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Abstract

Salmonella, a common pathogenic bacterium in food, can have a severe impact on food safety and consumer health. At pre-
sent, Salmonella infection is controlled primarily by the use of antibiotics, which creates unsafe factors for food safety. Thus,
finding a natural antibacterial agent is highly practical. In this study, resveratrol was screened from 17 kinds of polyphenols,
and its inhibitory mechanism and effects on metabolites of Salmonella typhimurium were investigated to occur through cell
wall and membrane damage and metabolomics analysis. The results revealed that the minimum inhibitory concentration of
resveratrol against S. typhimurium was 250 pg/mL. After treatment with resveratrol, the lag period of the strain was pro-
longed, and the cell wall and membrane structure were destroyed. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) further confirmed that resveratrol induced damage to the cell walls and cell membrane. The
metabolic profile of S. typhimurium following resveratrol treatment was analysed by gas chromatography—mass spectrometry.
In the metabolome evaluation, we screened 23 differentially abundant metabolites, including 11 upregulated and 12 down-
regulated metabolites. Eight metabolic pathways of S. typhimurium, including pathways important for amino acid metabolism
and the tricarboxylic acid (TCA) cycle, exhibited significant changes after resveratrol treatment. The verification results of
the citric acid content, cis-aconitase activity, and ATP content further revealed that the tricarboxylic acid cycle and other
related metabolic pathways of S. typhimurium were affected. These results could provide a theoretical possibility for the use
of resveratrol as a plant-derived bacteriostatic for food safety problems caused by S. typhimurium.

Key points
e The mechanism of bacteriostasis was studied via metabolomics
e Resveratrol causes the death of Salmonella by disrupting the cell wall and membrane
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Introduction

Salmonella belongs to Enterobacteriaceae, which is the
second largest foodborne pathogen in the world. It can
cause food poisoning in humans and animals and has
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important public health significance (Olaimat and Holley
2012; Scallan et al. 2011; Simon et al. 2018; Wang et al.
2019a, b). According to incomplete statistics, 70-80% of
outbreaks of foodborne bacteria are caused by Salmonella
in China (Renoz et al. 2015). Salmonella typhimurium is
the main serotype causing food poisoning in humans and
animals (Ebani et al. 2019; Mezal et al. 2013). Currently,
the main treatment for diseases caused by S. typhimurium is
antibiotic therapy (Diard et al. 2014). Because of the exten-
sive use and abuse of antibiotics, multidrug resistance in S.
typhimurium is gradually increasing, thus greatly increas-
ing the difficulty of preventing and treating S. typhimurium
(Deng et al. 2018). For example, common antibiotics such
as cephalosporins and kanamycin have reduced the actual
therapeutic effect. Studies have shown that plant polyphe-
nols have natural, nontoxic side effects and other advantages
in the prevention and treatment of foodborne diseases. This
emerging microecological therapy has become a research
hotspot.

Polyphenols are a general term for compounds contain-
ing multiple phenolic hydroxyl groups and their derivatives,
including flavonoids, phenolic acids, stilbenes, coumarins
and tannins. Current studies have confirmed that polyphe-
nols in plants have antibacterial properties. Stojkovic et al.
(2013) determined the antibacterial activities of coumaric
acid, caffeic acid and rutinum in chicken soup. The study
revealed that coumaric acid (>0.1 mg/mL), caffeic acid
(> 0.1 mg/mL) and rutinum (> 0.9 mg/mL) completely
inhibited the growth of Staphylococcus aureus in chicken
soup (25 and 4 °C). Li et al. (2020) reported that resveratrol
at 0.8 mg/mL completely inhibited the growth of Streptococ-
cus mutans. Resveratrol, an important phenolic acid, has
attracted widespread attention for its anti-inflammatory,
antibacterial, antioxidant, glucose regulatory, lipid metabo-
lism and antiaging properties (Biasutto et al. 2017; Singh
and Vinayak 2016; Singh et al. 2019). Marino et al. (2013)
reported that the anti-inflammatory effect of resveratrol had
an inhibitory effect on keratitis caused by S. aureus infec-
tion. Duan et al. (2018) reported that resveratrol reduced
the virulence of S. aureus by downregulating the produc-
tion of the sae RS a-haemolysin, which also inhibited the
haemolytic capacity of S. aureus. However, the antibacterial
activities of resveratrol against S. typhimurium, as well as
the underlying mechanisms, have received little attention.

In this study, we determined the inhibition zone diameter
(DIZ), minimum inhibitory concentration (MIC) and effect
of resveratrol on the growth curve of 17 polyphenols. The
antibacterial mechanism was studied by measuring the cell
wall integrity, membrane permeability and biofilm formation
capacity and by using scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). Furthermore,
gas chromatography—mass spectrometry (GC-MS) data
were used to carry out multivariate statistical analysis and
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metabolic pathway analysis to determine and analyse the
metabolomics of S. typhimurium at the MIC to further dem-
onstrate the antibacterial mechanism. This research could
provide a theoretical basis for the prevention and control of
S. typhimurium infection in food industries, such as food-
processing environments.

Materials and methods
Experimental materials

Trans-resveratrol, syringic acid, chlorogenic acid, ferulic
acid, caffeic acid, protocatechuic acid, phloridin, puerarin,
kaempferol, apigenin, gallic acid, rutinum, catechin, epi-
catechin, quercetin, coumaric acid (>98% purity) and pro-
cyanidins (>95% purity) were purchased from China Bei-
jing Solarbio Co. Ltd. Assay kits for alkaline phosphatase,
sodium, potassium, magnesium, total protein, ATP, citric
acid content and aconitase activity were obtained from
China Beijing Solarbio Co. Ltd.

Strains and cultures

The S. typhimurium standard strain (ATCC14028) was
obtained from the American Strain Collection Center. The
strain was inoculated into LB broth for activation and cul-
tured overnight in a 37 °C incubator for 24 h. The bacterium
was grown until growth was maintained in the stable phase
and then stored for later use.

Screening of the antimicrobial activity
of polyphenols against S. typhimurium

Determination of the DIZ

The inhibitory activity was determined according to the
agar diffusion method of Guanlin and Jinhua (2006). Two
hundred microlitres of a 1 x 10° CFU (colony-forming unit)/
mL bacterial suspension was pipetted onto LB agar medium
and spread. The wells were punched with a 10-mm diameter
puncher, and 200 pL of 10 mg/mL polyphenols was added
to each well. While the blank control group (CK) was set
up, 2% dimethyl sulfoxide (DMSO) was used as the nega-
tive control group (NC), and 62.5 pg/mL kanamycin sulfate
was used as the positive control group (PC). The agar plates
were incubated at 37 °C for 24 h, and the DIZ was accurately
measured.

Determination of the MIC

The MIC was measured by the broth microdilution method
(Koch et al. 2019). A 1 mg/mL polyphenol solution was
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diluted in LB broth by the twofold dilution method,
the final concentration of the polyphenol solution was
3.906 ~ 500 pg/mL, and 100 pL of each mixture was added
to a 96-well plate. The bacterial mixture was subsequently
diluted to 1 x 10° CFU/mL in LB broth, and 100 pL from
each well was added to new 96-well cell culture plates with
different concentrations of polyphenol solution. One hun-
dred microlitres of 2% DMSO solution which was safe for
the growth of bacteria according to the pretest results, 100
pL of 62.5 pg/mL kanamycin sulfate solution and 100 pL
of sterile water were used as the NC, PC and CK, respec-
tively. All the 96-well cell culture plates were stored at
37 °C for 24 h, and the absorbance value at 600 nm was
recorded. The lowest concentration corresponding to the
sterile growth wells was used as the MIC (Weerakkody
et al. 2010). The inhibition rate (X) was calculated via
Eq. (1) as follows:

X=<g_§)x100% (1

A Value of the absorbance of the positive control.
B Value of the absorbance of the experimental group.
C Value of absorbance of the negative control.

Growth curve

Five millilitres of bacterial mixture with a concentration of
1 x 10° CFU/mL was added to each test tube, 5 mL of dif-
ferent resveratrol concentrations (0, 1/4 %, 1/2 X or 1 X MIC)
was added and the final volume was 10 mL. Moreover, the
NC group and PC group were established. The test tubes
were then placed in a shaker at 37 °C and 160 rpm, after
which the absorbance at ODg, ,,, Was measured every 2 h
to determine the degree of cell growth within 36 h (Liu et al.
2017).

Assessment of cell wall and cell membrane damage
Alkaline phosphatase activity

The bacteria were cultured with LB broth at 37 °C until
they reached the logarithmic stage. The bacterial mixture
was removed and centrifuged at 5000 rpm for 10 min, after
which the supernatant was discarded. The precipitate was
washed with sterile water three times and resuspended to
1 x 10® CFU/mL. Different concentrations of resveratrol (0,
1/4x, 1/2x and 1 X MIC) were added to a final volume of
10 mL. The mixture was then placed in a shaker at 37 °C and
160 rpm for 3 h, and the supernatant was collected after the
bacterial mixture was centrifuged at 5000 rpm for 10 min.

The alkaline phosphatase (AKP) activity was determined
according to the method of the AKP test kit (Xu et al. 2016).

Measurement of the cell membrane potential

The membrane potential was analysed by the rhodamine 123
fluorescence staining method (Novo et al. 1999). The bacte-
ria were cultured with LB broth at 37 °C until they reached
the logarithmic stage. The bacterial solution was removed
and centrifuged at 5000 rpm for 10 min, after which the
supernatant was discarded. The precipitate was washed
with 0.1 M phosphate buffer (PBS) three times and then
resuspended to 1 x 10 CFU/mL. Different concentrations
of resveratrol (0, 1/4 X, 1/2xand 1 x MIC) were added to
a final volume of 10 mL. The mixture was then placed in
a shaker at 37 °C and 160 rpm for 3 h, and the supernatant
was collected after the bacterial solution was centrifuged at
5000 rpm for 10 min. Rhodamine 123 (20 pL) was added to
the resuspension mixture (10 mL) to a final concentration of
2 pg/mL. The mixture was incubated for 30 min in the dark
and washed with PBS three times after centrifugation, after
which the fluorescence value was measured.

Determination of electrical conductivity

The bacteria were cultured with LB broth at 37 °C until
they reached the logarithmic stage. The bacterial solution
was removed and centrifuged at 5000 rpm for 10 min, after
which the supernatant was discarded. The precipitate was
washed with 0.1 M PBS three times and then resuspended
to 1x 10° CFU/mL. Different concentrations of resveratrol
(0, 1/4x, 1/2x and 1 x MIC) were added to a final volume of
10 mL. The mixture was then placed in a shaker at 37 °C and
160 rpm for 3 h, and the supernatant was collected after the
bacterial mixture was centrifuged at 5000 rpm for 10 min.
The conductivity was measured according to the instructions
of a conductivity meter (Diao et al. 2014).

Measurement of extracellular Na+, K+ and Mg2+ leakage

The bacteria were cultured with LB broth at 37 °C until
they reached the logarithmic stage. The bacterial solution
was removed and centrifuged at 5000 rpm for 10 min, after
which the supernatant was discarded. The precipitate was
washed with 0.1 M PBS three times and then resuspended
to 1x 10° CFU/mL. Different concentrations of resveratrol
(0, 1/4x, 1/2x and 1 X MIC) were added to a final volume of
10 mL. The mixture was then placed in a shaker at 37 °C and
160 rpm for 3 h, and the supernatant was collected after the
bacterial solution was centrifuged at 5000 rpm for 10 min.
The extracellular Na*, K* and Mg?" mass concentrations
were determined by using the appropriate kit methods
(Niven et al. 1999; Wang et al. 2014).
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Measurement of extracellular protein leakage

The bacteria were cultured with LB broth at 37 °C until
they reached the logarithmic stage. The bacterial solution
was removed and centrifuged at 5000 rpm for 10 min, after
which the supernatant was discarded. The precipitate was
washed with 0.1 M PBS three times and then resuspended
to 1x 10° CFU/mL. Different concentrations of resveratrol
(0, 1/4x, 1/2x and 1 x MIC) were added to a final volume of
10 mL. The mixture was then placed in a shaker at 37 °C and
160 rpm for 3 h, and the supernatant was collected after the
bacterial mixture was centrifuged at 5000 rpm for 10 min.
The bacterial supernatants were subsequently filtered
through 0.22-pm Millipore filters (Millipore, Burlington,
MA, USA). The content of extracellular protein was tested
according to the methods of a BCA kit (Wang et al. 2019a).

Assay for leakage of nucleic acids

Nucleic acid leakage was detected using a previously
described method (Lv et al. 2011). The bacteria were cul-
tured with LB broth at 37 °C until they reached the logarith-
mic stage. The bacterial mixture was removed and centri-
fuged at 5000 rpm for 10 min, after which the supernatant
was discarded. The precipitate was washed with 0.1 M
PBS three times and then resuspended to 1x 10° CFU/mL.
Different concentrations of resveratrol (0, 1/4 X, 1/2 X and
1 X MIC) were added to a final volume of 10 mL. The
mixture was then placed in a shaker at 37 °C and 160 rpm
for 3 h, and the supernatant was collected after the bacte-
rial solution was centrifuged at 5000 rpm for 10 min. The
absorbance was measured at a wavelength of 260 nm.

Determination of biofilm formation

The biofilms of the strains were analysed using a previously
reported method (Vasudevan et al. 2003). The bacterial sus-
pension was cultured to the logarithmic growth phase and
diluted to 1x 10° CFU/mL with LB broth. Different con-
centrations of resveratrol (0, 1/4 %X, 1/2x and 1 X MIC) were
added, and the mixture was then placed in a shaker for 24 h
at 37 °C to allow the cells to attach to the 96-well plates.
Afterwards, planktonic cells were removed, and each well
was washed three times. The wells were fixed with 200 pL
of 40% formaldehyde for 15 min and stained with 1% crystal
violet solution for 5 min to colour the biofilms. They were
then washed with PBS three times, the crystal violet was
dissolved and the coloured biofilm was released after 200
pL of 33% acetic acid was added. The samples were then
incubated at 37 °C for 30 min, after which the absorbance
at ODsq,,,, was measured.
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SEM and TEM observations

The bacteria were cultured with LB broth at 37 °C until
they reached the logarithmic stage. The bacterial solution
was removed and centrifuged at 5000 rpm for 10 min, after
which the supernatant was discarded. The precipitate was
washed with 0.1 M PBS three times and then resuspended
to 1x10° CFU/mL. Different concentrations (0, 1/4x,
1/2 x and 1 x MIC) of resveratrol were added to the medium,
and then the mixture was placed in a shaker at 37 °C for 3 h.
All the samples were centrifuged at 8000 rpm for 8 min,
and the supernatant was discarded. The bacteria were fixed
overnight at 4 °C with 4% glutaraldehyde solution after
they were washed with PBS three times. The samples were
subsequently gradient eluted for 15 min with ethanol solu-
tions (30%, 50%, 70%, 80%, 90% and 95%). They were then
treated with anhydrous ethanol. The samples were dried in
a critical point dryer, and the bacteria was removed for gold
spraying for observation and image acquisition (Yi et al.
2016).

The bacterial pretreatment for TEM was the same as that
for SEM. The bacteria were fixed overnight at 4 °C with
4% glutaraldehyde solution after washing with PBS three
times. All the samples were fixed with 1% osmic acid at
4 °C for 3 h. After step-by-step dehydration with acetone
solutions and drying, the samples were embedded with an
embedding agent, polymerised to make ultrathin sections,
and then stained with uranyl acetate. Images were collected
after drying and then observed under a transmission elec-
tronic microscope (Hyldgaard et al. 2014).

Metabolomics

S. typhimurium was inoculated in LB liquid medium and
cultured to the logarithmic stage at 37 °C. The bacteria were
collected after centrifugation (8000 rpm, 10 min). They were
then resuspended in fresh LB liquid medium, and resveratrol
was added to a final concentration of 250 pg/mL (MIC) as
the test group (T). The bacteria were cultured at 37 °C for
3 h, centrifuged at 8000 rpm for 10 min, washed three times
with sterile 0.01 M PBS (pH 7.4) and frozen in a refrigerator
at— 80 °C until use.

After sample preparation, pretreatment, intracellular
metabolite extraction, GC-MS, full-scan detection, data
pretreatment and statistical analyses were performed by
Shanghai Meiji Biological Co., Ltd. Metabolomic-data-
processing software Progenesis OI Mass Hunter Workstation
Quantitative Analysis (Agilent, Santa Clara, CA, USA) was
used for standardised preprocessing. Multivariate statisti-
cal analysis and method enrichment were then carried out
on standardised peak areas (Liu et al. 2020). A combina-
tion of multidimensional analysis and single-dimensional
analysis was used to screen different metabolites between
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groups (Westerhuis et al. 2010). In the analysis of orthogonal
projections to latent structures discriminant (disturbance),
the variable importance in projection (VIP) represents
the importance of the variable to the entire model and is
the weighted sum of squares (Dan et al. 2021). Metabolic
pathway enrichment analysis of the differentially abundant
metabolites was performed via the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database (https://www.kegg.
jp/kegg/). The KEGG IDs of the different metabolites were
used to conduct pathway enrichment analysis to obtain the
enrichment results of the metabolic pathways and to deter-
mine the metabolic pathways with significant differences
between the strains after treatment with resveratrol.

Determination of citric acid content, cis-aconitase
activity and ATP content

The bacteria were cultured with LB broth at 37 °C until
they reached the logarithmic stage. The bacterial solution
was removed and centrifuged at 5000 rpm for 10 min, after
which the supernatant was discarded. The precipitate was
washed with 0.1 M PBS three times and then resuspended
to 1x 10° CFU/mL. Different concentrations of resveratrol
(0, 1/4x, 1/2x and 1 X MIC) were added to a final volume
of 10 mL. The mixture was then placed in a shaker at 37 °C
and 160 rpm for 3 h and centrifuged first to separate the
bacteria from the supernatant. The collected bacteria were

Fig. 1 Antibacterial effect of plant polyphenols on S. typhimurium as
analysed by agar diffusion tests. (A) Photographs of selected plates
with empty wells to the left and wells filled with test substances to
the right after 24 h growth at 37 ‘C. (A) Coumaric acid. (B) Res-
veratrol. (C) Caffeic acid. (D) gallic acid. (E) Ferulic acid. (F) Pro-
tocatechuic acid. (G) Chlorogenic acid. (H) Clove acid. (I) Phlorizin.

Diameter of bacteriostatic zone (mm)

then suspended by adding the corresponding reagents of the
kits and placed on ice for ultrasonic crushing (300-W power,
3-s ultrasonication, 9-s interval, and 4-min total time). The
samples were centrifuged, and the supernatants were col-
lected. The contents of citric acid and intracellular ATP, as
well as the activity of cis-aconitase, were determined with
the relevant Kkits.

Statistical analysis

All experiments were performed in parallel three times for
each group. Statistical analysis was performed via SPSS
software (IBM, SPSS Inc., Chicago, IL, USA). The data is
expressed as the means + standard deviations (n=3). Differ-
ences among multiple groups were compared by one-way
ANOVA. The differences were considered significant at
P <0.05.

Results

Screening of the antimicrobial activity
of polyphenols against S. typhimurium

Figure 1 shows the antibacterial effects of 17 polyphenol

compounds. Significant inhibition activity was presented by
coumaric acid, resveratrol, caffeic acid, gallic acid, ferulic

257

FPRUOTL AN IE VIO AL

Plant polyphenolic compounds

(J) Kaempferol. (K) Apigenin. (L) Puerarin. (M) Epicatechin. (N)
Proanthocyanidin. (O) Catechins. (P) Quercetin. (Q) Rutinum. Plate
NC: negative control. Plate PC: positive control. B. Measurements in
mm of the inhibition zones as generated around wells in agar plates
by addition of respective test substances (* means P <0.05; ** means
P<0.01)
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acid, protocatechuic acid, and chlorogenic acid (Fig. 1(A)).
Compared with those in the NC group, the contents of cou-
maric acid, resveratrol, caffeic acid, gallic acid, and ferulic
acid were significantly different (P <0.01), with DIZ values
of 16.56, 15.99, 13.71, 11.82, and 11.38 mm, respectively.
The contents of protocatechuic acid and chlorogenic acid
significantly differed (P <0.05), with DIZ values of 0.94 and
10.89 mm, respectively (Fig. 1(B)).

The MIC:s of the seven polyphenol compounds are shown
in Fig. 2. The MICs of coumaric acid and resveratrol against

S. typhimurium were 500 and 250 pg/mL, respectively
(Fig. 2A and B). The antibacterial rates are displayed in
Table 1. The antibacterial rates of resveratrol and coumaric
acids were 96.53% and 22.63%, respectively, when the con-
centration was 250 pg/mL.

Growth curve

To further explore the antibacterial activity of resveratrol,
the course of growth of S. fyphimurium in the presence

*%
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Fig.2 Minimum inhibitory concentration of different plant polyphe-
nols on S. typhimurium as measured after 24 h incubation at 37 C of
each 1x10° CFU/mL cultivated in 200 uL LB medium plus respec-
tive additions in wells of 96-well microplates. A Coumaric acid. B
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Resveratrol. C Caffeic acid. D Gallic acid. E Ferulic acid. F Proto-
catechuic acid. G Chlorogenic acid. Abbreviations used are NC for
negative control, PC for positive control, and CK for untreated cells.
(* means P <0.05; ** means P <0.01)
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Table 1 Antibacterial rate of plant polyphenols against S. typhimurium (% of inactivation)

Name Concentration (pg/mL)
500 250 125 62.5 31.25 15.625 7.813 3.906

Resveratrol 97.97+0.64 96.54+0.27 4328+1.78 18.54+3.56 535+098 2.10+0.78 143+0.53 1.37+0.44
Coumaric acid 95.11+£0.09 22.64+0.78  12.29+0.85 8.02+0.36 4.93+0.38 3.28+032 232+0.61 0.18+0.13
Caffeic acid 5.31+0.53 4.66+0.59 4.09+0.24 3.60+047 2.89+052 237+0.73 1.72+083 0.27+0.01
Gallic acid 7.59+0.64 6.27+0.30 5.91+2.55 486+1.13 455+0.83 446+091 393+0.73 3.34+048
Ferulic acid 6.51+0.98 6.07+0.34 4.66+0.27 420+0.99 1.92+0.99 1.55+0.54 1.43+042 1.26+0.97
Chlorogenic acid 4.15+0.60 3.54+0.27 2.87+0.25 2.15+0.17 1.26+024 1.12+0.53 0.96+0.08 0.93+0.35
Protocatechuic acid 3.40+0.42 2.91+0.71 2.83+0.36 266+0.76 1.62+0.78 1.50+0.89 1.28+0.66 0.74+0.56

1.4+

—=— MIC
——1/2 MIC

0 4 8 12 16 20 24 28 32 36 40

Cultivation time (h)

Fig.3 Growth curve of S. typhimurium cultivated in 10 mL LB
medium in sterile test tubes at 37 ‘C under the inhibition of resvera-
trol at different concentrations. Abbreviations used: NC, negative
control; PC, positive control; CK, blank control

of different concentrations of resveratrol was plotted. The
growth curve of the bacteria was S shaped (Fig. 3). Res-
veratrol at 1/4 X and 1/2 X MIC presented better inhibitory
effects on the growth of S. typhimurium. However, when the
concentration of resveratrol was 1 X MIC, the growth of S.
typhimurium was almost completely inhibited.

Effect of resveratrol on the cell wall and cell
membrane of S. typhimurium

As shown in Fig. 4A, the AKP activity of S. typhimurium
without resveratrol treatment displayed no obvious changes.
However, the amount of AKP in the culture medium exhib-
ited a significant increase after treatment with resveratrol
(1/4x, 1/2xand 1 x MIC).

The damage caused by resveratrol to the cell membrane
of S. typhimurium was reflected in the membrane potential,
conductivity and leakage rates of Na*, K+ and Mg?*, as well
as the protein and nucleic acid contents. In contrast to those
in the CK group, the membrane potential, conductivity and

leakage rates of Mg”" and the nucleic acid content were
significantly different at resveratrol concentrations of 1/4 X,
1/2 xand 1 xMIC (Fig. 4B, C, F, H). The leakage rates of
Na* and K* and the protein content significantly increased
when the resveratrol concentration was at 1/2 X or 1 x MIC
(P<0.01) (Fig. 4D, E, G). These results confirmed that with
the addition of resveratrol, the structures of the S. typh-
imurium cell wall and cell membrane were destroyed, and
the protection of the cells was lost, resulting in impaired
metabolism.

Antibiofilm activity

A biofilm refers to an organized group of strains attached to
the surface of objects that are coated with the extracellular
macromolecules of the strains (Lewandowski et al. 2007). A
stable internal environment was constructed by the biofilm
for the life activities of the cells. Figure 5 shows that com-
pared with that of the control group, the biofilm formation of
the 1/2 %, 1/4 x and 1 X MIC groups was significantly lower
(P <0.01), confirming that resveratrol was able to inhibit
the formation of biofilms and reduce the metabolic activity
of S. typhimurium biofilms. Finally, the protective barrier
of S. typhimurium was depleted, and its invasive ability was
weakened. This effect was similar to the inhibitory effect of
Dodartia orientalis L. essential oil on the biofilm formation
of Salmonella enteritidis reported by Wang et al. (2017).

SEM and TEM analysis

SEM and TEM are powerful tools for further investigating
the effects of resveratrol on bacterial cells and play impor-
tant roles in observing the morphological and ultrastruc-
tural changes in S. typhimurium treated with resveratrol
(Fig. 6), similarly as described before for the species and
other food-pathogenic bacteria (Chen et al. 2017). As shown
in Fig. 6(a) and (A), SEM revealed that the S. typhimurium
cells in the control group presented a regular short rod shape
and smooth surface, the cell structures observed using TEM
were complete and the cell aggregates were dense and evenly
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Fig.5 Effect of resveratrol at different concentrations on biofilm
forming ability of S. typhimurium as measured after 24 h incubation
at 37 °C in 96-well cell culture plates. Abbreviations used: CK, blank
control. (* means P<0.05; ** means P<0.01)

distributed. However, when S. typhimurium cells were
treated with 1/4 X, 1/2 X or 1 X MIC resveratrol, distorted
membrane morphology, leakage of cell contents, an irregu-
larly wrinkled and coarse outer surface and structural dam-
age to parts of the bacterial cells were observed, as shown
in Fig. 6(b—d), similarly as previously observed with other
bacteria in antimicrobial treatments (Hameed et al. 2016).
Some cell walls disappeared, and TEM images revealed cell
membrane rupture, cell deformation, and leakage of intracel-
lular substances. There were some cells that were abnormal
in morphology and eventually broke down (Fig. 6(B-D)),
similarly as observed in antibacterial treatment of Entero-
coccus faecalis (Cao et al. 2019). Patra et al. (2016) reported
that the cell membrane structure of S. typhimurium became
severely damaged after treatment with pyrolytic oil, resulting
in irregular folds and a rough outer surface. Similar studies
have also shown that the cell membrane structure of Lis-
teria monocytogenes, S. aureus, S. enteritidis and Vibrio
parahaemolyticus treated with 1 X MIC anthocyanins from
blueberries for 2 h changed significantly, as observed via
SEM (Sun et al. 2018).

Metabolomic analysis

GC-MS was used to determine the intracellular metabolites
so that the antibacterial mechanism of resveratrol against
S. typhimurium could be measured further. The overall
distribution among samples and the stability and reliabil-
ity of the entire analysis process were determined by using

Fig.6 Scanning electron microscope and transmission electron
microscope observation results of S. typhimurium treated with resver-
atrol. (a and A) Untreated cells; (b and B) Treated with resveratrol at

1/4 x MIC; (¢ and C) Treated with resveratrol at 1/2x MIC; (d and D)
Treated with resveratrol at 1 Xx MIC
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multivariate statistics of intracellular metabolites via unsu-
pervised principal component analysis (PCA) and orthogo-
nal partial least-squares discrimination analysis (OPLS-DA).
As shown in Fig. 7, the samples treated with and without
resveratrol were completely separated and distinguished by
PCA and OPLS-DA score evaluation, indicating that res-
veratrol caused significant changes in the metabolite profile
of S. typhimurium.

In the heatmap and cluster analysis, the rationality and
intuitiveness of relationships among the samples and the
changes in metabolite expression patterns among the dif-
ferent samples were reflected. With VIP> 1 and P <0.05
as criteria, 23 metabolites with significant differences were
screened. These genes were visualised using volcano plot
analysis (Fig. 8A). Cluster analysis revealed that the expres-
sion levels of 11 and 12 metabolites, which were regarded
as target metabolites, were significantly upregulated and
downregulated, respectively (Fig. 8B). The metabolites that
presented significant changes involved mainly amino acids
and carbohydrates, which are closely related to the distur-
bance of metabolic pathways such as biosynthesis of the
amino acids, organic acids and oxidative phosphorylation.

According to further analysis of the KEGG database,
20 metabolic pathways were influenced in S. typhimurium
treated with resveratrol (Fig. 9A). In addition, eight of them
were key metabolic pathways with impact values (>0.02) as
the reference threshold; in particular, amino acid metabolism
and the tricarboxylic acid cycle (TCA cycle) pathway were
the main metabolic pathways (Fig. 9B).

Compared with those in the CK group, the expression
levels of y-aminobutyric acid, malonic acid and putrescine
in the T group were significantly decreased. y-Aminobutyric
acid is involved in many metabolic pathways, such as argi-
nine and proline metabolism, alanine metabolism, aspartic
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acid and glutamate metabolism, and f-alanine metabolism.
These pathways play important roles in energy and nutrient
supply in organisms, peptidoglycan synthesis, protein aggre-
gation, the stability of cell walls and cell membranes, and
the regulation of steroid hormones (Ding et al. 2011; Liang
et al. 2014; Natera et al. 2006; Takagi et al. 1997; Wu et al.
1993). Pyrimidine is an essential component of nucleotide
synthesis, and its metabolism is closely related to changes in
malonic acid expression, which directly affects the synthesis
of bacterial nucleic acids (West et al. 1982). Changes in the
content of putrescine play a crucial role in cell pH, causing
an acid-base imbalance in cells and subsequently promoting
cell death in S. typhimurium (Fig. 9C) and other bacteria
(Del Rio et al. 2016). As shown in Fig. 9C, the expression
levels of fumaric acid, citric acid, p-malic acid and cyanate
in the T group were significantly greater than those in the
CK group. The increase in fumaric acid and citric acid
contents suggested that the TCA cycle was disrupted, con-
sequently disrupting the balance of energy metabolism in
bacterial cells. b-Malic acid is a rare organic acid (Stern and
Hegre 1966), and its excessive expression could lead to the
abnormal growth of bacteria (Chinnici et al. 2005; Hopper
et al. 1970; Martinez-Luque et al. 2001; Unden et al. 2016).
The increase in cyanate content could lead to an increase in
intracellular reactive oxygen species in bacterial cells, dis-
rupt the balance of oxidative stress and eventually result in
interference with the nitrogen metabolism pathway.

Validation of the pathway of resveratrol against S.
typhimurium

According to the above metabolomic analysis results, the
TCA cycle metabolic pathway of S. typhimurium was dis-
rupted after resveratrol treatment. For further analysis, the
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Fig. 7 Principal component (A) and orthogonal partial least square (B) analyses of metabolic profiles of S. typhimurium cells grown for 3 h at 37
°C in LB medium (control, blue) or in LB medium with 250 pg/mL resveratrol added (red)
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Fig.8 Volcano plot (A) and heat map (B) identifying differentially
produced metabolites by S. typhimurium cells grown for 3 h at 37
‘C in LB medium with 250 pg/mL resveratrol added as compared
with cells grown for 3 h at 37 ‘C LB medium (control). Upregulated
metabolites in the Volcano plot are shown in red, downregulated

citric acid content, cis-aconitase activity and ATP content,
which are key factors in the TCA cycle, were determined as
in earlier bacterial studies (Noronha et al. 2017). When the
concentration of resveratrol was 1/2 X MIC or 1 X MIC, the
citric acid content increased significantly when compared
with that in the CK group (P <0.01) (Fig. 10A), which was

0

.
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metabolites in blue and metabolites with insignificant changes (nos-
ing) in grey. In the heatmap, the redder the colour in the figure, the
higher the expression abundance of the differential metabolites in the
cells grown in presence of resveratrol

consistent with the results of the metabolomics analysis.
However, in contrast to those of the CK group, the intracel-
lular cis-aconitase activity and ATP content of S. typhimu-
rium significantly decreased (P <0.01) after treatment with
resveratrol at concentrations of 1/4 X, 1/2xand 1 x MIC
(Fig. 10B, C).
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«Fig.9 Bubble chart of KEGG enrichment pathways (A) and bub-
ble chart of metabolic pathway analysis of differential metabolites
(B) analysis identified the metabolic pathways involved in differen-
tial metabolites produced by S. typhimurium after 3 h growth in LB
medium treated with 250 pg/mL resveratrol at 37 ‘C and after 3 h
growth in LB medium (control) at 37 °C. Different bubble colours
indicate different P values of enrichment significance. The pathway
was more important while the bubble was larger. Representative box
plots of differential metabolite abundance values (C). The blue and
red bars represent the blank control group and the 250 pg/mL resver-
atrol treated group, respectively. Abbreviations used: CK, untreated
cells; T, cells treated with 250 pg/mL resveratrol. (* means P <0.05;
** means P<0.01; *** means P<0.001)

Discussion

In recent years, plant-derived extracts have become a hot
topic in the field of antimicrobial research. Resveratrol, a
polyphenolic compound, is widely found in many plants,
such as grape seeds (Palomino et al. 2017). It is a green, nat-
ural and efficient antioxidant and a new antibacterial agent
that has potential application value in the food industry and
biomedicine field. In this study, resveratrol, which has bet-
ter inhibitory activity against S. typhimurium, was screened
from among 17 polyphenols and was subsequently used for
further research on its antibacterial mechanism against S.
typhimurium (Figs. 1 and 2). The results of the bacterial
growth curves in this study also indicated that resveratrol, a
natural product of plant origin, has a better inhibitory effect,
which is similar to the effects of resveratrol on Campylobac-
ter spp. and Arcobacter butzleri described in the study of
Duarte et al. (2015) (Fig. 3).

Cell wall and cell membrane are protective barriers that
can maintain cells in a stable metabolic environment and

control transfer of substances in and out of cells (Lee and
Lee 2017). When they are destroyed, substances inside bac-
teria, such as inorganic salt ions and proteins, leak into the
culture medium (Yao et al. 2014). Therefore, a disturbance
in the integrity of the cell wall and cell membrane can be
reflected by a change in the substance content of the culture
medium. According to the analysis of the cell membrane,
cell wall permeability and bacterial micromorphological
structure, protein, Na*, K™ and Mg?* of S. ryphimurium
cells leaked to different degrees after treatment with differ-
ent concentrations of resveratrol, and the enzymes related
to ion transport, such as magnesium ion transport ATPase
and potassium transport ATPase subunits, also changed.
Among leaked out compounds, Mg?* is an activator of
various enzymes and participates in the establishment of
transmembrane electron gradients, which not only can
maintain the intracellular osmotic pressure but also stabi-
lize cell membranes (Kanai et al. 2022). K™ is also crucial
for maintaining cellular osmotic pressure, and changes in
amino acids can affect the synthesis of these enzymes and
proteins, thereby affecting the transport of substances and
transmembrane transport, preventing the growth of normal
bacteria and ultimately achieving antibacterial effects (Abe
etal. 2011).

Microbial metabolism is a complex and closely related
process between metabolic substances (Joshua 2019).
Metabolomic analysis revealed that resveratrol can affect
multiple metabolic pathways by regulating the contents of
sugars, organic acids, lipids, organic oxides and organic
nitrides (Figs. 8, 9 and 10), especially several important
metabolic pathways, such as glycolysis and the TCA cycle,
thus leading to an imbalance in bacterial energy metabolism,

A 0120+ > B _ —— C
— — -
_ 400 .
) = g I
E 5 :
< 0.090] - )
= = 2 300
= =} 4 g
[=} =
§0060 g &
= 0. — 2 =
= 5 < 200
) ] 5
< 2 w)
£ £ 2+ g
$ 0.030 g =
g 0 & £ 100
< 3
0.000- 0 0
& < < < & ¢ < < & ¢ < <
R SR R
NS\ NS\ NN

Resveratrol concentration

Fig. 10 Effect of resveratrol on the content of intracellular citraconic
acid (A), activity of intracellular aconitase (B), and contents of intra-
cellular ATP (C) in S. typhimurium cells grown for 3 h at 37 °C in LB

Resveratrol concentration

Resveratrol concentration

medium. Abbreviations used: CK, blank control. (* means P <0.05;
** means P<0.01)
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affecting nucleic acid synthesis, and damaging the cell wall
and membrane. Finally, it can inhibit S. typhimurium.

In most bacterial infections, biofilms are the main viru-
lence factor leading to infection (Zhang et al. 2020). Bio-
films not only have functions such as material transport,
information transmembrane transfer and energy conversion
but also have unique physical forms that give them the abil-
ity to resist antibacterial drugs and host immune defence
mechanisms (Yin et al. 2019). In this study, the effect of
resveratrol on biofilm formation ability revealed that res-
veratrol significantly inhibited the biofilm formation of S.
typhimurium in a concentration-dependent manner. The
results of the metabolomics analysis further indicated that
resveratrol may affect the formation of bacterial biofilms by
inhibiting fatty acid metabolism, amino acid metabolism and
energy metabolism in S. typhimurium, thus inhibiting bacte-
rial growth (Shen et al. 2015; Wang et al. 2017).

At present, antibiotics are mainly used to control path-
ogenic bacteria in food (Salisbury et al. 2002). However,
owing to the potential toxicity of synthetic substances, some
researchers have focused on exploring active substances
from plants in recent years (Zhu et al. 2019). In this study,
we used metabolomics to analyse the metabolic pathways
and metabolites that resveratrol inhibits in S. typhimurium.
Studies have shown that resveratrol treatment can not only
damage cell membranes but also cause metabolic disor-
ders, resulting in the inhibition of bacterial growth. This
provides a new direction for the use of resveratrol to inhibit
the growth of bacteria in terms of small-molecule metabo-
lites and is conducive to further research on the antibacterial
mechanism of natural products. Combining the antibacte-
rial effect of resveratrol and its own nutritional value, it has
potential applications in medicine and food supplements.
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