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Listeria monocytogenes is one of the leading causative agents of foodborne disease outbreaks worldwide. Herein,
the antibiofilm effect and mechanism of Mannosylerythritol Lipid-A against L. monocytogenes EGD-e is reported
for the first time. MEL-A effectively attenuated biofilm formation while reducing the viability and motility of
bacteria within the biofilm in the early stage, and influenced bacterial adhesion by affecting the secretion of
extracellular polysaccharides and eDNA. RT-qPCR revealed that MEL-A significantly suppressed the expression of
genes involved in flagellar movement and virulence. Untargeted LC-MS metabolomics indicated that MEL-A
affected the fluidity and permeability of cell membranes by significantly upregulating unsaturated fatty acids,
lipids and glycoside metabolites, and affected protein biosynthesis, nucleotide metabolism and DNA synthesis
and repair by significantly downregulating amino acid metabolism and nucleic acid metabolism. These pathways
may constitute the key targets of biofilm formation inhibition by MEL-A. Furthermore, MEL-A showed good
removal effects on mature biofilms under different temperatures, different materials and milk. Our data indicated
that MEL-A could be used as a novel antibiofilm agent to improve food safety. Our study provides new insights

into the possible inhibitory mechanism of MEL-A and the response of L. monocytogenes EGD-e to MEL-A.

1. Introduction

Listeria monocytogenes is a foodborne pathogen closely associated
with human diseases. This facultative anaerobic Gram-positive bacte-
rium is highly tolerant of extreme environments: it can grow at tem-
peratures ranging from —0.4 to 50 °C, pH ranges from 4.1 to 9.6, and
high salt concentrations of 10 %-20 % [1]. The 13 serotypes of
L. monocytogenes have been divided into 4 evolutionary lineages and 63
clonal complexes (CCs) by multilocus sequence typing (MLST) [2]. Se-
rotypes 1/2a and 1/2b are primarily involved in gastrointestinal-related
disease outbreaks, and serotype 4b is primarily associated with out-
breaks of listeriosis associated with sepsis, central nervous system
damage, and fetal infections [1]. According to the Centers for Disease
Control and Prevention (CDC) online data tool (National Outbreak
Reporting System, NORS), as many as 78 outbreaks of foodborne ill-
nesses caused by L. monocytogenes occurred between 2010 and 2020,
resulting in a total of 788 illnesses, including 692 hospitalizations and
128 deaths (https://wwwn.cdc.gov/norsdashboard/). Although cases of
listeriosis are not as common as other foodborne diseases, the associated
high mortality rate (20-30 %) makes it an important foodborne disease

that places a severe burden on the lives and health of people worldwide.

Various external and internal factors affect the formation of
L. monocytogenes biofilm [3]. The amount and microstructure of biofilm
significantly depends on environmental parameters such as tempera-
ture, humidity, nutrient content, osmotic pressure, culture method,
surface properties of the material, etc. [3]. The relevant internal factors
mainly include strain serotype, EPS, quorum sensing (QS) system, etc.
[4]. Nonetheless, the pathogenicity, resilience and drug resistance of
L. monocytogenes increase significantly with the formation of biofilm,
which leads to its continuous transmission and cross-contamination in
the food processing environment, potentially triggering outbreaks of
foodborne diseases and significant economic losses in the food industry
[3]. Currently, antibiotics constitute the most effective treatment option
for biofilm-associated bacterial infections; however, bacteria living in
biofilms exhibit increasingly higher patterns of adaptive resistance to
antibiotics and other antimicrobial agents compared to planktonic
bacteria [5], and treatment of biofilm-associated acute and chronic in-
fections requires a tenfold to thousandfold increase in antibiotic doses
[6]. This prompts an urgent need to discover new antibacterial agents
that can effectively prevent and control biofilm formation and
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Fig. 1. Inhibitory effect of MEL-A on the biofilm formation of L. monocytogenes EGD-e. A. Chemical structure of MEL-A. B. Effect of MEL-A on the biofilm formation of
L. monocytogenes EGD-e. C. CLSM images of L. monocytogenes EGD-e biofilms. D. Biofilm thickness of different groups. E. Live/dead cell ratio of different groups.

development.

Mannosylerythritol lipids (MELs), as biosurfactants with amphiphilic
properties, contain hydrophilic groups dominated by 4-O-p-p-mannose-
erythritol and hydrophobic groups dominated by fatty acid chains [7].
As shown in Fig. 1A, MELs can be divided into four different configu-
rations according to the degree of acetylation: MEL-A is diacetylated at
sites C4 and C6, MEL-B and MEL-C are monoacetylated at sites C6 and
C4, respectively, whereas MEL-D has no acetyl group [8-10]. This
structural diversity endows MELs with unique biological properties,
including high biodegradability, environmental compatibility, antioxi-
dant, antitumor, antimicrobial activity, skin moisturizing, and enzyme
activation/inhibition effect, etc. [11]. Fukuoka et al. [12] found that
both MEL-A and MEL-B possess strong antimicrobial activity, especially
against Gram-positive bacteria, and the antimicrobial activity of MELs is
closely related to the level of damage caused to cell membranes. In

addition, MEL-A and MEL-B have lower MIC values against
Gram-positive bacteria than other glycolipid biosurfactants, such as
sucrose decanoate (SE10), sorbitan monolaurate (Span20) and rham-
nolipid (RL) [13,14]. Studies have shown that the amount of organic
acids such as benzoic acid and sorbic acid needs to be a minimum of 1 %
weight percentage to effectively inhibit the biofilm formation of L.
monocytogenes. This amount for natural extracts such as curcumin and
garlic extract is 2-5% weight percentage, and that for nisin is 4-5%
weight percentage [15]. MEL-A is an antibacterial agent with great
potential; further research on its antibacterial activity will greatly pro-
mote the development of novel biological antibacterial agents and may
solve the global antibiotic resistance crisis. Despite this promising
avenue, there have been few reports on the antibiofilm activity of MEL-A
against L. monocytogenes EGD-e, and the relevant mechanism remains
unkonw. This work, reveals the antibiofilm activity of MEL-A as a novel
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antibiofilm agent against L. monocytogenes EGD-e and elucidates its
mechanism of action by investigating its effects on the global metab-
olomic alteration and related gene expression.

2. Materials and methods
2.1. Bacterial strains and chemicals

L. monocytogenes EGD-e was purchased from the American Type
Culture Collection (ATCC BAA-679, serovar 1/2a) and MEL-A (80 %
purity) was produced in our lab from Pseudozyma aphidis DSM 70725 by
the previously reported method. (L. [16]).

2.2. Screening of L. monocytogenes EGD-e biofilm formation conditions

L. monocytogenes EGD-e was inoculated into BHI broth, cultured
overnight (37 °C, 180 rpm), and then diluted in Phosphate Buffered
Saline (PBS) to ODggo = 0.1. Next, 200 pL diluted cultures were absorbed
and inoculated into 24-well plates containing four different media (TSB,
MEM, TSBg (TSB + 1 % glucose) and BHI), and cultured at 37 °C for 4
h,6 h,12 h,24 h,36 h,48 h,60 h,72 h and 96 h. All biofilm samples were
measured by crystal violet staining [17] and observed through optical
microscope. Firstly, the supernatant of the samples was removed and
washed 3 x with PBS. Subsequently, the well plates were dried in an
oven (50-60 °C) for 15 min, and then 1 mL of 1 % (M/V) crystal violet
was added for 30 min of staining. Afterwards, the crystal violet was
aspirated and washed 3 times with PBS, and the holes were dried in the
oven for 15 min. Then 1 mL of glacial acetic acid (33 %, V/V) was added,
followed by placing in the incubator at 37 °C for 40 min for dissolution.
Finally, the ODsgsnmy value of each group of samples was determined by a
microplate reader (Thermo Fisher Scientific, USA).

2.3. Determination of minimum biofilm inhibitory concentration (MBIC)
and minimum biofilm eradication concentration (MBEC)

Bacterial solution was prepared as described above. MEL-A contin-
uously diluted with TSB broth (4, 8, 16, 32, 64, 128, 256 and 512 pg/
mL) was added to the experimental group, while TSB broth without
MEL-A was used as the control. After incubation at 37 °C for 2 days, 20
pL of MTT solution (5.0 mg/mL) was added to each well for 4 h. Sub-
sequently, the wells were washed with PBS, and the ODsyp nym was
determined by an enzyme marker after decolorization. The minimum
concentration with no significant change in OD value compared with the
control group was set as MBIC [18,19]. The MBEC was determined as
follows: firstly, mature biofilm was cultured in the wells, the planktonic
bacteria were then washed with PBS, followed by the addition of MEL-A
at the same concentration as above and incubation at 37 °C for 24 h.
Finally, the ODs7onm was measured after staining and decoloration with
MTT solution as above, and the minimum concentration that showed no
significant change in the OD value compared with that of the blank
group was designated as the MBEC value.

2.4. Determination of bacterial viability in biofilms

The Cell Counting KIT-8 (CCK-8) was used to determine the activity
of bacteria in biofilms [20,21]. Itis a rapid and highly sensitive assay for
bacterial activity by applying a novel water-soluble monosodium tet-
razole salt 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disul-
fophenyl)-2H-tetrazole (T. [22]). This tetrazolium salt can be reduced to
an orange-colored formazan by bacterial dehydrogenase in the presence
of electron carriers, and the amount of formazan produced is propor-
tional to the bacterial activity. For the same bacteria, there is a linear
relationship between the shade of color and bacterial activity. The
inoculation of the bacterial solution was performed as described in
Section 2.2, and MEL-A at concentrations of 1/4 MBIC and 1/2 MBIC
was added in the experimental group, while the control group was
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supplemented without MEL-A. After incubation at 37 °C for 6 h and 24 h,
the bacterial activity was determined according to the instructions of the
CCK-8 kit. The survival rate of L. monocytogenes EGD-e in the biofilm was
calculated according to the following formula [20,21]:

M(OD450) — M(OD650)
C(OD450) - C<OD650>

S(%) = x 100%

S: survival rate; M: MEL-A treated; C: control.
2.5. Motility assessment

Motility was determined according to the method provided by
Rashid et al. [23] with slight modifications. Firstly, BHI plates con-
taining 0.3 % agar were prepared, then MEL-A at concentrations of 1/4
MBIC and 1/2 MBIC was added to the experimental group. After cooling
the plates to room temperature, 1 pL of bacterial solution was spiked
into the middle of the plate, which was incubated overnight followed by
determining the diameter of the colonies.

2.6. Examination by confocal laser scanning microscope (CLSM)

Bacterial solution prepared as described above was inoculated into
confocal petri dishes. The experimental group was added with MEL-A at
concentrations of 1/4 MBIC and 1/2 MBIC, while the control group
received no MEL-A. After incubation at 37 °C for 48 h, the supernatant
was removed, and after 3 x PBS cleaning, SYTO9/PI fluorescent dye was
added. After 30 min incubation in darkness, the biofilm formation of
each group was assessed by laser confocal microscopy (GeminiSEM300,
ZEISS, German). The obtained data were analyzed by Zen and Image J
software.

2.7. Determination of extracellular polymer content

The determination of exopolysaccharides was carried out according
to the method provided by Upadhyay et al. [24] after slight modifica-
tion. The bacterial solution was prepared as described above and inoc-
ulated into 24-well plates. MEL-A with concentrations of 1/4 MBIC and
1/2 MBIC was added to the experimental group, while the control group
received no MEL-A. After 48 h of culture at 37 °C, the supernant was
removed, and after 3 x PBS cleaning, 2 mL 0.01 % (M/V) ruthenium red
staining solution (Yeasen, Shanghai, China) was added. This was fol-
lowed by static culture at 37 °C for 1 h, then the OD4s50nm value of each
group of samples was determined by the microplate reader (Thermo
Fisher Scientific, USA).

The extracellular protein and eDNA contents were determined with
reference to the method adopted by Zhang et al. [18,25]. Firstly, cov-
erslips were placed in 12-well plates, then MEL-A at concentrations of
1/4 MBIC and 1/2 MBIC was added to the experimental group. After
incubation at 37 °C for 48 h, the supernatant was removed, and the
coverslips were washed 3 x with PBS before being placed in 50 mL
centrifuge tubes filled with 10 mL of PBS. Subsequently, the bacterial
suspension was sonicated, then centrifuged (20,000 r/min, 20 min) and
filtered through a 0.22 pm filter membrane to obtain the EPS samples.
The content of extracellular proteins in the EPS samples was determined
using the BCA Protein Concentration Measurement Kit (Yeasen,
Shanghai, China), and the content of eDNA was measured using a
UV-VIS mini spectrophotometer (Nano-300, Allsheng, China).

2.8. Real-time fluorescence quantitative PCR assay

The overnight culture was adjusted to ODggonm = 0.1, and 80 pL of
bacterial solution was taken for inoculation into 8 mL of freshly pre-
pared TSB medium. This was incubated at 37 °C until ODggonm = 0.4,
then added with MEL-A to a final concentration of 1/4 MBIC and 1/2
MBIC, and the incubation was continued for 24 h. Next, the supernatant
was removed and the sample was washed 3 x with PBS. Next, RNA was
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extracted using the instructions for the MolPure® Bacterial RNA Kit
(Yeasen, Shanghai, China), and ¢cDNA was synthesized using the Pri-
meScript RT Reagent Kit (Takara, Beijing, China). TB Green® Premix Ex
Taq™ Kit (Thermo Fisher Scientific, MA, USA) and Applied Bio-
systems™ QuantStudio™ 3 instrument (Thermo Fisher Scientific, MA,
USA) were used for subsequent gene expression analysis. The primer
sequences were shown in Table S1. The 2~22¢t method was adopted for
further analysis.

2.9. Untargeted metabolomics analysis

(1) Sample preparation: Briefly, 32 pg/mL MEL-A was added to the
experimental group, while no MEL-A was added to the control
group, with six replicates in each group. When the bacterial
culture was complete, the supernatant was removed and washed
three times with PBS. The biofilm was obtained with a cell
scraper, centrifuged at low temperature, snap-frozen in liquid
nitrogen, and stored in a refrigerator at —80 °C until further
testing.
Metabolite extraction: The samples were thawed, then 100 pL
quantities were added to a 2 mL EP tube with 300 pL of methanol
(80 %). The samples were frozen in liquid nitrogen for 5 min, then
thawed on ice, vortexed for 30 s, and sonicated for 6 min. The
supernatant was centrifuged (5000 rpm, 4 °C) into a new EP tube
and lyophilized. A corresponding volume of 10 % methanol so-
lution was added for dissolution, followed by LC-MS injection and
analysis.

(3) LC-MS/MS analysis: The samples were analyzed on a Vanquish
UHPLC ultra-high performance liquid chromatograph (Thermo
Fisher, MA, USA) equipped with a Hypesil Gold column (C18)
(Thermo Fisher, MA, USA) at a column temperature of 40 °C and
a flow rate of 0.2 mL/min. The mobile phases were 0.1 % formic
acid in mobile phase A and methanol in mobile phase B in the
positive mode, while they were 5 mM ammonium acetate in
mobile phase A and methanol in mobile phase B in the negative
mode. The gradient elution program was as follows:

2

—

Time A% B%
0 98 2
1.5 98 2

3 15 85
10 0 100
10.1 98 2
11 98 2
12 98 2

The Q Exactive™ HF-X mass spectrometer (Thermo Fisher, Ger-
many) was used for mass spectrometry analysis, with the following
settings: scan range m/z 100-1500; ESI source settings: spray voltage
3.5 kV, sheath gas flow rate 35 psi, auxiliary gas flow rate 10 L/min, ion
transfer tube temperature 320 °C, S-lens RF level 60, auxiliary gas heater
temperature 350 °C, polarity: positive, negative; data-dependent MS/
MS secondary scan. Subsequent data processing, metabolite identifica-
tion and statistical analysis were completed by Novogene Co., Ltd.
(Beijing, China).

2.10. Effect of MEL-A on mature biofilm

Firstly, the bacterial solution was prepared as described in Section
2.2, then inoculated into 24-well plates and cultured at 37 °C for 48 h.
The suspended bacterial solution was removed, washed 3 x with PBS,
added with 2 mL of MEL-A at concentrations of 0, 1/2 x MBIC, 1 x
MBIC, and 2 x MBIC, then incubated at 37 °C for 4 h and subjected to
crystalline violet staining, metabolic viability measurements, viable
bacterial counts, and fluorescent microscope observations as described
above. The eradication activity of MEL-A on mature biofilm in different
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culture systems was also determined by varying the incubation tem-
perature (4 °C, 25 °C, 37 °C), the culture material (stainless steel, glass,
polystyrene) and the medium (milk). The bacterial solution was pre-
pared and inoculated as above, and the length of treatment with MEL-A
was 8 h.

2.11. Statistical analysis

At least 3 parallel groups were set up for each set of experiments, and
data were presented as mean + SEM. One-way analysis of variance
(ANOVA) and Duncan’s multiple range test (DMRT) were used for sta-
tistical analysis. All data were considered significant only when P <
0.05.

3. Results and discussion

3.1. Inhibitory effect of MEL-A on the biofilm formation of
L. monocytogenes EGD-e

L. monocytogenes can attach to the surface of various food processing
equipment and form biofilm. Once the biofilm has been formed, bacte-
rial survival time can be greatly extended, thus bringing great risks for
food safety [24]. Therefore, to deeply understand the biofilm formation
characteristics of L. monocytogenes, we first explored the conditions for
its biofilm formation. As shown in Fig. S1A, the biofilm formation effect
of L. monocytogenes EGD-e in TSB and TSBg medium was better, and the
amount of biofilm was significantly higher than that in MEM and BHI.
Microscopic observation also revealed that the biofilms formed in TSB
and TSBg were denser (Fig. S1C), hence TSB medium was used for
subsequent experiments. From the perspective of biofilm formation time
(Fig. S1B), the amount of formed biofilm gradually increased within
0-48 h, reached the maximum value at 48 h, and then gradually
decreased.

In order to investigate the inhibitory effect of MEL-A on the biofilm
formation of L. monocytogenes EGD-e, we firstly determined the MBIC
and MBEC values of MEL-A based on the MTT method. As shown in
Fig. S2, the MBIC and MBEC values of MEL-A inhibiting biofilm for-
mation were 64 pug/mL and 256 pg/mL, respectively. In our previous
study, MEL-A inhibited the growth of L. monocytogenes EGD-e in the
planktonic state with an MIC value of 32 pg/mL [20], and the significant
increase in the MBIC value here could be attributed to the formation of a
complex three-dimensional structure of the bacteria and the extracel-
lular polymers in the biofilm [26], which led to a significant increase in
bacterial tolerance to the drug.

Next, the effect of MEL-A on the biofilm formation of
L. monocytogenes EGD-e was determined by crystal violet staining. As
shown in Fig. 1B, the biofilm formation of L. monocytogenes EGD-e was
reduced by 36.3 % and 44.3 % after treatment with 1/4 MBIC (16 pg/
mL) and 1/2 MBIC (32 pg/mL) of MEL-A, respectively. To more intui-
tively observe the effect of MEL-A on biofilm formation, the three-
dimensional structure of biofilm was examined by laser confocal mi-
croscopy. As shown in Fig. 1C-a dense multilayer biofilm structure was
formed in the control group, with a large number of cell aggregates and
live cells occupying the main body. On the contrary, in the MEL-A
treated group, the colonies were sparse, the aggregation phenomenon
was obviously weakened and a large number of dead cells were seen.
Biofilm thickness was determined and live-dead cell comparisons were
madeby Zen and Image J software, respectively, and the results showed
that the biofilm thickness (Fig. 1D) and the proportion of live cells
(Fig. 1E) in the MEL-A treatment group were significantly reduced,
consistent with the results in Fig. 1C. In summary, the results indicated
that MEL-A demonstrated a significant inhibitory effect on biofilm for-
mation, and this effect showed a certain concentration dependence.
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3.2. Effect of MEL-A on the viability and motility of bacteria in biofilm

As shown in Fig. 2A, after treatment with 1/4 MBIC and 1/2 MBIC
MEL-A for 6 and 24 h, bacterial activity decreased by 42 % and 62 % and
by 31 % and 61 % respectively, compared with the control group,
indicating that MEL-A significantly inhibited the early activity of bac-
teria in the biofilm. Bacterial activity is closely related to the metabolic

ability of bacteria, suggesting that MEL-A may cause damage to the
bacterial cell membrane structure in the biofilm and affect this early
metabolic activity, which may be one of the key mechanisms of MEL-A
inhibiting the biofilm formation. Moreover, research on the bacterial
cells in the Viable but nonculturable (VBNC) state has emerged in recent
years (J. [27]). As shown in Fig. S5, by comparing the proportion of
viable cells and the proportion of culturable cells in the biofilm after
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MEL-A (32 pg/mL) treatment for 48 h, it can be seen that the proportion
of viable cells was 42 %, and the number of culturable cells was 13 %,
which indicated that MEL-A can kill most bacteria in the biofilm (58 %).
However, about 29 % of cells still entered the VBNC state, which de-
serves our attention. Hence, the effect of MEL-A on the VBNC status of
L. monocytogenes and its mechanism need to be further studied.

Bacterial motility is also critical for biofilm formation. During
reversible adhesion, bacteria attach to the substrate via cell polarization
or flagella, followed by longitudinal attachment. As shown in Fig. 2B,
compared with the control group, the colony diameter was reduced by
45 % when the concentration of MEL-A reached 1/2 MBIC, while there
was no significant effect at 1/4 MBIC. The results indicated that MEL-A
could significantly reduce the motility and diffusion range of
L. monocytogenes EGD-e. Therefore, the effect of MEL-A on the crawling
motility of bacteria might be one of the causes of the observed decreased
biofilm formation.

3.3. Effect of MEL-A on extracellular polymeric substances (EPS) in
biofilm

Extracellular polymeric substances (EPS), together with microbial
cells, formthe complex structure of biofilm. EPS are mainly composed of
exopolysaccharides, proteins and extracellular DNA (eDNA), which can
provide mechanical stability for biofilms by forming a unique three-
dimensional spatial structure. Previous studies have shown that EPS
can not only immobilize biofilm cells, but also promote strong in-
teractions between them, including intercellular communication, hori-
zontal gene transfer, and the formation of synergistic associations [28].
In addition, EPS contributes to the initial attachment and nutrient cap-
ture of bacteria and the integrity of the biofilm structure [29,30].

As shown in Fig. 3A, we measured the exopolysaccharide content
after MEL-A treatment by the color reaction of the cationic dye ruthe-
nium red combined with the polysaccharide complex. Compared with
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the control group, the exopolysaccharide content decreased by 62.4 %
and 70.8 % after MEL-A treatment at 1/4 MBIC and 1/2 MBIC, respec-
tively, indicating that MEL-A significantly inhibited the secretion of
exopolysaccharide in L. monocytogenes EGD-e. MEL-A also resulted in a
significant reduction in the eDNA content (Fig. 3B), namely, 42.3 % and
51.6 % after 1/4 MBIC and 1/2 MBIC of MEL-A treatment, respectively.

Furthermore, the extracellular protein content was determined by
the BCA protein assay kit. The equation of the protein standard curve
was: y = 0.9205x+0.0588 (R2 = 0.9959) (Fig. 3C). Based on the stan-
dard curve, the protein content of the control group, 1/4 MBIC group
and 1/2 MBIC group were 120.8 ug/mlL, 108.9 pg/mL and 100.2 pg/mL,
respectively. Compared with the control group, the protein content of 1/
4 MBIC treatment group and 1/2 MBIC treatment group decreased by
9.9 % and 17.1 %, respectively. In conclusion, the degree of influence
MEL-A exerts on EPS was in the descending order of exopolysaccharides
> eDNA > protein. Therefore, via the secretion of extracellular poly-
saccharide, the adhesion of bacteria is affected, which may be one of the
key mechanisms of MEL-A inhibiting biofilm formation.

3.4. Molecular mechanism of MEL-A regulation on biofilm

In order to comprehensively investigate the molecular mechanism of
MEL-A inhibiting biofilm formation, the effects of MEL-A on the
expression of quorum sensing-related genes (agrA, agrB, agrC, agrD),
motility-related genes (flaA, figE, flgG, motB) and virulence-related genes
(inlA, inlB, prfA, plcA) were determined by RT-qPCR analysis. As shown
in Fig. 4B, when the concentration of MEL-A reached 1/2 MBIC,
motility-related genes (flaA, figk) and virulence-related genes (prfA,
plcA) were down regulated by more than twofold. In particular, the gene
plcA was down-regulated by 12-fold. Meanwhile, quorum sensing-
related genes (agrA, agrB, agrC) were only slightly downregulated (less
than 2-fold) (Fig. 4A).

Both flaA and figk are flagellar motility-related genes. Flagellate-
mediated motility is crucial for biofilm formation, and flagella are also
closely associated with surface adhesin in the surface attachment of
L. monocytogenes (Y. [31]). Studies have shown that the deletion of genes
flaA [32] and figE (F. [33]) both lead to defects in bacterial biofilm
formation. Thus, significantly downregulating these motility-related
genes by MEL-A diminishes flagellar motility, ultimately leading to
impaired biofilm formation, which is also consistent with the motility
assay results described above. The virulence-related genes prfA and plcA
were also significantly down-regulated. As a key transcriptional acti-
vator, PrfA can positively regulate virulence genes in L. monocytogenes to
mediate the transition from extracellular, flagellum-driven cells to
intracellular pathogens [32]. PrfA can promote the formation of flagellin
and its deletion also leads to the weakening of biofilm formation ability.
Gene plcA is located upstream of prfA and is a key promoter driving the
expression of prfA, however, the deletion of plcA alone does not directly
lead to a decrease in the biofilm formation ability of L. monocytogenes
[32]. Therefore, MEL-A may block the expression of PrfA by inhibiting
plcA, thereby affecting the formation of flagellin. In conclusion, we
established that MEL-A can inhibit the formation of L. monocytogenes
EGD-e biofilm by controlling the expression of flagellar motility genes
and virulence genes.

3.5. Effect of MEL-A on global metabolomics

3.5.1. Multidimensional statistical analysis of metabolomic data
Metabolomics has been widely used to reveal the properties of food-
associated microorganisms and the antibacterial mechanisms (Y. [34];
N. [35]). The effects of MEL-A on L. monocytogene biofilm formation
were further investigated based on untargeted LC-MS/MS analysis. As
shown in Fig. 5, principal component (PCA) analysis was employed to
observe the overall distribution trend between the two groups of sam-
ples. Replicates of the same groups were significantly clustered together
between the experimental group (group M) and the control group (group
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Fig. 5. Multivariate statistical analysis of the metabolomics profile under positive and negative ion mode. PCA score plot of control (without MEL-A) and sample
(with MEL-A) under positive (A) and negative (D) ion mode. PLS-DA score plot of the control and sample groups, represented by red and blue, respectively, under
positive (B) and negative (E) ion mode. (C) and (F) are PLS-DA sequencing test diagrams for the comparison of positive and negative ion samples, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

C), while different groups were significantly separated, indicating good
reproducibility and sufficient separation resolution in revealing the ef-
fect of MEL-A addition. By conducting Partial Least Squares Discrimi-
nation Analysis (PLS-DA), it could also be seen that R2 and Q2 were
equal to 1 (Fig. 5B-E), indicating the stability and reliability of the
model. Moreover, R2 data were larger than Q2 data and the intercept
between Q2 regression line and Y-axis was less than 0 (Fig. 5C-F),
indicating the high accuracy of model construction.

3.5.2. Identification of differential metabolites

As shown in Fig. 6A and B, the screening of differential metabolites
was performed according to the criteria of VIP >1.0, FC > 2 or FC < 0.5
and P-value <0.001. A total of 302 metabolites of the positive ion
pattern were significantly different in the M vs C comparator group, of
which 73 metabolites were upregulated and 229 metabolites were
downregulated. A total of 255 metabolites of the negative ion pattern
were significantly different, of which 46 metabolites were upregulated
and 209 metabolites were downregulated. Cluster analysis showed that
the relative abundance of metabolites in the experimental group was
significantly different from that of the control group (Fig. 6C and D).

As shown in Table 1, MEL-A resulted in the significant up-regulation
of metabolites related to fatty acids and glycerol and in the significant
downregulation of metabolites related to amino acids and purine py-
rimidines. Fatty acids, either free or as part of complex lipids, play a
number of key roles in metabolism, such as energy storage and

transportation, forming essential components of membranes, and as
regulators of genes. MEL-A treatment resulted in a significant upregu-
lation of various unsaturated fatty acids (UFAs) such as arachidonic acid
(16(R)-HETE, 5-OxoETE), palmitoleic acid, linoleic acid and elaidic
acid. Previous studies have shown that UFAs are essential for the
maintenance of cell membrane fluidity [36]. Therefore, MEL-A may
affect the fluidity and permeability of cell membranes. Sphingosine ki-
nase (SPK) is the most significantly upregulated positive ion metabolite
after MEL-A treatment, and its catalytic product sphingosine 1-phos-
phate (S1P) is also an important active lipid molecule. Several studies
have shown that SPK also has pro-growth and anti-apoptotic effects
[37]. Therefore, the significant upregulation of SPK may be a
self-protection mechanism of bacteria under MEL-A treatment. In our
study, the most significantly upregulated negative ion metabolite was
DGMG (18:2), which is a glycoside and an important component of the
cell membrane complex.

Furthermore, complex correlations were found between different
metabolites (Fig. S3). Among the down-regulated metabolites, the most
significant ones were amino acids and their derivatives, such as threo-
nine, proline, alanine-valine, y-glutamine-leucine, N-acetylornithine, N-
lactoylphenylalanine and y-aminobutyric acid (GABA), and their
downregulation rate was more than 50 times. Amino acids serve as
important structural units of proteins. The results indicated that MEL-A
significantly affected protein biosynthesis during L. monocytogenes EGD-
e biofilm formation. Another important category is nucleic acid
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metabolism, where a variety of metabolites related to nucleic acid
metabolism, such as purines, pyrimidines, and adenosine, were signifi-
cantly downregulated (Table 1), suggesting that MEL-A may also affect
nucleotide metabolism as well as DNA synthesis and repair in bacteria.
In addition, both NAD" and NADH were significantly downregulated,
with NADPH being the most significantly downregulated negative ion
metabolite, with a downregulation factor of up to 288 times. NAD" and
NADH constitute a redox pair and play a pivotal role in cellular meta-
bolism as cofactors of many dehydrogenases. In addition to being closely
associated with glycolysis and the tricarboxylic acid cycle (TCA), NAD "
and NADH perform other functions in cell signaling pathways, including
regulating redox dependent proteins (such as transcription factors),
redox dependent signaling (such as Ca®* signaling), and protein activity
due to nucleotide availability [38].

As shown in Fig. 7A, the pathway enrichment analysis of altered
metabolites indicates that the metabolic pathway was the only signifi-
cantly enriched KEGG pathway (P < 0.05). From the enrichment anal-
ysis pathway diagram (Fig. 7B), it could be seen that most
downregulated metabolites were concentrated in the two pathways of
Amino acid metabolism and Nucleotide metabolism. Theseresults reveal

that the effect of MEL-A on amino acid metabolites and nucleic acid
metabolites at the metabolic level may be an important reason for its
inhibitory effect of L. monocytogenes EGD-e on biofilm formation. Our
previous transcriptomics-based findings also suggest that MEL-A
directly affects carbohydrate utilization and amino acid biosynthesis,
and reduces cell membrane bioactivity and permeability by interfering
with ABC transporters [20]. This finding is consistent with our metab-
olomics results and further suggests that MEL-A inhibits
L. monocytogenes EGD-e biofilm formation by influencing cell membrane
fluidity and permeability, protein biosynthesis, nucleotide metabolism,
and DNA synthesis and repair.

3.5.3. Effect of MEL-A on mature biofilms of L. monocytogenes EGD-e

As a foodborne pathogen, L. monocytogenes can attach to various food
contact surfaces such as stainless steel, polystyrene, rubber, and glass,
leading to the formation of biofilms [39]. Once a mature biofilm is
formed, the resistance of the constituting microorganisms to antimi-
crobial agents and stress will be significantly enhanced, which can easily
lead to food contamination and serious health problems. Therefore, we
further assessed the biofilm eradication activity of MEL-A on
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Table 1
Alteration of representative metabolites in L. monocytogenes EGD-e upon MEL-A treatment.
Function Compound name VIP P value Fold Formula Molecular Up/ ESI
value change weight dn

Fatty acid metabolism Octadec-9-ynoic acid 1.11 5.78E- 744.74 C18H3202 262.23 up +
16(R)-HETE 1.11 ;.2861'3— 1048.87 C20H3203 342.21 up +
5-OxoETE 1.11 é.066E— 166.06 C20H3003 318.22 up +
10-Undecenoic acid 1.12 é.341E— 66.63 C11H2002 184.15 up +
Palmitoleic Acid 1.11 ;.BOIE— 55.81 C16H3002 276.21 up +
Heptadecanoic Acid 1.09 éf)SSE- 53.82 C17H3402 292.24 up +
Linoleic Acid 1.09 2.6781-2- 203.15 C18H3202 280.24 up -
Elaidic acid 1.09 2.977}3- 76.44 C18H3402 282.26 up -

Phospholipid metabolism SPK 1.11 ;fale- 1346.85 C14H26N405 352.17 up +
N-Acetyl-a-p-Glucosamine 1- 1.09 ?81 4E- 0.02 C8H16NO9P 265.08 dn -
phosphate 11

Glycerol metabolism 2-Linoleoyl glycerol 1.11 9.00E- 809.41 C21H3804 336.26 up +
DGMG ( 18:2) 1.09 411?16E— 836.15 C33H58014 678.38 up -

Antibacterial agents Tanespimycin 1.12 11341 8E- 660.34 C31H43N308 626.33 up +
Benzoic acid 1.10 ?)BBE- 65.63 C22H3003 324.20 up +

Purine, pyrimidine and NAD" 1.12 2.788E— 0.011 C21H27N7014P2  663.11 dn +

derivative 15

NADH 1.09 1.02E- 0.003 C21H27N7014P2 663.11 dn -

Amino acid and derivative Ala-Val 1.11 ;21 9E- 0.005 C8H16N203 188.12 dn +
Ala-Leu 1.08 :)45}3— 0.014 C9H18N203 202.13 dn -
Glycyl-i-leucine 1.08 (1).749E— 0.011 C8H16N203 188.12 dn -
N-lactoyl-phenylalanine 1.08 ?91 7E- 0.011 C12H15NO4 237.10 dn -
Prolylleucine 1.08 2.706}3- 0.010 C11H20N203 228.15 dn -
Thr-Leu 1.08 g?ZOE— 0.008 C10H20N204 232.14 dn -
N-Acetylornithine 1.08 (1).875}:“.- 0.008 C7H14N203 174.10 dn -
GABA 1.11 ?1.801E- 0.010 C4HONO2 103.06 dn +
Gamma-Glutamyltyrosine 1.08 gOSE— 0.004 C14H18N206 310.12 dn -
L-Alanyl-L-proline 1.12 (1).740}:“.- 0.009 C8H14N203 186.10 dn +
Leucylproline 1.11 ;11 6E- 0.007 C11H20N203 228.15 dn +
GABA 1.11 3?01}5— 0.010 C4HONO2 103.06 dn +

Nucleotide metabolism Inosine 1.03 ;?OSE- 0.126 C10H12N405 268.08 dn -
Thymidine 5-monophosphate 1.08 E)1.556E— 0.125 C10H15N208P 322.06 dn -
Thymine 1.09 291 4E- 0.100 C5H6N202 126.04 dn -
Purine 1.07 33?3881'3— 0.086 C5H4N4 120.04 dn -
Uridine 1.06 (1).639}3— 0.058 C9H12N206 244.07 dn -
Guanosine 1.08 gé67E- 0.047 C10H13N505 283.09 dn -
Adenosine 1.11 411.107E— 0.151 C10H13N504 267.10 dn +
Uracil 1.11 ;.ZOOE- 0.101 C4H4N202 112.03 dn +
Xanthine 1.08 ;01 OE- 0.047 C5H4N402 152.03 dn +
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L. monocytogenes EGD-e.

After 1/2 MBIC, MBIC and 2 MBIC of MEL-A treatment for 4 h,
compared with the control group, the amount of biofilm formed
(Fig. 8A) decreased by 48.4 %, 63.6 % and 69 %, respectively, the
bacterial activity (Fig. 8B) in the biofilm decreased by 28.1 %, 78.2 %
and 89.6 %, the number of bacteria (Fig. 8C) decreased by 2.7 %, 11.8 %
and 15.8 %, respectively. These findings indicated that MEL-A had a
good biofilm eradication activity and could significantly reduce the
activity and abundance of bacteria in the biofilm. Fluorescence micro-
scopy images (Fig. 8D) further visualized this result; the biofilm struc-
ture in the MEL-A-treated group became significantly thinner and looser
and the number of viable bacteria was significantly reduced compared
with the control group. Moreover, the high biofilm eradication activity
of MEL-A was further demonstrated by the results of crystal violet
staining of MEL-A at different temperatures (4 °C, 25 °C, 37 °C),
different materials (stainless steel, glass, and polystyrene), and in the
milk system (Fig. S4). The above findings demonstrate that MEL-A can
be used as a potential biofilm scavenger in the food industry.

4. Conclusion

In this study, the antibiofilm effect of a novel biosurfactant MEL-A on
L. monocytogenes EGD-e was investigated for the first time, along with
physiological characterization, real-time qPCR analysis and the untar-
geted LC-MS metabolomic approach to explore the underlying mecha-
nisms. Physiological characterization confirmed that MEL-A
significantly inhibited the formation of L. monocytogenes EGD-e biofilm
and caused the impairment of early bacterial viability, motility and
extracellular polymer secretion within the biofilm. MEL-A also signifi-
cantly suppressed the expression of flagellar motility-related genes and
virulence genes. The results of non-targeted metabolomics analysis
indicated that MEL-A significantly upregulated unsaturated fatty acids,
lipids and glycoside metabolites to affect cell membrane fluidity and
permeability, and it significantly downregulated amino acid metabolism
and nucleic acid metabolism to affect protein biosynthesis, nucleotide
metabolism and DNA synthesis and repair, which may be the key
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mechanisms behind the inhibitory effect of MEL-A on biofilm formation.
Furthermore, significant eradication activity of MEL-A on mature bio-
films at different temperatures, materials and the milk system were
observed, which strongly suggested that MEL-A could be used as a novel
effective antibiofilm agent against foodborne pathogens in the food in-
dustry. Our data provides new insights into the possible underlying the
multi-target antibiofilm mechanism of MEL-A and improves our
comprehension of the response of L. monocytogenes EGD-e to MEL-A.
However, only one strain of L. monocytogenes was used in this study,
so the relevant conclusions may not be applicable to other strains or
species. Thus, further studies should be carried out on other Listeria
strains (such as L.iuanuii and L.innocua).
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