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ARTICLE INFO ABSTRACT

Keywords: Bacillus cereus, a well-known foodborne pathogen, poses an increased risk because of its ability to form biofilms.
T. sinensis In this study, we evaluated the antibacterial and antibiofilm activities of Toona sinensis extracts against B. cereus.
B. cereus All tested T. sinensis varieties demonstrated significant antibacterial activity against B. cereus, with inhibition
:ggz;‘;;;al zone diameters exceeding 11 mm (P < 0.05). Notably, the extracts from Sichuan Dazhu exhibited strong anti-

bacterial effects, even against antibiotic-resistant B. cereus strains. 239 compounds were identified in Sichuan
Dazhu extracts by LC-MS. The MIC and MBC of the extracts against strain ATCC 11778, BCL043 and BCL047
were 0.195 and 0.391 mg/mL, respectively. These findings were corroborated by growth curve experiments,
live/dead cell staining, and scanning electron microscopy observations. Moreover, the extracts demonstrated
remarkable antibiofilm activity against B. cereus, reducing biofilm biomass to less than 40 % (P < 0.05). Tran-
scriptome analysis revealed its antibacterial and antibiofilm mechanisms. Additionally, the extracts exhibited
potent antibacterial activity against B. cereus in skim milk. Collectively, these results underscore the significant
antibacterial and antibiofilm potential of T. sinensis extracts, highlighting their potential applications in food
safety. This report provides the first evidence of both antibacterial and antibiofilm activities in T. sinensis extract
against B. cereus, while also elucidating the associated mechanisms.

1. Introduction (Choi and Kim, 2020), threatening public health and resulting in eco-
nomic losses.
Moreover, it can produce endophytic spores and biofilms to cope

with environmental stress (Pawluk et al., 2022). B. cereus biofilms

Bacillus cereus is a rod-shaped, Gram-positive, facultatively anaerobic
bacterium (Tuipulotu et al., 2021). It is a well-known pathogen that

causes toxin-induced foodborne illnesses (Jovanovic et al., 2021).
Typical illness-inducing toxins of B. cereus are non-hemolytic entero-
toxin, enterotoxin hemolysin BL, cytotoxin K, and cereulide (Huang
et al., 2020). B. cereus usually causes two types of gastrointestinal dis-
eases: diarrhea and emesis (Huang et al., 2020). It can also cause various
local and systemic infections in humans and animals, including menin-
gitis, endophthalmitis, endocarditis, sepsis, bone infections, and respi-
ratory tract infections (Bottone, 2010; Tuipulotu et al., 2021). B. cereus is
often detected in milk, dairy products, vegetables, and meat products
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contribute to alterations in nucleotides, sugars, amino acids, and energy
metabolism and these alterations further participate in extracellular
matrix formation, sporulation, and secondary metabolite production
(Caro-Astorga et al., 2020). Biofilms attach cells to immersed surfaces or
living tissues to facilitate colonization and provide protection to mi-
croorganisms from various environments (Yang et al., 2023). Spores are
produced in a biofilm matrix, which makes B. cereus resistant to anti-
biotics and highly adhesive to the surfaces of food-industry-related items
or raw materials (Yang et al., 2023; Zheng et al., 2017). Emetic toxins
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produced by B. cereus can attach to biofilm surfaces, increasing the risk
to consumers (Huang et al., 2022). Additionally, biofilms exacerbate
microbial resistance, making pathogenic microorganisms more threat-
ening (Mlambo et al., 2022).

Food-sourced plant extracts contain several bioactive compounds
that exhibit excellent antibacterial and antibiofilm activities. Extracts of
pomegranate peel (Balaban et al., 2021), robusta coffee (Tritripmongkol
et al., 2022), Backhousia citriodora (Lim et al., 2022), Bauhinia bowkeri
(Adeyemo et al., 2022), Lonicera japonica Thunb (Xu et al., 2023), and
grapes (Grau-Fuentes et al., 2023) have been reported to have antibac-
terial or anti-biofilm activity. Toona sinensis is an edible plant with
medicinal value in Eastern and Southeastern Asia. It exhibits various
activities such as antitumor, antioxidant, anti-diabetic, and
anti-inflammatory activities (Peng et al., 2018). T. sinensis also exhibits
antiviral and antibacterial effects. Its extract shows antiviral effects
against SARS-CoV and HIN1 (Zhao et al., 2022). The extracts also
possess promising antibacterial activities against Esherichia coli, Salmo-
nella enterica serotype Typhimurium, Shigella dysenteriae, and Staphylo-
coccus aureus (Yang et al., 2022; Zhao et al., 2022). Based on these
studies, we speculate that T. sinensis may also inhibit B. cereus, and due
to its status as an edible and medicinal plant, its application in food may
be safer.

In this study, the antibacterial activity of an ethanol extracts of T.
sinensis against B. cereus was evaluated using growth curve experiments,
live/dead cell staining, and cell morphology observations. Antibiofilm
activity was analyzed by crystal violet and fluorescein isothiocyanate
(FITC) staining. Furthermore, transcriptome analysis was performed to
reveal the antibacterial mechanisms. In addition, the antibacterial effect
of the extracts on B. cereus in skim milk was evaluated.

2. Materials and methods
2.1. Strain and materials

Bacillus cereus ATCC 11778 was provided by the Hubei Provincial
Center for Disease Control and Prevention (Wuhan, China). The strains
BCL043 (CCTCC PB, 2025003), BCL047 (CCTCC PB, 2025004) and
BCL054 (CCTCC PB, 2025005) were isolated and preserved by the Hubei
Provincial Center for Disease Control and Prevention during routine
surveillance of foodborne pathogenic microorganisms. The isolates were
identified as B. cereus according to Wilson et al. (2019) by flight mass
spectrometry, biochemical reaction experiments and 16S rRNA
sequencing analysis (Supplemental Materials). Antimicrobial suscepti-
bility tests showed that the isolates were multi-resistant, especially
against p-lactam antibiotics (Table S1).

Mueller Hinton Agar (MHA), Mueller-Hinton Broth (MHB) and
Dimethyl sulfoxide (DMSO) were purchased from Beijing Coolaber
Technology Co. (Beijing, China). Fluorescein isothiocyanate (FITC) was
purchased from Beijing Solarbio Science & Technology Co., Ltd. (Bei-
jing, China). Ethanol, ethyl acetate, acetic acid, formic acid, acetonitrile
and sodium chloride (NaCl) were purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China).

2.2. Plant materials

“Dazhu, Sichuan”, “Ankang, Shaanxi”, “Shiyan, Hubei”, “Baise,
Guangxi”, and “Taihe, Anhui” varieties of T. sinensis were provided by
the Hubei Provincial Key Laboratory of Conservation and Utilization of
Edible Wild Plants (Huangshi, China).

In August 2023, freshly picked T. sinensis leaves were washed three
times with deionized water and dried naturally in a ventilated place to
remove water. The crushed leaves were extracted with 80 % (v/v)
ethanol at room temperature for 24 h. The residue was processed twice,
and the filtrate was collected. All filtrates were passed through a rotary
evaporator (Yamato, Tokyo, Japan) and concentrated at 40 °C. The
concentrated samples were then suspended in deionized water. The
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suspension was extracted with ethyl acetate three times to collect the
organic phase extract. All extracts were dried using a rotary evaporator
and concentrated at 30 °C. The dried ethyl acetate extracts were solu-
bilized with dimethyl sulfoxide (100 % DMSO) to obtain T. sinensis ex-
tracts with a final concentration of 300 mg/mL (Dukanovic et al., 2020).

2.3. Antibacterial activities

Antibacterial activity was screened using the agar diffusion method
(Gao et al., 2020). Briefly, B. cereus was cultured on MHA media at 37 °C
overnight and collected in 0.85 % saline solution and adjust the bacterial
turbidity to 0.6 M (approximately 10° colony-forming units CFU/mL) by
a turbidity meter (Vitek 2 DensiCHEK). Subsequently, 50 pL of bacterial
suspension was evenly spread onto the MHA agar plate, and an Oxford
cup (8 mm in diameter) was aseptically placed at the center of the plate.
Then, 100 pL of T. sinensis extract (5 mg/mL in sterile ultrapure water)
was carefully added into the Oxford cup. For the solvent control group,
100 pL of DMSO solution (1.7 % in sterile ultrapure water) was applied
following the same procedure. All plates were incubated at 37 °C for 24
h. The diameter of the inhibition zone was measured using an electronic
digital caliper (accuracy 0.01 mm) and recorded as the mean + standard
deviation.

2.4. Compositional analysis

The chemical composition of the T. sinensis extracts were determined
by liquid chromatography-mass spectrometry (LC-MS; Agilent Tech-
nologies, Santa Clara CA, USA). The samples were separated on an
Eclipse Plus C18 column (2.1 x 100 mm, 3.5 pm) with acetonitrile
containing 0.1 % formic acid and ultrapure water as the eluent at a flow
rate of 0.5 mL/min. The 5 % acetonitrile gradient elution was main-
tained for 4 min, then linearly increased to 100 % for 13 min and
maintained for 3 min. The column temperature was maintained at 25 °C.
The mass spectrum was scanned over a range of 100-1700 m/z, with 1.5
spectra/sec, at intervals of approximately 4 m/s and collision energies of
10, 20, and 30 eV. Compounds were identified by comparison with the
National Institute of Standards and Technology database according to
Gong et al. (2023).

2.5. Minimum inhibitory and minimum bactericidal concentration
detection

The minimum inhibitory concentration (MIC) and minimum bacte-
ricidal concentration (MBC) of the T. sinensis extracts were determined
using the agar dilution method (Gong et al., 2023). Briefly, the T. sinensis
extracts were diluted in MHB medium to obtain final concentrations of
0, 0.049, 0.098, 0.195, 0.396, and 0.781 mg/mL 100 pL of bacterial
suspension (approximately 10 CFU/mL) was inoculated in MHB me-
dium at 37 °C, 160 rpm, and incubated for 24 h. The absorbance of the
culture was then measured at 600 nm using a SpectraMax i3x
multi-mode plate reader (Molecular Devices, Sunnyvale, CA, USA). The
MIC was defined as the concentration at which no bacterial growth was
observed. The bacterial solutions were then spread on MHA medium at
37 °C and incubated for 24 h, and the concentration at which the plate
did not have colony growth was determined as the MBC.

2.6. Growth curve experiment

The B. cereus growth curve was determined according to the method
described by Chang et al. (2023), with minor modifications. The
T. sinensis extracts were added to 5 mL of MHB medium to a final con-
centration of 0, 0.5, 1, and 2 MIC, after which, 100 pL of bacterial sus-
pension (approximately 106 CFU/mL) was added to the medium and
incubated at 37 °C and 160 rpm for 24 h. Finally, 200 pL was removed at
2 h intervals and the absorbance was measured at 600 nm.
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2.7. Live/dead cell staining

Live/dead cell staining was performed using a live/dead (NO1 and
PI) bacterial staining kit (Bestbio, Shanghai, China). B. cereus cells were
observed using confocal laser scanning microscopy (CLSM) (Ren et al.,
2019). Briefly, B. cereus cells in the logarithmic growth phase were
collected and resuspended by centrifugation in sterile 0.85 % NaCl and
washed three times at 4 °C (3000 xg, 5 min). The T. sinensis extracts were
added to bacterial suspension (approximately 108 CFU/mL) to a final
concentration of 0, 0.5, 1, and 2 MIC at 37 °C, 160 rpm for 2 h. Samples
were collected by centrifugation and washing at 4 °C (10,000xg, 3 min).
Cells were resuspended in NO1 and PI staining solutions and incubated
for 15 min at room temperature in the dark. Finally, the bacteria were
washed with 0.85 % NacCl and resuspended. Finally, a drop of the bac-
terial suspension was added to a slide and visualized using CLSM (Nikon
Eclipse Ti, Tokyo, Japan).

2.8. Scanning electron microscope observation

Scanning electron microscopy (SEM) was used to observe the
morphological changes in B. cereus cells after treatment with T. sinensis
extracts (Sun et al., 2020). B. cereus cells in logarithmic growth phase
were taken and resuspended by centrifugation in sterile 0.85 % NaCl at
4 °C and washed three times (3000xg, 5 min). T. sinensis extracts were
added to MHB medium at final concentrations of 0, 0.5, 1, and 2 MIC. 50
pL bacterial suspension (about 108 CFU/mL) were inoculated into the
medium at 37 °C, 160 rpm/min, and processed for 4 h. Bacteria were
collected by centrifugation and washing at 4 °C (10,000xg, 3 min). Next,
they were fixed with 2.5 % glutaraldehyde solution (Coolaber, Beijing,
China) at 4 °C overnight. Bacteria were centrifuged in sterile 0.85 %
NacCl, 4 °C, and washed three times after fixation (3000xg, 5 min). The
samples were dehydrated using a gradient of 30 %, 50 %, 70 %, 80 %, 90
%, and 100 % (v/v) ethanol, and finally dehydrated twice with anhy-
drous ethanol at room temperature to completely remove water from the
samples for freeze-drying. After a series of steps, the bacteria were
examined using SEM (Hitachi S-4800, Tokyo, Japan).

2.9. Inhibition of biofilm

2.9.1. Determination of bacterial biofilm biomass

Biofilm biomass of B. cereus was determined using crystal violet
staining (Kang et al., 2018). The T. sinensis extracts were diluted in MHB
medium to final concentrations of 0, 0.5, 1, and 2 MIC (0 MIC was used
as control group). Then, 10 pL of B. cereus suspension (approximately
10% CFU/mL) was inoculated in 96-well plates, after adding 90 pL of
medium to each well, and incubated at 37 °C at rest for 24 h. After a
biofilm was formed, it was gently washed three times with 20 mmol/L
phosphate-buffered saline (PBS) and fixed with methanol for 15 min.
Next, the samples were stained with crystal violet (Beyotime, Shang,
China) for 30 min and washed gently with PBS three times to remove the
unbound stain. Finally, crystal violet was fully solubilized with 33 %
(v/v) acetic acid, and the absorbance was measured at 590 nm. The
biofilm content ration = [Experiment group absorbance - Control group
absorbance]/Control group absorbance x 100 %.

2.9.2. Observation of bacterial biofilms

Light microscopic observation of B. cereus biofilms was performed as
described in Section 2.9.1. The biofilms were stained with crystal violet
after formation, washed with PBS to remove the unbound staining so-
lution, evaporated to dryness, and viewed under a light microscope
(Aseet, Suzhou, China) according to Bai et al. (2019).

The antibiofilm activity of the T. sinensis extracts were further
observed using fluorescence microscopy, following the method of Li
et al. (2023), with slight modifications. In the presence of T. sinensis
extract, the bacteria formed biofilms after static incubation. Then, the
membrane was gently washed three times with PBS to remove
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planktonic bacteria, and stained with FITC (20 pL, 5 mg/mL) for 30 min.
The membrane was gently washed to remove unbound dye and visual-
ized under an inverted fluorescence microscope (Nikon Eclipse Ti 2,
Tokyo, Japan).

2.10. RNA isolation and sequencing

T. sinensis extracts were dissolved in MHB medium to a final con-
centration of 0.5 MIC, and 2 mL of bacterial suspension (approximately
108 CFU/mL) was added and the samples were incubated at 37 °C and
160 rpm, for 8 h. B. cereus grown without the addition of extracts was
used as a control. Bacteria were collected, and total RNA was extracted.
Sequencing libraries were constructed and sequenced by Shanghai
Chengqi Biological Biotechnology Co. (Shanghai, China). RNA-Seq
sequencing had been submitted to the NCBI Sequence Reading
Archive with accession number PRJNA 1107356. After quality control,
high-quality data (clean reads) were used for subsequent analysis.
Expression analysis to identify differentially expressed genes (DEGs) was
performed using edgeR. To eliminate biological differences, DEGs were
identified based on a threshold of p < 0.05, and |log2(fold change)| > 1.
Gene Ontology (GO) functional and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses were performed using
topGO and ClusterProfiler, respectively (Zhou et al., 2023).

2.11. Quantitative reverse transcription PCR (RT-qPCR)

The bacterial culture conditions and T. sinensis extract treatment
were maintained consistently with those used in the transcriptome
experiment (see Section 2.10). Cells were harvested by centrifugation at
8000 rpm for 10 min at room temperature. Total RNA was extracted
using the TRIzol™ Plus RNA Purification Kit (ThermoFisher Scientific,
Waltham, MA, USA), and genomic DNA was subsequently removed
using the gDNA Eraser (TaKaRa, RR047A, Dalian, China). Comple-
mentary DNA (cDNA) was then synthesized via reverse transcription
using the PrimeScript RT Reagent Kit (TaKaRa, RR047A, Dalian, China).
The resulting cDNA was quantified by RT-qPCR using the SuperStar
Universal SYBR Master Mix (Jiangsu CoWin Biotech Co., Ltd., Taizhou,
China), with an annealing temperature of 60 °C and a total of 40
amplification cycles. The primers used are listed in Table S2. RT-qPCR
was performed on a Bio-Rad Touch Real-time PCR CFX96 system (Bio-
Rad, California, USA) (Ren et al., 2019).

2.12. Sterilization experiments of T. sinensis extracts in milk

The T. sinensis extracts were tested for its bacteriostatic effect in skim
milk, as previously described (Wang et al., 2022). The T. sinensis extracts
were added to commercially available autoclaved skim milk (Yili, Inner
Mongolia, China) at final concentrations of 1.5, 3, and 6 mg/mL.
Skimmed milk without the extracts were used as a control. The milk was
then inoculated with B. cereus (103—1 04 CFU/mL) and incubated at 37 °C
and 160 rpm for 48 h. Samples were taken at intervals of 0, 3, 6, 9, 12,
24, and 48 h and counted by plate counting on MHA medium.

2.13. Data analysis

All experiments were performed in triplicate. Data analysis was
performed using one-way ANOVA in SPSS software (version 26.0; IBM
Corp. Armonk, NY, USA). Post hoc multiple comparisons were con-
ducted using Tamhane’s test for the data in Table S3 and Duncan’s test
for the data in Fig. 5, and statistical significance was set at p < 0.05.
Additionally, the data in Fig. S2 were analyzed using independent
samples t-tests (p < 0.05). The results are expressed as the mean +
standard deviation.
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3. Results and discussion
3.1. Antimicrobial effects of extracts from different varieties of T. sinensis

Different varieties of T. sinensis extracts exhibited antibacterial ac-
tivity against B. cereus strains (Table S3). In the disc diffusion assay, the
diameters of the inhibition zones of extracts from all five T. sinensis
species against B. cereus were greater than 11 mm, and the diameters of
the inhibition zones of “Sichuan Dazhu” was larger than that of other
species. Based on the color of the plant, T. sinensis can be classified into
two types: red and green (Zhao et al., 2023). “Sichuan Dazhu” is a red
toon. Compared with green toons, red toons show higher biological
activity and nutritional value (Su et al., 2020). Therefore, the red vari-
ety, “Sichuan Dazhu”, was selected to inhibit B. cereus for subsequent
experiments.

3.2. Compositional analysis of T. sinensis extracts

Biochemical analysis of T. sinensis extracts using LC-MS identified
239 compounds (Table S4). A total of 73 compounds with a similarity
score greater than 0.8 were selected for analysis. The compounds were
divided into the following 13 categories: flavonoids (27.40 %), amino
acids and their derivatives (19.18 %), alkaloids (16.44 %), lipids (13.70
%), carbohydrates (6.85 %), polyphenols (5.48 %), and terpenoids (2.74
%) (Fig. 1). Flavonoid secondary metabolites are the main substances of
T. sinensis extracts with good antimicrobial activity (Shamsudin et al.,
2022). The compounds detected in the extracts of T. sinensis were
consistent with the results of previous studies, which identified quer-
cetin, kaempferol, gallic acid, rutin (Wang et al., 2007), isoquercetin,
myricetin (Peng et al., 2018), hyperoside (Zhao et al., 2022). The po-
tential antibacterial and antibiofilm compounds were analyzed (see
below 3.3 and 3.4).

3.3. Antibacterial activity of T. sinensis extracts against B. cereus

The MIC and MBC of the T. sinensis extracts against strain ATCC
11778 were 0.195 and 0.391 mg/mL, respectively. Additionally, for the
drug-resistant B. cereus strains BCL043 and BCL047, the MIC and MBC
values were identical to those of strain ATCC 11778. For B. cereus
BCLO054, the MIC was 0.195 mg/mL, while the MBC exceeded 6.25 mg/
mL (Fig. 2). Based on the MIC and MBC results, T. sinensis extract
exhibited inhibitory effects on all four B. cereus strains tested in the
study, though its efficacy varied among the different strains. Strain
ATCC 11778 was used for subsequent experiments.

To further investigate the inhibitory effect of T. sinensis extracts on B.
cereus, we monitored the growth of B. cereus in the presence different
concentrations of T. sinensis extracts over a 24 h period (Fig. 3).
Compared to the control group, the T. sinensis extracts significantly
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inhibited the growth of B. cereus. Moreover, the inhibitory effect became
more pronounced with increasing concentrations. During the logarith-
mic phase, 0.5 MIC partially inhibited bacterial growth, whereas 1 MIC
and 2 MIC almost completely suppressed the growth of B. cereus, indi-
cating potent antibacterial activity.

A live/dead cell staining assay was performed. The green fluorescent
probe NO1 could cross the living cell membrane and bind to nucleic
acids, and the red fluorescent probe PI stains only dead cells with
damaged membranes. As shown in Fig. 4A, the cells in the control group
exhibited intense green and faint red fluorescence, indicating the pre-
dominance of live cells over dead cells. Conversely, the experimental
groups (0.5, 1, and 2 MIC) demonstrated a progressive reduction in the
number of live cells and a concomitant increase in the number of dead
cells with increasing concentrations of the T. sinensis extract.

SEM was used to examine cell morphology following treatment with
the T. sinensis extracts (Fig. 4B). In the control group, B. cereus displayed
a typical rod-shaped morphology, with a smooth surface and an intact
structure. However, exposure to 0.5, 1, and 2 MIC led to cell rupture,
content leakage, and disruption of cellular integrity. Moreover, the
extent of cellular fragmentation increased with increasing concentra-
tions of T. sinensis extract.

These results suggest that T. sinensis extracts exhibit excellent anti-
bacterial activity against B. cereus. Previous studies have reported the
MICs of various plant extracts against B. cereus. Fei et al. (2019) found
that the MIC of an olive oil polyphenol extracts was 0.625 mg/mlL,
whereas Akinpelu et al. (2015) reported that the MIC of a Persea amer-
icana extracts against B. cereus was 25 mg/mL. Tritripmongkol et al.
(2022) determined the MIC of robusta coffee extracts against B. cereus to
be 2 mg/mL. In comparison, the T. sinensis extracts potently inhibited B.
cereus growth, with an MIC of 0.195 mg/mL, demonstrating superior
efficacy compared to other reported extracts from these plants. In terms
of natural antibacterial compounds, T. sinensis extract exhibited a lower
MIC against B. cereus compared to thymol (MIC 0.625 mg/mL) (Wang
et al., 2022), while its MIC and MBC values were comparable to those of
carvacrol (MIC 0.19 mg/mL, MBC 0.38 mg/mL) (Li et al., 2025). This
highlights the promising potential of the T. sinensis extracts as an
effective antibacterial agent against B. cereus. LC-MS analysis revealed
that T. sinensis extracts contained catechins, luteolin, quercetin, and
kaempferol, which have been reported to exhibit antibacterial activity
against B. cereus (Friedman et al., 2006; Xu et al., 2023). Additionally,
studies also have shown that compounds such as astragalin inhibit the
growth of Candida albicans (Ivanov et al., 2020). Hyperoside and gallic
acid show antibacterial and antibiofilm effects against Escherichia coli
(Abouzeid et al., 2023; Tian et al., 2022), while isoquercitrin and myr-
icetin possess antimicrobial activity against Staphylococcus aureus (Gao
et al., 2020; Wang et al., 2020). These results indicated that the extracts
of T. sinensis have good antimicrobial activity.

I Flavonoids (27.40%)
I Amino acids and derivates (19.18%)
B Alkaloids (16.44%)
Lipids (13.70%)
Carbohydrates (6.85%)
Polyphenols (5.48%)
Terpenoids (2.74%)
Aromatic compounds (1.37%)
Xanthones (1.37%)
Phenypropanoids (1.37%)
Nucleotides and derivates (1.37%)
Steroid compounds (1.37%)
Stilbenoid (1.37%)

Fig. 1. Types and proportions of the phytochemicals identified from T. sinensis extracts.
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Fig. 2. The MIC (A) and MBC (B) of T. sinensis extracts against B. cereus strains ATCC11778, BCL043, BCL047, and BCL054.

—@—Control —@— 0.5 MIC

—9—1MIC 2 MIC

1.2 4

0.2 4
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-~

T
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Fig. 3. The growth curves of B. cereus ATCC11778 with 0, 0.5, 1 and 2 MIC
T. sinensis extracts. Data were expressed as mean + standard deviation (n = 3).

3.4. Antibiofilm activity of T. sinensis extracts

Biofilm formation was observed in cells grown in 96-well plates after
staining with crystal violet. The color significantly faded after treated
with T. sinensis extracts at concentrations of 0.5, 1, and 2 MIC. Further
quantitative analysis based on absorbance values indicated that the
biomasses of the biofilms treated with T. sinensis extracts at concentra-
tions of 0.5, 1, and 2 MIC extracts were 31.95 %, 27.76 %, and 23.10 %,
respectively (Fig. 5A). This indicates that the T. sinensis extracts
exhibited excellent antibiofilm activity. This result was further
confirmed by observing the biofilms using light and inverted fluores-
cence microscopy (Fig. 5B). Previously, ursolic acid (Son and Lee, 2020)
and gallotannins (Gan et al., 2018) in T. sinensis have been shown to
inhibit biofilm formation by S. aureus. In addition, quercetin is known to
inhibit biofilm formation in a variety of pathogenic bacteria by inhib-
iting biofilm-formation related pathways such as bacterial adhesion,
quorum sensing, and nucleic acid synthesis (Memariani et al., 2019).
These components might be the reason why T. sinensis extracts possessed
the antibiofilm ability against B. cereus.

3.5. RNA sequencing data analysis

To further investigate the mechanism of inhibition of T. sinensis ex-
tracts against B. cereus, we performed transcriptome analysis. The

samples were subjected to Illumina sequencing, and after filtering out
low-quality reads, the Q20 value of the samples was >97 %, indicating
that the sequencing was of high quality and could be analyzed in the
next step. Compared to the control group, 1740 DEGs were identified in
the experimental group. A volcano plot was used to demonstrate the
distribution of the DEGs (Fig. 6A), with the horizontal coordinate rep-
resenting the fold change in gene expression differences and the vertical
coordinate representing the statistical significance of gene expression
differences. A total of 787 genes were downregulated, as indicated by
blue dots and 953 genes were upregulated, as indicated by red dots
(Fig. 6B). The gray dots indicate genes with no significant differences.

3.5.1. GO enrichment analysis

GO enrichment histograms were used to reflect the distribution of
the number of DEGs enriched in biological processes, cellular compo-
nents, and molecular functions. There were 474 terms related to bio-
logical processes, 62 terms related to cellular components, and 109
terms related to molecular functions. We selected the 30 GO terms with
the most significant enrichment, as shown in Fig. 7A. Among the 30 GO
terms, 26 belonged to the biological process category, including 20
associated with nucleotide metabolism. This suggested that the
T. sinensis extracts might disrupt nucleotide metabolism. The inhibition
of nucleotide synthesis is a crucial pathway for antibiotic development.
The ability of kaempferol, and luteolin to interfere with DNA synthesis
in Staphylococcus aureus or Treponema pallidum by inhibiting DNase has
been reported (Huang et al., 2015; Zhang et al., 2022). In addition, the
decomposition of organic acids, the tricarboxylic acid (TCA) cycle,
acetyl-CoA metabolism, amino acid degradation, and thioester meta-
bolism in B. cereus were also influenced by the T. sinensis extract. Car-
bohydrate metabolism (TCA cycle and acetyl-CoA metabolism) and
thioester metabolism play important roles in providing energy for
cellular growth and supplying raw materials for synthetic metabolism
(Wang et al., 2023). The decomposition of organic acids and amino acid
degradation can also provide energy to cells while generating important
intermediate products (McCalley et al., 2019; Zaunmiiller et al., 2006).
Additionally, both the cellular component and molecular function cat-
egories of the GO terms were associated with the ribosome, which serves
as the site for protein synthesis and is also a target for antibiotic design
(Lin et al., 2018). In summary, T. sinensis extracts might inhibit the
growth of B. cereus by interfering with nucleic acid metabolism,
decomposition of organic acids, carbon mechanisms [tricarboxylic acid
cycle, acetyl-CoA metabolism], amino acid metabolism, thioester
metabolism, protein synthesis, according to GO enrichment analysis.

3.5.2. KEGG enrichment analysis

To further elucidate the regulatory role of the DEGs, we classified
them to explore the enrichment of significant DEGs within the KEGG
database. Compared with controls, 1740 differential genes were
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enriched in 95 pathways, and the 20 pathway entries selected with the
smallest p-values were visualized using scatter plots (Fig. 7B). The most
enriched pathways in the DEGs were the biosynthesis of secondary
metabolites, biosynthesis of antibiotics, and carbon metabolism, fol-
lowed by ribosome, pyruvate metabolism, purine metabolism, and TCA
cycle pathways. The upregulation of some secondary metabolite
biosynthesis pathways and may contribute to cell decay (Liu et al.,
2016). The impact on carbon (pyruvate metabolism and the TCA cycle)

(Kaberdina et al., 2019; Kwong et al., 2017), nucleotide (purine meta-
bolism) (Diehl et al., 2022), and protein metabolism (ribosome) (Ling
et al., 2022) also affected the normal growth of cells. KEGG enrichment
suggested that T. sinensis extracts might lead to the accumulation of
secondary metabolites in cells, while reducing resistance to antibacterial
substances. T. sinensis extracts might disrupt pyruvate metabolism and
purine metabolism. The results of KEGG enrichment analysis further
validated the findings of GO enrichment analysis. In general, the extracts
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affected the nucleic acid metabolism, protein metabolism, carbon
metabolism, thiol metabolism, and synthesis of metabolites in B. cereus
(Fig. 8).

3.5.3. Genes associated with biofilm formation

Among the genes with altered expression levels, nine were down-
regulated (carA, carB, smPurL, purQ, PNP, hutl, hutU, fliK, and fhuD),
whereas two upregulated genes (ItaS and padR) were associated with
biofilm formation (Fig. 9). The synthesis of biological membranes can be
divided into four steps (attachment, microcolony, development and
maturation, and dispersion).

The smPurL, purQ, and PNP genes play indispensable roles in purine
biosynthesis, a process crucial for eDNA synthesis. Inhibiting eDNA
synthesis subsequently interferes with the attachment stage of biofilm
formation (Gélinas et al., 2021). In particular, the PNP gene is the target
of drugs used for the prevention of biofilm inhibition (Koopman et al.,
2015). Similarly, the histidine biosynthesis pathway, which has been
implicated in the attachment step of biofilm formation, is also targeted
for drug development to inhibit biofilm formation (Ding et al., 2018).
Here, hutl and hutU genes, involved in histidine biosynthesis, were found
to be downregulated after treatment with T. sinensis extracts. Flagella
was also associated with the attachment of biofilm formation. The fliK
gene is associated with the synthesis of flagella, while carA, carB, and
padR are associated with the movement of flagella. In Pseudomonas
plecoglossicida and Bacillus licheniformis, fliK is crucial for biofilm for-
mation and contributes to its pathogenicity (Liu et al., 2022; Wang et al.,
2020). The carA and carB genes encode the small and large subunits of
carbamoyl-phosphate synthase (CPS), respectively, which are required
for biofilm formation (Zhuo et al., 2015). The padR gene encodes a
repressor that regulates phenolic acid decarboxylase expression (Park
et al., 2017), and phenolic compounds can affect flagella movement and
further result in the inhibition of biofilm formation (Buchmann et al.,
2023).

Additionally, the iron-uptake-related gene fhuD was downregulated.
Iron metabolism is involved in microcolony step of biofilm formation
(Zhang et al., 2021). The IltaS gene encodes lipoteichoic acid synthase,
which produces lipoteichoic acid, which affects microcolony, develop-
ment and maturation, and dispersion of biofilm formation (Ahn et al.,
2018).

3.6. RT-qPCR analysis

In this study, RT-qPCR was used to further validate the transcription
levels of key genes associated with antibacterial and antibiofilm activ-
ities, as identified through transcriptomic analysis. The qPCR results
revealed that nadA and pyrC, which are involved in carbon metabolism
(Zhu et al., 2021) and nucleic acid metabolism (Truong et al., 2013),
respectively, were upregulated. In contrast, acrD and MDR, associated

with biological fitness (Fulde et al., 2014) and the extrusion of multiple
antimicrobial drugs (Zhang et al., 2020), were downregulated.
Regarding biofilm formation, carB, fliK, purQ, and hut] were down-
regulated (Fig. S2), potentially reducing biofilm attachment ability
(Park et al., 2017). Meanwhile, the upregulation of padR and ltas
(Fig. S2) may inhibit microcolony development, maturation, and biofilm
dispersion (Buchmann et al., 2023). These findings are consistent with
the transcriptomic data.

3.7. Application of T. sinensis extracts in skimmed milk

These results demonstrated the significant inhibitory effect of T.
sinensis extracts on B. cereus. Considering that dairy products are prone
to contamination with B. cereus, it is important to assess the inhibitory
potential of T. sinensis extracts in skimmed milk. As illustrated in Fig. 10,
the growth of B. cereus in skimmed milk without extracts reached a
plateau after approximately 12 h with a bacterial count of 8.18 logs.
When 3 mg/mL of T. sinensis extract was added, the bacterial count
decreased to 7.26 logs after approximately 48 h. Remarkably, when 6
mg/mL extract was added, B. cereus cells were completely inhibited and
eradicated within 12 h.

In milk preservation experiments, the antimicrobial effect of the
extract was evaluated by factors such as concentration, treatment
duration, and the number of viable bacteria. Studies have shown that
live B. cereus could still be detected after 7 days of treatment with 4 mg/
mL of Polygonatum sibiricum extracts (Fei et al., 2023). However, 3
mg/mL of T. sinensis extract inhibited bacterial growth within 12 h, and
a 6 mg/mL concentration achieved a bactericidal effect, reducing the
number of viable bacteria to the detection limit at 12 h. Besides, the MIC
of T. sinensis extract against B. cereus in this study was lower than that of
olive oil polyphenol, Persea americana extracts, robusta coffee extracts
(Akinpelu et al., 2015; Fei et al., 2019; Tritripmongkol et al., 2022). This
indicated that the extracts of T. sinensis had some advantages over other
reported crude substances in the application against B. cereus. Moreover,
the bactericidal efficacy of T. sinensis extract against B. cereus was
notably superior compared to some compounds. Rhamnolipid at a
concentration of 6.25 mg/mL reduced the number of viable bacteria to
below the detection limit after 70 h (Bertuso et al., 2022), while 5
mg/mL of sucrose laurate inhibited only the growth of B. cereus within
10 days (Ning et al., 2022). T. sinensis has also been widely recognized as
a natural antioxidant (Wang et al., 2007), highlighting its potential as a
valuable and multiple function food additive, all of which indicate the
advantages of T. sinensis as a food additive. These results indicated the
potential application of T. sinensis extracts as antimicrobials in dairy
products.

The limitations of this study are: (1) the specific active components
in the extracts are not yet clear. (2) Although T. sinensis is an edible
plant, there is a lack of safety evaluation, as safety may be related to the
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concentration used. This requires further study in the future.
4. Conclusions

This study showed that extracts from the five tested T. sinensis vari-
eties had antibacterial activities against various B. cereus strains.
Notably, the extracts from Sichuan Dazhu show particularly promising
antibacterial activity against B. cereus strains, including those resistant
to antibiotics. The primary constituents of Sichuan Dazhu extracts
include flavonoids, amino acids and their derivatives, alkaloids, lipids,

carbohydrates, polyphenols, and terpenoids. Moreover, Sichuan Dazhu
extracts demonstrated antibiofilm activity against B. cereus. Tran-
scriptome analysis revealed that the extracts impacted nucleic acid
metabolism, protein metabolism, carbon metabolism, thiol metabolism,
and metabolite synthesis, thereby exhibiting antibacterial effects against
B. cereus. The extracts inhibited the attachment, microcolony develop-
ment, maturation, and dispersion of B. cereus biofilm formation. Addi-
tionally, it exhibited antibacterial activity against B. cereus in skimmed
milk. Therefore, T. sinensis extracts may be natural antibacterial agents
for the control B. cereus in foods. In the future, it will be necessary to
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study the specific components responsible for the antibacterial and anti-
biofilm properties of T. sinensis extracts.
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