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Abstract

Patchouli alcohol, a natural tricyclic sesquiterpene isolated from Pogostemon cablin, exhibits
promising antimicrobial properties, yet its activity against Streptococcus mutans (S. mutans),
a major cariogenic bacterium associated with dental caries, has not been characterized. This
study determined the minimum inhibitory concentration (MIC) and minimum bacterici-
dal concentration (MBC) of patchouli alcohol against S. mutans to be 40 and 80 µg/mL,
respectively. A series of phenotypic assays showed that patchouli alcohol delayed bacterial
growth and culture acidification, reduced extracellular polysaccharide production, and
decreased the biomass and metabolic activity of established S. mutans biofilms. Scanning
electron microscopy showed treatment-associated changes in the surface morphology of
S. mutans, with more evident deformation at MIC and 2MIC. Real-time quantitative PCR
showed that sub-MIC treatment (20 µg/mL) significantly downregulated virulence genes
associated with adhesion (gbpB and spaP), EPS synthesis (gtfB, gtfC, gtfD, and ftf ), acid
production (ldh, atpF, and atpD), and the two-component regulatory and quorum sensing
systems (vicK, vicR, and luxS). These results suggest that patchouli alcohol may serve as a
potential natural anti-cariogenic candidate targeting S. mutans-associated virulence traits
under in vitro conditions.

Keywords: patchouli alcohol; Streptococcus mutans; virulence factors; dental caries; biofilm;
antibacterial activity

1. Introduction
Dental caries is a multifactorial, biofilm-mediated disease affecting the hard tissues of

susceptible teeth. It is among the most prevalent noncommunicable diseases worldwide
and remains a major public-health burden [1]. Dental caries is now recognized as a multi-
factorial disease driven by ecological dysbiosis within acidogenic and aciduric multispecies
biofilms, leading to sustained acid production, mineral loss, and structural damage of the
teeth [2]. Caries development is closely associated with disruption of the oral microbial
balance. Among cariogenic bacteria, S. mutans has long been regarded as an important con-
tributor to dental caries because of its strong acidogenicity, aciduricity, and biofilm-forming
capacity [3]. Although dental caries involves complex microbial communities, S. mutans
remains a widely used model organism for studying cariogenic virulence because of its
roles in adhesion, acid production, acid tolerance, and extracellular polysaccharide synthe-
sis [4]. S. mutans utilizes carbohydrates such as sucrose and glucans to form biofilms on the
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surfaces of teeth and soft tissues, which results in the production of organic acids that lead
to enamel demineralization. In the presence of sucrose, S. mutans produces extracellular
polysaccharides that contribute to the formation of a biofilm matrix, thereby promoting
bacterial adhesion and enamel demineralization. Therefore, targeting S. mutans-associated
virulence traits, such as adhesion, acid production, acid tolerance, EPS synthesis, and
biofilm development, remains a useful strategy for investigating anti-cariogenic candi-
dates in vitro [5]. Conventional treatments for dental caries involve antimicrobial therapies
(e.g., chlorhexidine, fluoride) aimed at eliminating cariogenic bacteria in the oral cavity.
However, the overuse of these antimicrobial agents has disrupted the homeostasis of oral
microecology [6]. Therefore, safer adjunctive strategies for controlling cariogenic bacteria
and their virulence traits are still needed.

Plant-derived compounds have been explored as potential adjunctive agents for con-
trolling cariogenic bacteria because of their structural diversity and biological activity.
Several plant-derived compounds have been reported to inhibit S. mutans growth or atten-
uate cariogenic phenotypes in vitro [7]. Ke et al. [8] analyzed the effects of curcumin on
S. mutans through transcriptomic methodologies, revealing that curcumin may suppress
biofilm activity by regulating the expression of genes associated with biofilm formation,
thereby significantly inhibiting both biofilm formation and degradation. Aragao et al. [9]
investigated the inhibitory effects of epigallocatechin gallate (EGCG) from green tea on bac-
terial growth, acid production, and sugar uptake via the phosphoenolpyruvate-dependent
phosphotransferase system (PEP-PTS), suggesting that EGCG may exert short-term antibac-
terial effects against dental caries. Feng et al. [10] focused on cranberries, employing multi-
step separation and structural determination techniques to isolate oligomers of cranberry
type A proanthocyanidins (PACs) and study their impact on biofilm three-dimensional
structure and transcriptomics. The experimental results demonstrated that PACs possess
the capability to inhibit bacterial adhesion and infection arising from biofilms.

Patchouli alcohol is a natural tricyclic sesquiterpene with various promising medici-
nal activities reported, including anti-influenza virus, antidepressant, vasodilatory, lung-
protective, neuroprotective, anti-ulcer, anti-colitis, prebiotic, anti-inflammatory, anti-cancer,
and protective effects against metabolic diseases [11]. Its antibacterial and antiviral proper-
ties against microorganisms are particularly noteworthy. Notably, patchouli alcohol can
inhibit influenza A (H1N1) by directly interacting with virus particles and disrupting the
entry of the virus into host cells through inhibition of the PI3K/Akt and ERK/MAPK
signaling pathways, which are critical in viral invasion and the viral life cycle [12]. Previous
studies have reported that patchouli alcohol and patchouli oil exhibit antibacterial activity
against several Gram-positive and Gram-negative bacteria in vitro [13]. Additionally, it
demonstrates a protective effect on gastric mucosa and acts selectively against Helicobacter
pylori without disrupting other gastrointestinal flora, displaying a distinct mechanism of
action compared to conventional antibacterial drugs, thus indicating superior safety [14].
We selected patchouli alcohol for further evaluation because it showed activity against S.
mutans-associated phenotypes in our preliminary screening. Patchouli alcohol is a naturally
occurring constituent of Pogostemon cablin, is commercially available, and has been reported
to exhibit antimicrobial activity against several microorganisms. Therefore, this study
evaluated the antibacterial and established-biofilm effects of patchouli alcohol against S.
mutans and examined its effects on selected cariogenic virulence traits in a single-species
in vitro model.
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2. Materials and Methods
2.1. Medium and Reagents

Brain Heart Infusion Broth (BHI) was obtained from HuanKai Microbial (Guangzhou,
China), and Reinforced Clostridium Agar (RCA) was obtained from Shanghai Acmec
Biochemical Technology Co., Ltd. (Shanghai, China). Patchouli alcohol was purchased
from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China) and stored at 4 ◦C until
use. The compound was obtained as a commercially available reference-grade product with
a purity of >98% according to the supplier’s certificate of analysis. DMSO was purchased
from Sigma-Aldrich (Burlington, MA, USA). The Annexin V-FITC/PI detection kit was
purchased from Yeasen Biotechnology Co., Ltd. (Shanghai, China).

2.2. Bacterial Strains and Culture Conditions

The S. mutans strain ATCC 25175 was obtained from the Guangdong Microbial Strain
Preservation Center. Frozen stocks were thawed and streaked onto RCA plates, followed
by incubation at 37 ◦C for 24 h under anaerobic conditions. A single colony was then
transferred into BHI broth and cultured at 37 ◦C with shaking at 180 rpm. The bacterial
suspension was adjusted to OD600 = 1.0, corresponding to approximately 1 × 108 CFU/mL,
and diluted as required for subsequent experiments. The bacterial solution was adjusted to
an optical density (OD600) of 1.0, corresponding to approximately 1 × 108 CFU/mL, and
subsequently diluted ten- to one-hundred-fold for further experiments.

2.3. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) were determined to evaluate the antimicrobial efficacy of patchouli alcohol. This
experimental method was adapted from the literature [15], with slight modifications. The
bacterial solution was adjusted to a concentration of 1 × 106 CFU/mL. Concurrently,
patchouli alcohol was dissolved in DMSO and diluted with BHI medium to concentrations
ranging from 1.25 to 320 µg/mL using a double dilution method. Chlorhexidine served
as the positive control, prepared at concentrations ranging from 0.15625 to 20 µg/mL
using a double dilution method. A total of 100 µL of each prepared bacterial solution and
corresponding pharmaceutical solution was added to a 96-well round-bottom plate. After
thorough mixing, the bacteria were incubated at 37 ◦C for 24 h, with the lowest inhibitory
concentration defined as the point at which no visible bacterial growth was observed. The
contents of the wells at 100 µL MIC, 2MIC, and 4MIC concentrations were uniformly spread
onto the plates, which were subsequently cultured for 24 h. The minimum bactericidal
concentration (MBC) was defined as the lowest concentration that resulted in a 99.9%
reduction in bacterial viability.

2.4. Growth Curve

Patchouli alcohol was diluted in BHI medium to the concentrations of MIC, 1/2MIC,
1/4MIC, and 1/8MIC. A total of 1 mL of each concentration was then added to separate
test tubes, followed by the addition of 1 mL of bacterial solution with a concentration
of 1 × 106 CFU/mL. The negative control group was treated with corresponding con-
centrations of DMSO only. The assay was independently repeated three times. In each
independent experiment, separate tubes were prepared for each treatment group and time
point. At 0, 4, 8, 12, 24, and 48 h, one tube from each group was collected to determine
the OD600 value and subsequently plot a growth curve. Sterile BHI medium containing
patchouli alcohol at the same concentrations used in the bacterial growth assay, but without
bacteria, was prepared and measured at OD600.
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2.5. Acid Production Curve

Patchouli alcohol was diluted in BHI medium (containing 1% sucrose) to the concen-
trations of MIC, 1/2MIC, 1/4MIC, and 1/8MIC. A total of 4.5 mL of the prepared patchouli
alcohol solution was added to a test tube, followed by 0.5 mL of a bacterial solution at
1 × 107 CFU/mL. Corresponding concentrations of DMSO were used as the negative
control. Six parallel replicas were established for each group and cultured in a shaking
incubator at 37 ◦C under anaerobic conditions. One tube was removed from each group at
the specified time points of 0, 4, 8, 12, 24, and 30 h. The pH value of the supernatant was
measured, and an acid production curve was subsequently plotted.

2.6. Crystal Violet Staining for Established Biofilm Treatment Assay

Crystal violet staining was employed to assess the impact of patchouli alcohol on the
established biofilm biomass of S. mutans. A total of 100 µL of BHI medium and 100 µL
of a bacterial suspension of 1 × 106 CFU/mL were added to each well of a 96-well flat-
bottom cell culture plate. The plate was incubated anaerobically at 37 ◦C for 24 h to allow
biofilm formation. Following incubation, the supernatant was carefully discarded, and
the wells were washed gently twice with sterile PBS buffer before being allowed to air
dry for 5 min. Next, 100 µL of varying concentrations of patchouli alcohol was added
to each well. Established biofilms were then treated with patchouli alcohol at 4 MIC,
2 MIC, MIC, 1/2 MIC, or 1/4 MIC, while the negative control group was treated with the
corresponding concentrations of DMSO. Five independent replicate wells were prepared
for each treatment group in the 96-well biofilm assay. After a subsequent 24 h anaerobic
culture at 37 ◦C, the supernatant was removed, and the wells were gently washed with
sterile PBS buffer. The wells were then fixed with 100 µL of methanol for 10 min. Following
the removal of methanol, the wells were air-dried for 5 min. Subsequently, 100 µL of a 0.1%
crystal violet solution was added to stain the biofilm for 20 min, after which the solution
was discarded. After washing away excess crystal violet with PBS, 200 µL of 95% ethanol
was added to each well, which was then agitated for 15 min at room temperature. Finally,
the absorbance was measured at 570 nm using a microplate reader (BioTek Synergy H1,
Agilent, Santa Clara, CA, USA). The remaining established-biofilm biomass was calculated
using the following formula:

Remaining biofilm biomass (%) = (Experimental group OD at 570 nm − Blank group OD at 570 nm)/
(Negative control group OD at 570 nm − Blank group OD at 570 nm) × 100%

2.7. MTT Assay

The methylthiazolyldiphenyl–tetrazolium bromide (MTT) assay aimed to evaluate the
effect of patchouli alcohol on the metabolic activity of biofilm formed by S. mutans over
24 h. The biofilm was established according to the method described in Section 2.6. After
incubation for 24 h, the supernatant was removed, and 100 µL of MTT solution (5 mg/mL)
was added to each well. Following incubation at 37 ◦C in darkness for 2 h, the supernatant
was carefully discarded, and 200 µL of DMSO was added to each well to dissolve the dye;
the mixture was then shaken for 10 min at room temperature. The optical density (OD)
value was determined at 490 nm using a microplate reader.

2.8. Scanning Electron Microscopy (SEM) Observation

Patchouli alcohol concentrations of 80, 40, 20, 10, and 5 µg/mL were prepared, corre-
sponding to 2MIC, MIC, 1/2MIC, 1/4MIC, and 1/8MIC, respectively. The negative control
group consisted of DMSO at corresponding concentrations. The bacteria were washed
twice with PBS, after which 2.5% glutaraldehyde was added for fixation at 4 ◦C for 5 h.
Following fixation, the bacteria were soaked and washed with PBS 3–5 times for 20 min
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each wash, followed by gradient dehydration using 30%, 50%, and 70% ethanol for 15 min
each. The samples were then soaked in 70% ethanol overnight, followed by dehydration in
a gradient of 90% and 100% ethanol for 15 min each. Finally, samples were exchanged with
tert-butanol and soaked three times for 15 min each. Following freeze-drying, the samples
were gold-coated in a vacuum environment, and bacterial morphology was observed using
scanning electron microscopy.

2.9. Extracellular Polysaccharide (EPS) Quantification

Following the method outlined in Section 2.5, patchouli alcohol solutions with con-
centrations of 80, 40, 20, 10, and 5 µg/mL were prepared. The negative control group
consisted of DMSO at the corresponding concentrations. The solutions were incubated
anaerobically in a temperature-controlled incubator at 37 ◦C for 24 h, followed by cen-
trifugation at 4500 rpm for 8 min. The supernatant was discarded, and the precipitate
was washed twice with ultrapure water. After washing by centrifugation, the supernatant
was collected, and three volumes of 95% ethanol were added to it at 4 ◦C and allowed to
precipitate overnight. The precipitates collected represented the water-soluble extracellular
polysaccharides (SEPS). The precipitate obtained after washing with ultrapure water in the
previous step was then resuspended in 0.1 mol/L NaOH solution for further washing, after
which it was centrifuged, and the supernatant was collected as water-insoluble exopolysac-
charides (IEPS). The SEPS and IEPS fractions were quantified using the anthrone–sulfuric
acid method.

2.10. Assessment of Membrane Integrity by Annexin V-FITC/PI Staining

An Annexin V-FITC/PI staining kit(Yeasen Biotechnology Co., Ltd., Shanghai, China)
was used to assess changes in bacterial membrane integrity by flow cytometry. Bacteria in
the logarithmic growth phase were collected, and the concentration of the bacterial solution
was adjusted to 1 × 107 CFU/mL, to which patchouli alcohol (1/2MIC, MIC, 2MIC, and
4MIC) was added. DMSO at the corresponding concentration served as the negative con-
trol group. The mixture was incubated at 37 ◦C and 180 rpm in a temperature-controlled
incubator for 8 h, followed by centrifugation at 4500 rpm. The bacteria were rinsed three
times with PBS buffer, and the bacterial suspension was diluted to a concentration of
1 × 106 CFU/mL. The mixture was then centrifuged again and analyzed by flow cytome-
try according to the instructions of the Annexin V-FITC/PI detection kit. After discarding
the PBS, 100 µL of 1× Binding Buffer was added to the resuspended cells, and 5 µL of
Annexin V-FITC along with 5 µL of PI dye solution were added and mixed thoroughly.
The reaction mixture was protected from light and incubated at room temperature for
15 min. Subsequently, another 400 µL of 1× Binding Buffer was added, mixed well, and
the samples were placed on ice. The samples were analyzed by flow cytometry within 1 h
of preparation. Given that Annexin V-FITC/PI staining was originally developed for eu-
karyotic apoptosis detection, the results were interpreted as changes in bacterial membrane
integrity rather than evidence of apoptosis. Flow cytometric analysis was performed using
a CytoFLEX flow cytometer (Beckman Coulter, Indianapolis, IN, USA). For each sample,
at least 50,000 single-bacterial-cell events were acquired. When low-abundance-stained
subpopulations were analyzed, no fewer than 100,000 single-bacterial-cell events were col-
lected to reduce sampling error. Bacterial cells were first gated according to forward scatter
(FSC) and side scatter (SSC) profiles to exclude debris, background noise, and bacterial ag-
gregates, and only single bacterial cells were included for subsequent quantitative analysis.
Unstained controls, Annexin V-FITC single-stained controls, and PI single-stained controls
were used to establish quadrant gates and fluorescence compensation. The proportions of
Annexin V-FITC-positive/PI-negative, Annexin V-FITC-positive/PI-positive, PI-positive,
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and double-negative cells were quantified using FlowJo v10 software. Three independent
biological replicates were performed for each treatment group.

2.11. Real-Time Quantitative PCR Assay

Single colonies of S. mutans were selected for pure culture, and the cultured bacterial
solution was diluted to a concentration of 1 × 106 CFU for subsequent experiments. The
medium utilized in this experiment was BHI medium supplemented with 10% sucrose.
1/2MIC (20 µg/mL) was selected to minimize confounding by extensive growth inhibi-
tion/cell death while allowing assessment of virulence-related transcriptional responses. A
total of 700 µL of the bacterial solution and 700 µL of patchouli alcohol at a concentration
of 20 µg/mL were added to a 1.5 mL EP tube, with corresponding concentrations of DMSO
serving as the negative control group. Three replicate groups were established for each
treatment condition. The bacterial cultures were incubated at 180 rpm and 37 ◦C under
anaerobic conditions for 16 h, followed by centrifugation at 12,000 rpm for 2 min to collect
the bacteria. The collected bacterial pellets were immediately frozen in liquid nitrogen for
15 min and subsequently stored in an ultra-low-temperature freezer.

Bacterial RNA extraction was performed using the Bacteria RNA Enhancement
Reagent (Vazyme Biotech Co., Ltd., Nanjing, China) and VeZol reagent (Vazyme Biotech
Co., Ltd.). The procedure followed the manufacturer’s instructions, and the extracted
RNA was dissolved in DEPC-treated water. The purity and concentration of the RNA
were verified by measuring the A260/A280 and A260/A230 ratios using a NanoDrop
2000 (Thermo Fisher Scientific, Waltham, MA, USA) and further confirmed by agarose
gel electrophoresis.

The HiScript® III RT SuperMix for qPCR (including gDNA wiper) from Vazyme
was employed to synthesize complementary DNA (cDNA) for subsequent experiments.
Real-time quantitative PCR (RT-qPCR) was conducted to assess the expression levels of
cariogenic virulence factors in both treated and untreated S. mutans. Specifically, genes
associated with caries formation in S. mutans, including ldh, atpD, and atpF, which are
related to acid production and acid resistance, were investigated in this study. In addition,
adhesion-related virulence genes (gbpB and spaP), exopolysaccharide synthesis-related
genes (gtfB, gtfC, gtfD, and ftf), and two-component regulatory system-related genes
(vicK and vicR) were also analyzed. The RT-qPCR reaction mixture was prepared using
ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech Co., Ltd.) for a total volume
of 20 µL. The nucleotide sequences of the primers for target genes and the reference
gene (16S ribosomal RNA) are presented in Table 1. The 16S rRNA gene was selected
as the reference gene because it has been widely used for normalization in bacterial RT-
qPCR studies involving S. mutans. PCR amplification reactions were conducted using a
LightCycler® 480 II (Roche Diagnostics, Mannheim, Germany). The PCR amplification
and dissociation curves were verified post-reaction, and the corresponding Ct values were
logged. Data analysis was performed using three replicate samples, representing both
treated and untreated S. mutans specimens. Dissociation curve analysis was performed after
amplification to assess amplification specificity. Relative expression levels were calculated
using the 2−∆∆Ct method (∆Ct = Ct target – Ct 16S rRNA; ∆∆Ct = ∆Ct treated – ∆Ct control).

Table 1. Nucleotide sequences of primers used for qRT-PCR.

Gene
Primer Sequence (5′-3′)

Forward Reverse

16s RNA GAGTACGACCGCAAGGTTGA ACCTGTCTCCGATGTACCGA
gtfD ACCGTTGCTGTCGCTTCTGG TCTGAGGTCTGCTGTTCTGTTTCTG
lacA GGTGCGGGCAGCTTTATGGTAG CGCATTATTATGGCCGCGTGTC
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Table 1. Cont.

Gene
Primer Sequence (5′-3′)

Forward Reverse

lacB ATGTATGTGCGGTACTGGTGTGG CCGCCAAAGCTAACGACATTTGC
lacC GGTGCAGCTAAACCAACTGTCATC GCAGCAAGAGCCGATGTAATTCC
fsa TTGGTGTTGTGGACGGTGTTACC TCCGGTGACCTCTGCACTGATAG
galK TGTCTACGGCGAAGGATCTCTGC TTCCAGGAGAGCGAGCGAAGAG

2.12. Cell Viability Assay

The cytotoxicity of patchouli alcohol was evaluated using the Cell Counting Kit-8
(CCK-8) assay. HaCaT, B16F10, and RAW264.7 cells in the logarithmic growth phase were
seeded into 96-well plates at a density of 5 × 103 cells/well and cultured in a humidified
incubator at 37 ◦C with 5% CO2 for 24 h. The culture medium was then replaced with fresh
medium containing different concentrations of patchouli alcohol. A solvent control group
containing the same final concentration of DMSO as the treatment groups and a blank
group without cells were included. After incubation for 24 h, the medium was removed
and replaced with fresh medium containing 10% CCK-8 reagent. The plates were incubated
in the dark for 1–2 h, and the absorbance was measured at 450 nm using a microplate
reader. Cell viability was calculated using the following equation:

Cell viability (%) = [(OD_sample − OD_blank)/(OD_solvent control − OD_blank)] × 100

IC50 could not be reliably calculated because viability did not fall below 50% within
the tested range.

2.13. Statistical Analysis

All experiments were performed with at least three independent biological replicates
unless otherwise stated. Data are presented as the mean ± standard deviation (SD).
Statistical analyses were performed using GraphPad Prism 8.02. Prior to parametric tests,
data distribution and homogeneity of variance were assessed using the Shapiro–Wilk test
and Brown–Forsythe test, respectively. For comparisons among multiple treatment groups,
one-way analysis of variance (ANOVA) followed by Dunnett’s multiple-comparison test
was used to compare each treatment group with the corresponding solvent control. For
RT-qPCR analysis, statistical comparisons between the patchouli alcohol-treated group and
the control group were performed using an unpaired two-tailed Student’s t-test based on
∆Ct values, while relative expression levels were calculated using the 2−∆∆Ct method for
presentation. A value of p < 0.05 was considered statistically significant. For the established-
biofilm assays, five independent replicates were included for each treatment group.

3. Results
3.1. Antibacterial Activity

The minimum inhibitory concentration (MIC) and minimum bactericidal concen-
tration (MBC) values for S. mutans were determined to be 40 µg/mL and 80 µg/mL,
respectively. In contrast, the MIC and MBC values for the positive control, chlorhexidine,
were 0.625 µg/mL and 1.25 µg/mL, respectively. Furthermore, the solvent dimethyl sul-
foxide (DMSO) used in this experiment exhibited no effect on the growth of S. mutans.
At concentrations corresponding to the effective antibacterial range of patchouli alcohol,
no marked cytotoxicity was observed in HaCaT, RAW264.7, or B16F10 cells, supporting
acceptable cytocompatibility under the tested in vitro conditions (Figures S1–S3).
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3.2. Growth Inhibition of S. mutans by Patchouli Alcohol

As shown in Figure 1, patchouli alcohol altered the growth profile of S. mutans in a
concentration- and time-dependent manner. Compared with the solvent control, bacterial
growth was significantly reduced at 8 h and 12 h, with the strongest inhibition observed
in the MIC group. At 24 h, significant differences persisted only in the MIC and 1/2MIC
groups, whereas the 1/4MIC and 1/8MIC groups were comparable to the control. By 48 h,
no significant differences were detected between the treatment groups and the control.
These results suggest that patchouli alcohol delayed the early-to-middle growth phase
of S. mutans, but the inhibitory effect diminished after prolonged incubation. In the
compound-only control test, OD600 values for BHI medium containing patchouli alcohol
were comparable to those of blank BHI medium.

Figure 1. Effect of patchouli alcohol on the growth of S. mutans. Data are presented as the mean ± SD
from three independent experiments. Statistical significance was determined at each time point using
one-way ANOVA followed by Dunnett’s multiple-comparison test, comparing each treatment group
with the solvent control. To avoid overcrowding the growth curve, statistical annotations were not
placed directly on the plotted points. Significant differences were mainly observed at 8 h and 12 h for
all tested concentrations and at 24 h for the MIC and 1/2MIC groups.

3.3. Inhibition of Acid Production

Patchouli alcohol delayed the acidification of S. mutans cultures, particularly at the
MIC concentration. At 24 h, the pH of the MIC group remained close to neutral, whereas
the control and sub-MIC groups had decreased to approximately pH 4.0. At 30 h, the
MIC group continued to maintain a higher pH than the control and sub-MIC groups,
although acidification had progressed compared with earlier time points (Figure 2). These
results indicate that patchouli alcohol primarily delayed culture acidification at the MIC
concentration, whereas sub-MIC treatments produced only limited changes in pH.

Figure 2. Effect of patchouli alcohol on the acidification profile of S. mutans cultures. The pH of the
culture supernatant was measured after treatment with different concentrations of patchouli alcohol.
Data are presented as the mean ± SD from three independent experiments.
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3.4. Reduction in Established Biofilm Biomass and Metabolic Activity

The effects of patchouli alcohol on established S. mutans biofilms were evaluated using
crystal violet staining and the MTT assay (Figure 3). Crystal violet staining showed that
residual biofilm biomass was significantly reduced in the 1/2MIC, MIC, 2MIC, and 4MIC
groups compared with the control group, whereas the 1/4MIC group showed no significant
difference. In contrast, the MTT assay showed a significant reduction in biofilm metabolic
activity in the 1/4MIC, 1/2MIC, MIC, 2MIC, and 4MIC groups. These results suggest that
patchouli alcohol reduced both the biomass and metabolic activity of established S. mutans
biofilms. The residual established-biofilm biomass was reduced by approximately 80% at
40 µg/mL (MIC).

Figure 3. Effects of patchouli alcohol on established S. mutans biofilms: (A) Residual biofilm biomass
determined by crystal violet staining. (B) Metabolic activity of established biofilms determined by
the MTT assay. Five independent replicates were included for each treatment group; therefore, n = 5
refers to these independent replicates rather than triplicate measurements. Data are presented as
the mean ± SD. Different symbol shapes were used only to distinguish the two assay panels and do
not indicate different experimental groups. Statistical significance was determined using one-way
ANOVA followed by Dunnett’s multiple-comparison test. ** p < 0.01, **** p < 0.0001 compared with
the solvent control group; ns, not significant.

3.5. Scanning Electron Microscopy (SEM) Observations

Scanning electron microscopy (SEM) was employed to observe the morphological
changes in S. mutans following treatment with patchouli alcohol. As shown in Figure 4,
the surface of the bacteria displayed pronounced folds and crumples with increasing
concentrations of patchouli alcohol, suggesting cell-envelope perturbation.

Figure 4. SEM observation of S. mutans morphology after treatment with different concentrations of
patchouli alcohol. Treatment-associated surface deformation became more apparent with increasing
patchouli alcohol concentration. Images were acquired at ×50,000 magnification.
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3.6. Inhibition of Exopolysaccharide Production

S. mutans generates lactic acid by metabolizing sucrose and produces extracellular
polysaccharides that contribute to biofilm formation. This biofilm envelops the bacteria,
protecting them from salivary clearance and antimicrobial action, ultimately leading to
the demineralization of dental hard tissue; thus, inhibiting exopolysaccharide production
becomes a crucial target in the treatment of dental caries [16]. Figure 5 illustrates that,
compared to the control group, the 1/4MIC, 1/2MIC, MIC, and 2MIC groups significantly
inhibited the production of both water-soluble and water-insoluble exopolysaccharides
from S. mutans.

 

Figure 5. Inhibitory effect of patchouli alcohol on water-soluble exopolysaccharides (SEPS) and
water-insoluble exopolysaccharides (IEPS) of S. mutans. Data are presented as the mean ± SD
from three independent experiments. Different symbol shapes were used only to distinguish the
two assay panels and do not indicate different experimental groups. Statistical significance was
determined using one-way ANOVA followed by Dunnett’s multiple-comparison test. Asterisks
indicate significant differences for SEPS compared with the control group, whereas hash symbols
indicate significant differences for IEPS compared with the control group. * p < 0.05, ** p < 0.01,
**** p < 0.0001; ## p < 0.01, #### p < 0.0001; ns, not significant.

3.7. Patchouli Alcohol Increased the Proportion of Membrane-Compromised S. mutans Cells

Patchouli alcohol treatment increased the proportion of Annexin V−/PI+ S. mutans
cells in a concentration-dependent manner, suggesting increased membrane impairment.
In Figure 6, Q1 represents Annexin V−/PI+ cells, Q2 represents Annexin V+/PI+ cells,
Q3 represents Annexin V+/PI− cells, and Q4 represents Annexin V−/PI− cells. These
staining patterns were interpreted as changes in bacterial membrane integrity rather than
as evidence of bacterial apoptosis or necrosis.
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(B) 

Figure 6. Effect of patchouli alcohol on membrane integrity of S. mutans as assessed by Annexin
V-FITC/PI staining: (A) Representative flow-cytometry plots of S. mutans after treatment with
different concentrations of patchouli alcohol. Q1 represents Annexin V−/PI+ cells, Q2 represents
Annexin V+/PI+ cells, Q3 represents Annexin V+/PI− cells, and Q4 represents Annexin V−/PI−
cells. These quadrants were used to describe staining patterns rather than bacterial apoptosis or
necrosis. (B) Proportion of Annexin V−/PI+ S. mutans cells, interpreted as PI-positive cells with
impaired membrane integrity rather than as necrotic cells. Bar colors indicate different treatment
groups and patchouli alcohol concentrations, and are used only for visual distinction. Individual
symbols represent independent biological replicates; different symbol shapes are used only to
display individual replicate values and do not indicate different experimental conditions. Statistical
significance was determined using one-way ANOVA followed by Dunnett’s multiple-comparison
test. Data are presented as the mean ± SD from three independent biological replicates. ** p < 0.01
and **** p < 0.0001 compared with the solvent control group; ns, not significant.

3.8. Effect on Expression of Virulence Genes

The expression levels of virulence factors in S. mutans were assessed to determine
whether patchouli alcohol could significantly reduce the expression of target genes
(Figure 7). Treatment with 20 µg/mL (1/2MIC) of patchouli alcohol resulted in downregu-
lation of adhesion-related genes (gbpB and spaP), genes related to extracellular polysac-
charide synthesis (gtfB, gtfC, gtfD, and ftf), and genes associated with acid production
and acid resistance (ldh, atpF, and atpD). Notably, the expression levels of genes related to
the two-component regulatory system and quorum sensing system (vicK, vicR, and luxS)
were significantly decreased. It was determined that treatment with patchouli alcohol led
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to a significant reduction in the expression of virulence factors associated with adhesion,
extracellular polysaccharide synthesis, acid production, and acid resistance, thereby sug-
gesting that these transcriptional changes may be associated with reduced adhesion, acid
production, EPS synthesis, and signaling activity.

Figure 7. Effect of patchouli alcohol on the expression of virulence-related genes in S. mutans:
(A) adhesion-related genes; (B) exopolysaccharide synthesis-related genes; (C) acid production- and
acid resistance-related genes; and (D) two-component regulatory system- and quorum sensing-related
genes. Relative expression levels were calculated using the 2−∆∆Ct method and normalized to 16S
rRNA. The control group was set to 1 and used as the reference baseline for relative expression
analysis. Statistical significance was determined using an unpaired two-tailed Student’s t-test based
on ∆Ct values (n = 3 independent biological replicates). Different symbol shapes were used only
to distinguish the two assay panels and do not indicate different experimental groups. Data are
presented as the mean ± SD. * p < 0.05.

4. Discussion
Dental caries remains one of the most prevalent oral diseases and continues to impose a

substantial burden, particularly in children [17]. Natural products have been investigated as
adjunctive approaches for controlling cariogenic bacteria and biofilm-associated virulence
traits [18]. Among these, patchouli alcohol has shown broad-spectrum antibacterial activity
against 107 Gram-positive and 20 Gram-negative strains in vitro and in vivo [19]. In the
present study, patchouli alcohol delayed bacterial growth and culture acidification, reduced
EPS synthesis, and decreased the biomass and metabolic activity of established S. mutans
biofilms, with clear effects observed at the MIC concentration (40 µg/mL). In addition,
sub-MIC treatment (20 µg/mL) significantly downregulated virulence-associated genes
involved in adhesion (gbpB and spaP), EPS synthesis (gtfB, gtfC, gtfD, and ftf), acid
production and acid tolerance (ldh, atpF, and atpD), two-component regulation (vicK and
vicR), and quorum sensing (luxS).

S. mutans adheres to tooth surfaces through sucrose-independent and sucrose-
dependent mechanisms. The former is primarily mediated by SpaP (antigen I/II), which
binds components of the salivary pellicle to facilitate initial colonization [20,21] and is
central to establishing the oral microecological environment [22]. GbpB, encoded by gbpB,
anchors cells to glucan in the plaque matrix [23], enhances GTF activity, and increases
cell-wall hydrophobicity and acid resistance to promote biofilm persistence [24]. The three
glucosyltransferases, GtfB, GtfC, and GtfD, encoded by gtfB, gtfC, and gtfD [25], synthesize
structurally distinct glucans from sucrose [26,27]: GtfB produces insoluble α-1,3-linked
glucan, GtfC yields a mixture of soluble and insoluble glucan, and GtfD generates soluble
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glucan [28,29]. Fructosyltransferase (FTF, encoded by ftf ) [30] synthesizes fructan polymers
from sucrose [31]; these serve as extracellular carbohydrate reserves and, upon hydrolysis,
supply glycolytic substrate for lactic acid production and enamel demineralization [32,33].
Fructans also promote bacterial adhesion to hard surfaces [34].

The acid-producing and acid-tolerant capacity of S. mutans is central to its cariogenicity.
S. mutans ferments dietary sugars to produce organic acids [35]; lactate dehydrogenase
(LDH, encoded by ldh) catalyzes the conversion of pyruvate to lactic acid in the Embden–
Meyerhof pathway [36], while F1F0-ATPase (encoded by atpD) expels H+ to maintain
intracellular pH homeostasis and, under acidic conditions, harnesses the proton motive
force to generate ATP for bacterial growth [37,38].

The VicRK two-component system comprises the histidine kinase VicK and the re-
sponse regulator VicR [39] and modulates virulence through phosphorylation-based signal
transduction [40]. VicR directly regulates transcription of gtfB and gtfC [41], and the system
as a whole influences acid production and acid resistance [42] as well as biofilm formation
and EPS synthesis [43].

Quorum sensing coordinates biofilm development and virulence factor expression
across species [44]. LuxS synthesizes autoinducer-2 (AI-2), and deletion of luxS markedly
reduces S. mutans biofilm formation [45]. As a component of the activated methyl cycle,
LuxS inhibition may also impair methionine metabolism and exert broader bactericidal
effects [46], suggesting that quorum sensing regulation may be relevant to anti-caries
strategies [47].

Dental caries is driven by ecological dysbiosis within complex multispecies oral
biofilms, whereas the present study was conducted in vitro using a single reference strain
of S. mutans. Thus, the results provide evidence from a simplified single-species model
and may not fully capture the microbial complexity of the oral environment. The RT-qPCR
data suggest transcriptional modulation of virulence-associated genes but do not estab-
lish corresponding changes in protein abundance or enzyme activity. Moreover, gene
expression was examined at only one sub-MIC concentration; dose–response analyses and
functional validation would therefore help clarify the relationship between transcriptional
regulation and phenotypic inhibition. SEM observations should be interpreted with caution
because dehydration and sample preparation can affect bacterial morphology; these images
therefore provide supportive morphological evidence rather than direct proof of cell de-
struction. Although preliminary cytotoxicity assays indicated acceptable cytocompatibility
under the tested conditions, further validation in oral-cell models, multispecies biofilms,
three-dimensional tissue systems, and in vivo models is required before the translational
potential of patchouli alcohol can be fully assessed.

5. Conclusions
Patchouli alcohol delayed bacterial growth and culture acidification, reduced extracel-

lular polysaccharide synthesis, decreased established-biofilm biomass and metabolic activ-
ity, and downregulated virulence-associated gene expression in S. mutans under in vitro
conditions. These effects were accompanied by reduced expression of genes related to ad-
hesion, acid production, extracellular polysaccharide synthesis, two-component regulation,
and quorum sensing. Together, these findings suggest that patchouli alcohol may serve
as a potential natural anti-cariogenic candidate targeting S. mutans-associated virulence
traits. Further validation in multispecies oral biofilm models, host-cell systems, and in vivo
settings is required before its translational or clinical application can be considered.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/molecules31152577/s1, Figure S1. Effect of patchouli alcohol on
the viability of HaCaT cells determined by the CCK-8 assay. HaCaT cells were treated with different
concentrations of patchouli alcohol for 24 h, and cell viability was expressed as a percentage of the
solvent control. Data are presented as the mean ± SD; Figure S2. Effect of patchouli alcohol on
the viability of B16F10 cells determined by the CCK-8 assay. B16F10 cells were exposed to different
concentrations of patchouli alcohol for 24 h, and cell viability was calculated relative to the solvent
control. Data are presented as the mean ± SD; Figure S3. Effect of patchouli alcohol on the viability
of RAW264.7 cells determined by the CCK-8 assay. RAW264.7 cells were treated with different
concentrations of patchouli alcohol for 24 h, and cell viability was expressed as a percentage of the
solvent control. Data are presented as the mean ± SD.

Author Contributions: Q.C.: investigation, methodology, writing—original draft. C.F.: investigation,
methodology, writing—review and editing. Z.Z.: investigation. D.Y.: conceptualization, funding
acquisition, writing—review and editing. W.Y.: conceptualization, supervision, data curation. All
authors have read and agreed to the published version of the manuscript.

Funding: The authors acknowledge the National Key Research and Development Program of China
(2022YFD1600300).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: Wenzhe Yang is an employee of Accuramed Technology (Guangzhou) Limited.
The other authors declare no conflicts of interest. Accuramed Technology (Guangzhou) Limited had
no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing
of the manuscript; or in the decision to publish the results.

References
1. Pitts, N.; Duckworth, R.M.; Marsh, P.; Mutti, B.; Parnell, C.; Zero, D. Post-brushing rinsing for the control of dental caries:

Exploration of the available evidence to establish what advice we should give our patients. Br. Dent. J. 2012, 212, 315–320.
[CrossRef] [PubMed]

2. Simón-Soro, A.; Mira, A. Solving the etiology of dental caries. Trends Microbiol. 2015, 23, 76–82. [CrossRef] [PubMed]
3. Lemos, J.A.; Palmer, S.R.; Zeng, L.; Wen, Z.T.; Kajfasz, J.K.; Freires, I.A.; Abranches, J.; Brady, L.J. The biology of Streptococcus

mutans. Microbiol. Spectr. 2019, 7, GPP3-0051-2018. [CrossRef] [PubMed]
4. Nomura, R.; Matayoshi, S.; Otsugu, M.; Kitamura, T.; Teramoto, N.; Nakano, K. Contribution of severe dental caries induced by

Streptococcus mutans to the pathogenicity of infective endocarditis. Infect. Immun. 2020, 88, e00897-19. [CrossRef] [PubMed]
5. Klein, M.I.; Hwang, G.; Santos, P.H.S.; Campanella, O.H.; Koo, H. Streptococcus mutans-derived extracellular matrix in cariogenic

oral biofilms. Front. Cell. Infect. Microbiol. 2015, 5, 10. [CrossRef] [PubMed]
6. Anderson, A.C.; Al-Ahmad, A.; Schlueter, N.; Frese, C.; Hellwig, E.; Binder, N. Influence of the long-term use of oral hygiene

products containing stannous ions on the salivary microbiome—A randomized controlled trial. Sci. Rep. 2020, 10, 9546. [CrossRef]
[PubMed]

7. Amanpour, S.; Javar, M.A.; Sarhadinejad, Z.; Doustmohammadi, M.; Moghadari, M.; Sarhadynejad, Z. A systematic review of
medicinal plants and herbal products’ effectiveness in oral health and dental cure with health promotion approach. J. Educ. Health
Promot. 2023, 12, 306. [CrossRef] [PubMed]

8. Ke, L.; Wang, J.J.; Liu, Y.H.; Sun, Z.Y.; Li, Y.R.; Xiao, X. Identification of the antibacterial action mechanism of curcumin on
Streptococcus mutans through transcriptome profiling. Arch. Oral Biol. 2023, 149, 105655. [CrossRef] [PubMed]

9. Aragao, M.G.B.; Aires, C.P.; Corona, S.A.M. Effects of the green tea catechin epigallocatechin-3-gallate on Streptococcus mutans
planktonic cultures and biofilms: Systematic literature review of in vitro studies. Biofouling 2022, 38, 687–695. [CrossRef]
[PubMed]

10. Feng, G.P.; Klein, M.I.; Gregoire, S.; Singh, A.P.; Vorsa, N.; Koo, H. The specific degree-of-polymerization of A-type proanthocyani-
din oligomers impacts Streptococcus mutans glucan-mediated adhesion and transcriptome responses within biofilms. Biofouling
2013, 29, 629–640. [CrossRef] [PubMed]

https://doi.org/10.3390/molecules31152577

https://www.mdpi.com/article/10.3390/molecules31152577/s1
https://www.mdpi.com/article/10.3390/molecules31152577/s1
https://doi.org/10.1038/sj.bdj.2012.260
https://www.ncbi.nlm.nih.gov/pubmed/22498529
https://doi.org/10.1016/j.tim.2014.10.010
https://www.ncbi.nlm.nih.gov/pubmed/25435135
https://doi.org/10.1128/microbiolspec.GPP3-0051-2018
https://www.ncbi.nlm.nih.gov/pubmed/30657107
https://doi.org/10.1128/iai.00897-19
https://www.ncbi.nlm.nih.gov/pubmed/32312765
https://doi.org/10.3389/fcimb.2015.00010
https://www.ncbi.nlm.nih.gov/pubmed/25763359
https://doi.org/10.1038/s41598-020-66412-z
https://www.ncbi.nlm.nih.gov/pubmed/32533015
https://doi.org/10.4103/jehp.jehp_1297_22
https://www.ncbi.nlm.nih.gov/pubmed/38023092
https://doi.org/10.1016/j.archoralbio.2023.105655
https://www.ncbi.nlm.nih.gov/pubmed/36842372
https://doi.org/10.1080/08927014.2022.2116320
https://www.ncbi.nlm.nih.gov/pubmed/36017657
https://doi.org/10.1080/08927014.2013.794456
https://www.ncbi.nlm.nih.gov/pubmed/23697791
https://doi.org/10.3390/molecules31152577


Molecules 2026, 31, 2577 15 of 16

11. Lee, H.S.; Lee, J.; Smolensky, D.; Lee, S.H. Potential benefits of patchouli alcohol in prevention of human diseases: A mechanistic
review. Int. Immunopharmacol. 2020, 89, 107056. [CrossRef] [PubMed]

12. Huang, F.F.; Li, Y.; Leung, E.L.H.; Liu, X.H.; Liu, K.F.; Wang, Q.; Lan, Y.Q.; Li, X.L.; Yu, H.B.; Cui, L.; et al. A review of therapeutic
agents and Chinese herbal medicines against SARS-CoV-2 (COVID-19). Pharmacol. Res. 2020, 158, 104929. [CrossRef] [PubMed]

13. Yang, X.; Zhang, X.; Yang, S.P.; Liu, W.Q. Evaluation of the antibacterial activity of patchouli oil. Iran. J. Pharm. Res. 2013,
12, 307–316. [PubMed]

14. Ren, W.K.; Xu, Y.F.; Wei, W.H.; Huang, P.; Lian, D.W.; Fu, L.J.; Yang, X.F.; Chen, F.J.; Wang, J.; Cao, H.Y.; et al. Effect of patchouli
alcohol on Helicobacter pylori-induced neutrophil recruitment and activation. Int. Immunopharmacol. 2019, 68, 7–16. [CrossRef]
[PubMed]

15. Liu, S.W.; Zhang, T.T.; Li, Z.J.; Wang, Y.; Liu, L.; Song, Z.B. Antibacterial mechanism of areca nut essential oils against Streptococcus
mutans by targeting the biofilm and the cell membrane. Front. Cell. Infect. Microbiol. 2023, 13, 1140689. [CrossRef] [PubMed]

16. Bloch, S.; Hager-Mair, F.F.; Andrukhov, O.; Schäffer, C. Oral streptococci: Modulators of health and disease. Front. Cell. Infect.
Microbiol. 2024, 14, 1357631. [CrossRef] [PubMed]

17. Cheng, L.; Zhang, L.; Yue, L.; Ling, J.Q.; Fan, M.W.; Yang, D.Q.; Huang, Z.W.; Niu, Y.M.; Liu, J.G.; Zhao, J.; et al. Expert consensus
on dental caries management. Int. J. Oral Sci. 2022, 14, 17. [CrossRef] [PubMed]

18. Kengadaran, S.; Anusha, D.; Baskar, K.; Muthukrishnan, K.; Pooraninagalakshmi, J.; Prabakar, J. Comparative effectiveness of
herbal and conventional toothpaste on prevention of dental caries: Systematic review and meta-analysis. Indian J. Dent. Res. 2022,
33, 332–337. [CrossRef] [PubMed]

19. Wan, F.; Peng, F.; Xiong, L.; Chen, J.P.; Peng, C.; Dai, M. In vitro and in vivo antibacterial activity of patchouli alcohol from
Pogostemon cablin. Chin. J. Integr. Med. 2021, 27, 125–130. [CrossRef] [PubMed]

20. Loimaranta, V.; Jakubovics, N.S.; Hytönen, J.; Finne, J.; Jenkinson, H.F.; Strömberg, N. Fluid- or surface-phase human salivary
scavenger protein gp340 exposes different bacterial recognition properties. Infect. Immun. 2005, 73, 2245–2252. [CrossRef]
[PubMed]

21. Sciotti, M.A.; Yamodo, I.; Klein, J.P.; Ogier, J.A. The N-terminal half part of the oral streptococcal antigen I/IIf contains two
distinct binding domains. FEMS Microbiol. Lett. 1997, 153, 439–445. [CrossRef]

22. Krzysciak, W.; Jurczak, A.; Koscielniak, D.; Bystrowska, B.; Skalniak, A. The virulence of Streptococcus mutans and the ability to
form biofilms. Eur. J. Clin. Microbiol. Infect. Dis. 2014, 33, 499–515. [CrossRef] [PubMed]

23. Matsumura, M.; Izumi, T.; Matsumoto, M.; Tsuji, M.; Fujiwara, T.; Ooshima, T. The role of glucan-binding proteins in the
cariogenicity of Streptococcus mutans. Microbiol. Immunol. 2003, 47, 213–215. [CrossRef] [PubMed]

24. Fujita, K.; Matsumoto-Nakano, M.; Inagaki, S.; Ooshima, T. Biological functions of glucan-binding protein B of Streptococcus
mutans. Oral Microbiol. Immunol. 2007, 22, 289–292. [CrossRef] [PubMed]

25. Aoki, H.; Shiroza, T.; Hayakawa, M.; Sato, S.; Kuramitsu, H.K. Cloning of a Streptococcus mutans glucosyltransferase gene coding
for insoluble glucan synthesis. Infect. Immun. 1986, 53, 587–594. [CrossRef] [PubMed]

26. Bowen, W.H.; Koo, H. Biology of Streptococcus mutans-derived glucosyltransferases: Role in extracellular matrix formation of
cariogenic biofilms. Caries Res. 2011, 45, 69–86. [CrossRef] [PubMed]

27. van Hijum, S.A.; Kralj, S.; Ozimek, L.K.; Dijkhuizen, L.; van Geel-Schutten, I.G. Structure-function relationships of glucansucrase
and fructansucrase enzymes from lactic acid bacteria. Microbiol. Mol. Biol. Rev. 2006, 70, 157–176. [CrossRef] [PubMed]

28. Hanada, N.; Kuramitsu, H.K. Isolation and characterization of the Streptococcus mutans gtfC gene, coding for synthesis of both
soluble and insoluble glucans. Infect. Immun. 1988, 56, 1999–2005. [CrossRef] [PubMed]

29. Hanada, N.; Kuramitsu, H.K. Isolation and characterization of the Streptococcus mutans gtfD gene, coding for primer-dependent
soluble glucan synthesis. Infect. Immun. 1989, 57, 2079–2085. [CrossRef] [PubMed]

30. Shiroza, T.; Kuramitsu, H.K. Sequence analysis of the Streptococcus mutans fructosyltransferase gene and flanking regions.
J. Bacteriol. 1988, 170, 810–816. [CrossRef] [PubMed]

31. Birkhed, D.; Rosell, K.G.; Granath, K. Structure of extracellular water-soluble polysaccharides synthesized from sucrose by
oral strains of Streptococcus mutans, Streptococcus salivarius, Streptococcus sanguis and Actinomyces viscosus. Arch. Oral Biol. 1979,
24, 53–61. [CrossRef] [PubMed]

32. Burne, R.A.; Chen, Y.Y.M.; Wexler, D.L.; Kuramitsu, H.; Bowen, W.H. Cariogenicity of Streptococcus mutans strains with defects in
fructan metabolism assessed in a program-fed specific-pathogen-free rat model. J. Dent. Res. 1996, 75, 1572–1577. [CrossRef]
[PubMed]

33. Burne, R.A.; Wen, Z.T.; Chen, Y.Y.M.; Penders, J.E.C. Regulation of expression of the fructan hydrolase gene of Streptococcus
mutans GS-5 by induction and carbon catabolite repression. J. Bacteriol. 1999, 181, 2863–2871. [CrossRef] [PubMed]

34. Rozen, R.; Bachrach, G.; Bronshteyn, M.; Gedalia, I.; Steinberg, D. The role of fructans on dental biofilm formation by Streptococcus
sobrinus, Streptococcus mutans, Streptococcus gordonii and Actinomyces viscosus. FEMS Microbiol. Lett. 2001, 195, 205–210. [CrossRef]
[PubMed]

35. You, Y.O. Virulence genes of Streptococcus mutans and dental caries. Int. J. Oral Biol. 2019, 44, 31–36. [CrossRef]

https://doi.org/10.3390/molecules31152577

https://doi.org/10.1016/j.intimp.2020.107056
https://www.ncbi.nlm.nih.gov/pubmed/33039955
https://doi.org/10.1016/j.phrs.2020.104929
https://www.ncbi.nlm.nih.gov/pubmed/32442720
https://www.ncbi.nlm.nih.gov/pubmed/24250637
https://doi.org/10.1016/j.intimp.2018.12.044
https://www.ncbi.nlm.nih.gov/pubmed/30599446
https://doi.org/10.3389/fcimb.2023.1140689
https://www.ncbi.nlm.nih.gov/pubmed/37701779
https://doi.org/10.3389/fcimb.2024.1357631
https://www.ncbi.nlm.nih.gov/pubmed/38456080
https://doi.org/10.1038/s41368-022-00167-3
https://www.ncbi.nlm.nih.gov/pubmed/35361749
https://doi.org/10.4103/ijdr.ijdr_404_21
https://www.ncbi.nlm.nih.gov/pubmed/36656198
https://doi.org/10.1007/s11655-016-2452-y
https://www.ncbi.nlm.nih.gov/pubmed/27080999
https://doi.org/10.1128/iai.73.4.2245-2252.2005
https://www.ncbi.nlm.nih.gov/pubmed/15784568
https://doi.org/10.1016/s0378-1097(97)00287-5
https://doi.org/10.1007/s10096-013-1993-7
https://www.ncbi.nlm.nih.gov/pubmed/24154653
https://doi.org/10.1111/j.1348-0421.2003.tb03389.x
https://www.ncbi.nlm.nih.gov/pubmed/12725291
https://doi.org/10.1111/j.1399-302X.2007.00351.x
https://www.ncbi.nlm.nih.gov/pubmed/17803624
https://doi.org/10.1128/iai.53.3.587-594.1986
https://www.ncbi.nlm.nih.gov/pubmed/3017865
https://doi.org/10.1159/000324598
https://www.ncbi.nlm.nih.gov/pubmed/21346355
https://doi.org/10.1128/mmbr.70.1.157-176.2006
https://www.ncbi.nlm.nih.gov/pubmed/16524921
https://doi.org/10.1128/iai.56.8.1999-2005.1988
https://www.ncbi.nlm.nih.gov/pubmed/2969375
https://doi.org/10.1128/iai.57.7.2079-2085.1989
https://www.ncbi.nlm.nih.gov/pubmed/2543630
https://doi.org/10.1128/jb.170.2.810-816.1988
https://www.ncbi.nlm.nih.gov/pubmed/2828325
https://doi.org/10.1016/0003-9969(79)90175-4
https://www.ncbi.nlm.nih.gov/pubmed/292363
https://doi.org/10.1177/00220345960750080801
https://www.ncbi.nlm.nih.gov/pubmed/8906125
https://doi.org/10.1128/jb.181.9.2863-2871.1999
https://www.ncbi.nlm.nih.gov/pubmed/10217779
https://doi.org/10.1111/j.1574-6968.2001.tb10522.x
https://www.ncbi.nlm.nih.gov/pubmed/11179653
https://doi.org/10.11620/ijob.2019.44.2.31
https://doi.org/10.3390/molecules31152577


Molecules 2026, 31, 2577 16 of 16

36. Len, M.C.L.; Harty, D.W.S.; Jacques, N.A. Proteome analysis of Streptococcus mutans metabolic phenotype during acid tolerance.
Microbiology 2004, 150, 1353–1366. [CrossRef] [PubMed]

37. Lemos, J.A.; Burne, R.A. A model of efficiency: Stress tolerance by Streptococcus mutans. Microbiology 2008, 154, 3247–3255.
[CrossRef] [PubMed]

38. Xu, X.; Zhou, X.D.; Wu, C.D. The tea catechin epigallocatechin gallate suppresses cariogenic virulence factors of Streptococcus
mutans. Antimicrob. Agents Chemother. 2011, 55, 1229–1236. [CrossRef] [PubMed]

39. Beier, D.; Gross, R. Regulation of bacterial virulence by two-component systems. Curr. Opin. Microbiol. 2006, 9, 143–152. [CrossRef]
[PubMed]

40. Lei, L.; Long, L.; Yang, X.; Qiu, Y.; Zeng, Y.L.; Hu, T.; Wang, S.D.; Li, Y.Q. The VicRK two-component system regulates Streptococcus
mutans virulence. Curr. Issues Mol. Biol. 2019, 32, 167–200. [CrossRef] [PubMed]

41. Stipp, R.N.; Boisvert, H.; Smith, D.J.; Höfling, J.F.; Duncan, M.J.; Mattos-Graner, R.O. CovR and VicRK regulate cell surface
biogenesis genes required for biofilm formation in Streptococcus mutans. PLoS ONE 2013, 8, e58271. [CrossRef] [PubMed]

42. Senadheera, D.; Krastel, K.; Mair, R.; Persadmehr, A.; Abranches, J.; Burne, R.A.; Cvitkovitch, D.G. Inactivation of VicK affects
acid production and acid survival of Streptococcus mutans. J. Bacteriol. 2009, 191, 6415–6424. [CrossRef] [PubMed]

43. Wang, S.; Long, L.; Yang, X.; Qiu, Y.; Tao, T.; Peng, X.; Li, Y.; Han, A.; Senadheera, D.B.; Downey, J.S.; et al. Dissecting the role
of VicK phosphatase in aggregation and biofilm formation of Streptococcus mutans. J. Dent. Res. 2021, 100, 631–638. [CrossRef]
[PubMed]

44. Irie, Y.; Parsek, M.R. Quorum sensing and microbial biofilms. In Bacterial Biofilms; Romeo, T., Ed.; Springer: Berlin, Germany, 2008;
Volume 322, pp. 67–84.

45. Lowery, C.A.; Dickerson, T.J.; Janda, K.D. Interspecies and interkingdom communication mediated by bacterial quorum sensing.
Chem. Soc. Rev. 2008, 37, 1337–1346. [CrossRef] [PubMed]

46. Yoshida, A.; Ansai, T.; Takehara, T.; Kuramitsu, H.K. LuxS-based signaling affects Streptococcus mutans biofilm formation. Appl.
Environ. Microbiol. 2005, 71, 2372–2380. [CrossRef] [PubMed]

47. Li, L.; Sun, L.L.; Song, Y.F.; Wu, X.J.; Zhou, X.; Liu, Z.D.; Zhou, R. Screening of Actinobacillus pleuropneumoniae LuxS inhibitors.
Curr. Microbiol. 2013, 67, 564–571. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/molecules31152577

https://doi.org/10.1099/mic.0.26888-0
https://www.ncbi.nlm.nih.gov/pubmed/15133097
https://doi.org/10.1099/mic.0.2008/023770-0
https://www.ncbi.nlm.nih.gov/pubmed/18957579
https://doi.org/10.1128/aac.01016-10
https://www.ncbi.nlm.nih.gov/pubmed/21149622
https://doi.org/10.1016/j.mib.2006.01.005
https://www.ncbi.nlm.nih.gov/pubmed/16481212
https://doi.org/10.21775/cimb.032.167
https://www.ncbi.nlm.nih.gov/pubmed/31166172
https://doi.org/10.1371/journal.pone.0058271
https://www.ncbi.nlm.nih.gov/pubmed/23554881
https://doi.org/10.1128/jb.00793-09
https://www.ncbi.nlm.nih.gov/pubmed/19684142
https://doi.org/10.1177/0022034520979798
https://www.ncbi.nlm.nih.gov/pubmed/33530836
https://doi.org/10.1039/b702781h
https://www.ncbi.nlm.nih.gov/pubmed/18568160
https://doi.org/10.1128/aem.71.5.2372-2380.2005
https://www.ncbi.nlm.nih.gov/pubmed/15870324
https://doi.org/10.1007/s00284-013-0403-9
https://www.ncbi.nlm.nih.gov/pubmed/23743601
https://doi.org/10.3390/molecules31152577

	Introduction 
	Materials and Methods 
	Medium and Reagents 
	Bacterial Strains and Culture Conditions 
	Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) 
	Growth Curve 
	Acid Production Curve 
	Crystal Violet Staining for Established Biofilm Treatment Assay 
	MTT Assay 
	Scanning Electron Microscopy (SEM) Observation 
	Extracellular Polysaccharide (EPS) Quantification 
	Assessment of Membrane Integrity by Annexin V-FITC/PI Staining 
	Real-Time Quantitative PCR Assay 
	Cell Viability Assay 
	Statistical Analysis 

	Results 
	Antibacterial Activity 
	Growth Inhibition of S. mutans by Patchouli Alcohol 
	Inhibition of Acid Production 
	Reduction in Established Biofilm Biomass and Metabolic Activity 
	Scanning Electron Microscopy (SEM) Observations 
	Inhibition of Exopolysaccharide Production 
	Patchouli Alcohol Increased the Proportion of Membrane-Compromised S. mutans Cells 
	Effect on Expression of Virulence Genes 

	Discussion 
	Conclusions 
	References

