7.2 and 30 ◦C of glabridin (A and B) 
and 6,8-diprenylgenistein (C and D) against L. monocytogenes. Growth of L. 
monocytogenes at 30 ◦C in the absence and the presence of glabridin (A) and 6,8- 
diprenylgenistein (C). Diamonds and triangles represent growth in the presence 
of prenylated isoflavonoids with concentrations equal to MICs and ½ MICs, 
respectively. Squares and circles represent growth of untreated cells (control) 
and with 2 % of DMSO (DMSO), respectively. Reduction of viable cell counts 
after 24 h incubation with glabridin (B) and 6,8-diprenylgenistein (D) with 
concentrations equal to MBCs. Dashed lines indicate 3 Log reduction, the 
threshold for the definition of MBC in this study. Data are expressed as averages 
and error bars represent standard deviations of biologically independent rep-
licates (n = 2). 
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while lowering the pH improved their inhibitory and bactericidal ac-
tivity, 6,8-diprenylgenistein being notably more affected than glabridin. 

Table 2 shows the antibacterial activity of glabridin and 6,8-dipre-
nylgenistein tested in anaerobic conditions at the two limits of the 
temperature range (10 ◦C and 37 ◦C) and neutral pH. The MIC and MBC 
values assessment showed similar growth inhibition and bactericidal 
efficacy of tested compounds at pH 7.2 in anaerobic conditions 
compared to aerobic conditions. 

In the broth microdilution assay, the cell viability of L. monocytogenes 
was evaluated at the end of the essay. Therefore, we further investigated 
the antimicrobial efficacy by measuring the reduction over time in the 
presence of tested antimicrobial compounds at different temperatures. 
Fig. 4 shows the reduction tested at pH 7.2 at different temperatures in 
the presence of glabridin and 6,8-diprenylgenistein at their highest MIC 
value measured. The highest reduction was achieved for both com-
pounds at 37 ◦C and the lowest at 10 ◦C, confirming the lower bacteri-
cidal activities for glabridin and 6,8-diprenylgenistein when 
temperature decreases. In the presence of 12.5 μg/mL of glabridin, 
L. monocytogenes was reduced by >3 Log CFU/mL after 24 h at 37 ◦C, 

while the reduction at 30 ◦C, 20 ◦C and 10 ◦C was <1 Log CFU/mL 
(Fig. 4A). Unexpectedly, 12.5 μg/mL was defined as MIC based on the 
broth microdilution assay; slight differences between experiments (e.g. 
volume) could explain this discrepancy. With a concentration of 6.3 μg/ 
mL of 6,8-diprenylgenistein, L. monocytogenes was reduced by >3 Log 
CFU/mL after 24 h of treatment at 37 ◦C and 30 ◦C. However, less than 
one Log reduction was achieved after 24 h of treatment at 20 ◦C and 
10 ◦C (Fig. 4B). Importantly, no growth was measured with these con-
centrations at 10 ◦C up to 6 days of incubation, confirming the inhibitory 
activity of glabridin and 6,8-diprenylgenistein at low temperature. 

One of the most critical aspects of L. monocytogenes is the ability to 
grow at low temperatures. Due to the higher effect of low temperature 
(10 ◦C) on the inhibitory and especially bactericidal activity of 6,8- 
diprenylgenistein compared to glabridin (Table 1), we decided to 
further test glabridin in fresh-cut cantaloupe at 10 ◦C. Fig. 5 shows the 
growth of L. monocytogenes at 10 ◦C for four days on fresh-cut cantaloupe 
in the presence and absence of glabridin. The pH of cantaloupe was 6.5 
± 0.3. Cantaloupe supported well the growth of L. monocytogenes at 
10 ◦C, and viable counts increased from 2.2 ± 0.1 Log CFU/g to 5.6 ±
0.1 Log CFU/g on day four for the untreated samples. No significant 
difference (p > 0.05) was found between untreated and EtOH control for 
all sampling points, confirming the suitability of this solvent to test the 
food matrix effect of cantaloupe on the activity of glabridin. Considering 
the possible influence of the food matrix and the different method of 
application (surface treatment), we decided to test glabridin starting 
from a concentration of 25 μg/g. However, glabridin had a minor in-
fluence on the growth of L. monocytogenes at this concentration (Fig. S1). 
Adding glabridin to concentrations equal to 50, 100, and 250 μg/g 
significantly affected the growth of L. monocytogenes on cantaloupe. For 
all sampling times, treated samples had a lower cell count than the 
ethanol control and untreated samples. Within the first 24 h, a delay in 
growth in the treated samples can be observed. Cantaloupe treated with 
50 μg/g of glabridin showed a slight increase of L. monocytogenes after 
one day (0.2 Log CFU/g) compared to the initial concentration. No 
significant growth occurred in samples treated with 100 μg/g and 250 
μg/g within one day. Notably, L. monocytogenes increased by 0.9 Log 
CFU/g after one day in the untreated sample. Glabridin increased the lag 
time of L. monocytogenes on cantaloupe, while no significant difference 
was measured in the growth rate with or without glabridin (Table S3). 
On day two, growth also occurred in samples with 50, 100, and 250 μg/g 
of glabridin. Throughout the storage time, cantaloupe treated with 250 
μg/g of glabridin resulted, on average, in >1 Log CFU/g difference 
compared with the control. The standard deviation of treated samples 
was generally higher than untreated samples and EtOH control; this may 
be explained by the stress caused by the presence of glabridin. Together 
these results provide important insights into the application of glabridin 
to delay the growth of L. monocytogenes in fresh-cut cantaloupe. 

4. Discussion 

This study aimed to investigate the antimicrobial efficacy of glabri-
din and 6,8-diprenylgenistein against L. monocytogenes in food-relevant 
conditions. Therefore, we assessed the effect of temperature, pH and 

Table 1 
Antibacterial activity of glabridin and 6,8-diprenylgenistein against L. monocytogenes at different temperatures and pHs. Minimum inhibitory concentration (MIC) and 
minimum bactericidal concentration (MBC) (in μg/mL) were determined aerobically.  

Compound pH MIC MBC 

10 ◦C 20 ◦C 30 ◦C 37 ◦C 10 ◦C 20 ◦C 30 ◦C 37 ◦C 

Glabridin  7.2 6.3–12.5a 12.5 12.5 12.5 50 25 25  17.5  
5.0 3.1–6.3 6.3 6.3–12.5 6.3–12.5 12.5–25 17.5 17.5  12.5 

6,8-Diprenylgenistein  7.2 6.3 3.1–6.3 3.1 3.1 >200b 25 6.3  6.3  
5.0 0.8–3.1 3.1 1.6–3.1 0.8–1.6 12.5–50 6.3–12.5 3.1–6.3  1.6  

a Ranges of values derive from differences between biological replicates (n = 2). 
b The highest tested concentration was 200 μg/mL. 

Fig. 3. Growth of L. monocytogenes in the presence (empty bars) or absence 
(striped bars, control) of glabridin (12.5 μg/mL) at different temperatures at 
pH 7.2. Data represent differences in viable counts between the end of broth 
microdilution assay and the initial inoculum. Data are expressed as averages 
and error bars represent standard deviations of biologically independent rep-
licates (n = 2). 

Table 2 
Antibacterial activity of glabridin and 6,8-diprenylgenistein against 
L. monocytogenes based on temperature. Minimum inhibitory concentration 
(MIC) and minimum bactericidal concentration (MBC) (in μg/mL) were deter-
mined anaerobically at pH 7.2.  

Compound MIC MBC 

10 ◦C 37 ◦C 10 ◦C 37 ◦C 

Glabridin 6.3 6.3–12.5a 25–50 12.5–17.5 
6,8-Diprenylgenistein 3.1–6.3 3.1 >200b 6.3  

a Ranges of values derive from differences between biological replicates (n =
2). 

b The highest tested concentration was 200 μg/mL. 
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oxygen on their antimicrobial activity and evaluated the activity of 
glabridin in fresh-cut cantaloupe. The MICs were between 0.8 μg/mL 
and 12.5 μg/mL in all tested conditions in TSB, resulting in good 
inhibitory activity compared to commonly used antimicrobials in food. 
For example, sodium benzoate, a commercially used antimicrobial, has a 
MIC value between 100 μg/mL and 10 mg/mL against L. monocytogenes 
in TSB, depending on the pH (Chen et al., 2022; Chen and Zhong, 2018; 
Lues and Theron, 2012). Moreover, the inhibitory activity of glabridin 
and 6,8-diprenylgenistein is comparable to other natural antimicrobials, 
such as thymol, a well-studied compound present in essential oils with a 
MIC of 187.5–250 μg/mL against L. monocytogenes in TSB (Chen and 
Zhong, 2017; Ma et al., 2013). Notably, the growth inhibitory activity of 
glabridin and 6,8-diprenylgenistein in food-related conditions, such as 
low temperature (10 ◦C), was similar to the laboratory setting (30 ◦C). 
Low pH increased their inhibitory activity at all tested temperatures, 
including low temperature, which is particularly relevant as many food 
products are slightly acidic. 

Culture condition and growth phase are important factors that need 
to be considered when assessing the activity of antimicrobials against 
food-borne pathogens (Chen et al., 2020; Harrand et al., 2019). In this 

study, we precultured L. monocytogenes at the corresponding tested 
condition, i.e., at the selected temperature and pH, until cells reached 
the stationary phase. These pre-adapted cells were subsequently used to 
test the activity of the tested compounds in vitro (TSB) and on fresh-cut 
cantaloupe. In this way, we could investigate the effect of specific con-
ditions and the food matrix on the antimicrobial activity considering cell 
adaptation. 

Our results prove that low temperature decreases the bactericidal 
activity of glabridin and 6,8-diprenylgenistein. Consistently, we 
observed increased resistance of L. monocytogenes as the temperature 
decreased from 37 ◦C to 10 ◦C, both at neutral and low pH and in the 
presence and absence of oxygen. The antimicrobial mechanism of action 
for prenylated (iso)flavonoids is not fully elucidated yet. Based on our 
previous research, we expect the cytoplasmic bacterial membrane to be 
the main target of these hydrophobic compounds with some possible 
intracellular action (Araya-Cloutier et al., 2018a; Kalli et al., 2021). One 
possible explanation for the increased resistance at low temperatures 
could be the altered cytoplasmic membrane composition in the low- 
temperature pre-adapted cells used in our experiments. At low tem-
peratures, L. monocytogenes can alter its fatty acid composition to 
maintain membrane fluidity (Chan and Wiedmann, 2009). Previous 
studies have reported that as temperature decreases, the length of fatty 
acids decreases, and the branching forms change from iso to anteiso 
(Annous et al., 1997; Saldivar et al., 2018). Another aspect of the 
adaptation of L. monocytogenes at low temperatures is that the overall 
cell surface hydrophobicity decreases (Di Bonaventura et al., 2008). 
Glabridin and 6,8-diprenylgenistein are hydrophobic compounds, and 
we previously showed that the hydrophobicity of prenylated (iso)fla-
vonoids is a critical property of their antimicrobial activity and affinity 
to membranes (Araya-Cloutier et al., 2018a; Kalli et al., 2021). It is 
worth noting that at low temperatures, the bactericidal activity of 6,8- 
diprenylgenistein decreased more than that of glabridin. Indeed, 6,8- 
diprenylgenistein is more hydrophobic and the affinity towards bacte-
rial membrane is expected to be higher than glabridin (Araya-Cloutier 
et al., 2018a). This might explain why greater effects of low tempera-
tures were measured on the bactericidal activity of the most hydro-
phobic compound, 6,8-diprenylgenistein. Overall, changes in the 
membrane’s composition and cell surface hydrophobicity in 
L. monocytogenes at low temperatures may contribute to the compounds’ 
reduced bactericidal activities at low temperatures. 

Low pH enhanced both growth inhibitory and bactericidal activity of 
glabridin and 6,8-diprenylgenistein. L. monocytogenes adapts to low pH 
with different mechanisms, including alteration of the cytoplasmic 
membrane composition and fluidity. The ratio of straight-chain/ 
branched-chain fatty acids and the length of the fatty acid carbon 

Fig. 4. Reduction of L. monocytogenes in the presence of glabridin (12.5 μg/mL, A) and 6,8-diprenylgenistein (6.3 μg/mL, B) tested at pH 7.2 at different temper-
atures. Tested temperatures are equal to 37 ◦C (diamonds), 30 ◦C (triangles), 20 ◦C (circles) and 10 ◦C (squares). The initial concentration was 4.9 ± 0.1 Log CFU/mL. 
Dashed lines represent the detection limit (1 Log CFU/mL). Data are expressed as averages and error bars represent standard deviations of biological replicates (n 
= 2). 

Fig. 5. The effect of glabridin on the growth of L. monocytogenes in fresh-cut 
cantaloupe at 10 ◦C. Open symbols represent samples treated with glabridin 
with concentrations equal to 50 μg/g (circles), 100 μg/g (triangles) and 250 μg/ 
g (diamonds). Filled symbols represent untreated samples (control, black 
squares) and ethanol control (0.7 % v/w, grey squares). Data are expressed as 
averages, and error bars represent standard deviations of biological replicates 
(n = 3). Data points were jittered to improve visualization; samples were 
collected after sample preparation and exactly after 0.5, 1, 2, 3, and 4 days. 
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chain increase, and the cytoplasmic membrane fluidity of cells adapted 
to low pH decreases (Diakogiannis et al., 2013; Mastronicolis et al., 
2010). Furthermore, it has been shown that cell surface hydrophobicity 
increases at low pH in Listeria innocua, a closely related microorganism 
(Moorman et al., 2008). Notably, the effect of low temperature and low 
pH are opposite regarding cytoplasmic membrane adaptation; this is in 
line with the opposite effect of low temperature and low pH on the 
antimicrobial activity of the tested compounds (decrease and increase of 
activity, respectively). Our previous results highlighted a different effect 
of pH on the activity of similar prenylated isoflavonoids against Zygo-
saccharomyces parabailii (Kalli et al., 2022). However, the lower activity 
reported at pH 4 and 3 may be explained by the differences in micro-
organism tested and preculture conditions. 

The tested compounds exist in an equilibrium of dissociated and 
undissociated forms, and their proportion depends on the pH and 
respective pKa values. At pH 5, 6,8-diprenylgenistein is mainly present 
in an undissociated form (94 %); therefore, the hydrophobicity of 6,8- 
diprenylgenistein is higher at pH 5 than at pH 7.2 (LogD 6.5 and 5.4, 
respectively, Fig. 1). This increased hydrophobicity may also explain 
why the growth inhibition and bactericidal activity of 6,8-diprenylgenis-
tein are higher at low pH compared to neutral pH. For glabridin, the 
range of tested pH does not influence its hydrophobicity (LogD 4.1, 
Fig. 1), in line with the more similar growth inhibition and bactericidal 
activity at pH 7.2 and 5. These findings further support the importance 
of the hydrophobicity of these compounds for their antimicrobial ac-
tivity. Overall, the data on the effect of temperature and pH suggest that 
bacterial membrane composition may influence the activity of the tested 
compounds. Further research is required to fully understand the relation 
between membrane composition and the activity of glabridin and 6,8- 
diprenylgenistein, especially with L. monocytogenes grown under com-
bined low temperature and low pH stress conditions. 

To investigate the effect of the food matrix, we then tested the ac-
tivity of glabridin against L. monocytogenes on cantaloupe, a possible 
vehicle for this pathogen (Carstens et al., 2019; Marik et al., 2020). 
Fresh-cut cantaloupe is commonly sold without preservatives, and 
refrigerated temperature is the primary strategy to control microbial 
growth. Our data further confirmed that fresh-cut cantaloupe supports 
the growth of L. monocytogenes, and our results are consistent with 
previous studies that showed an increase of 2–3 Log CFU/g in fresh-cut 
cantaloupe under similar conditions (Cai et al., 2019; Kroft et al., 2022). 
L. monocytogenes adapted to 10 ◦C showed immediate onset of growth on 
fresh-cut cantaloupe, conceivably supported by the relatively high pH of 
cantaloupe compared to other fruits. In this study, the pH of cantaloupe 
was 6.5 ± 0.3, which is in line with the one reported by Salazar et al. 
(2017). Glabridin significantly reduced the growth of L. monocytogenes 
on cantaloupe when applied with a concentration of 50, 100 and 250 μg/ 
g, highlighting its potential as a food preservative in this food matrix. 
However, the antimicrobial activity was reduced in the food product 
compared to the TSB medium. At 10 ◦C and neutral pH, 12.5 μg/mL of 
glabridin inhibited the growth of L. monocytogenes in vitro for up to 6 
days; however, 25 μg/g of glabridin had a minor effect on the growth of 
L. monocytogenes on cantaloupe. Furthermore, total inhibition did not 
occur in the range of tested concentrations. 

The interaction with the food matrix is expected to reduce the ac-
tivity of antimicrobials in food products, which may explain the lower 
activity in fresh-cut cantaloupe compared to TSB. Lower activity on 
cantaloupe of other antimicrobials was already reported. Yemmireddy 
et al. (2020) showed the antimicrobial activity of pecan shell extract 
against L. monocytogenes in vitro (MIC: 1.25–5 mg/mL); however, a 
minimal effect of the extract was reported on fresh-cut cantaloupe. 
Moreover, other studies reported lower activity of antimicrobials against 
L. monocytogenes in other food matrixes compared to in vitro studies such 
as in fish products (Desai et al., 2012; Yuan et al., 2017), dairy products 
(da Silva Dannenberg et al., 2016) and fresh-cut fruits (Belgacem et al., 
2020). In a preliminary experiment, we also tested the activity of 
glabridin in a prepared cold-smoked salmon medium at 10 ◦C 

anaerobically (Fig. S2). In this food-based medium, a concentration of 
100 μg/mL of glabridin inhibited the growth of L. monocytogenes for up 
to 14 days. Furthermore, we also tested the antimicrobial effect on cold- 
smoked salmon slices, but due to the solvent effect (ethanol), the effi-
cacy of glabridin in this food product type could not be determined. 
Despite the promising results obtained in fresh-cut cantaloupe, the effect 
of the food matrix of other RTE food needs to be further studied. We 
propose that glabridin could have a similar antimicrobial effect on other 
RTE fresh-cut fruit, including fruit with lower pH, since an acidic 
environment enhanced its antimicrobial activity in vitro. Moreover, the 
impact of strain variability and the activity against other microorgan-
isms needs to be further elucidated. Previous in vitro studies suggest that 
their activity will mainly be restricted to Gram-positive bacteria (Araya- 
Cloutier et al., 2018a). Lastly, important aspects such as safety of these 
compounds at the concentrations that showed antimicrobial activities, 
impact on the sensorial characteristics, and cost-benefit analysis for the 
food industry need to be investigated in future research. 

To our knowledge, this is the first study to assess the influence of 
various food-related conditions and the food matrix on the antimicrobial 
activity of prenylated isoflavonoids glabridin and 6,8-diprenylgenistein. 
Overall, these findings confirmed the importance of considering food- 
related conditions and their application in the food matrix when 
testing potential novel antimicrobials against L. monocytogenes. The in 
vitro study highlighted the potential of the tested prenylated iso-
flavonoids to control (an)aerobic growth of L. monocytogenes at refrig-
eration temperature and/or at mildly acidic conditions relevant for food. 
The antimicrobial activity of glabridin in fresh-cut cantaloupe confirmed 
its potential as a food preservative in selected RTE products. Lastly, this 
study provides a better understanding of the possible application of 
prenylated isoflavonoids in food and food-related environments. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijfoodmicro.2023.110109. 
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