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Abstract

Bacterial pathogens have remained a major public health concern for several decades. This
study investigated the antibacterial activities of Miang extracts (at non-neutral and neutral
pH) against Bacillus cereus TISTR 747, Escherichia coli ATCC 22595, Salmonella enterica
serovar Typhimurium TISTR 292 and Streptococcus mutans DMST 18777. The potential of
Polyvinylpolypyrrolidone (PVPP)-precipitated tannin-free Miang extracts in growth-inhibition
of the cariogenic Streptococcus mutans DMST 18777 and its biofilms was also evaluated.
The tannin-rich fermented extracts had the best bacterial growth inhibition against S.
mutans DMST 18777 with an MIC of 0.29 and 0.72 mg/mL for nonfilamentous fungi (NFP)
Miang and filamentous-fungi-processed (FFP) Miang respectively. This observed anti-strep-
tococcal activity still remained after PVPP-mediated precipitation of bioactive tannins espe-
cially, in NFP and FFP Miang. Characterization of the PVPP-treated extracts using High
performance liquid chromatography quadrupole-time of flight-mass spectrometry (HPLC-
QToF-MS) analysis, also offered an insight into probable compound classes responsible for
the activities. In addition, Crystal violet-staining also showed better ICsq values for NFP
Miang (4.30 + 0.66 mg/mL) and FFP Miang (12.73 £ 0.11 mg/mL) against S. mutans DMST
18777 biofilms in vitro. Homology modeling and molecular docking analysis using HPLC-
MS identified ligands in tannin-free Miang supernatants, was performed against modelled S.
mutans DMST 18777 sortase A enzyme. The in silico analysis suggested that the inhibition
by NFP and FFP Miang might be attributed to the presence of ellagic acid, flavonoid
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aglycones, and glycosides. Thus, these Miang extracts could be optimized and explored as
natural active pharmaceutical ingredients (NAPIs) for applications in oral hygienic products.

Introduction

The United Nations’ drive to foster sustainable practices have encouraged the pursuit of good
health and well-being as one of the sustainable development goals (SDGs) [1,2]. In this context,
resilient efforts to combat infectious diseases and pathogenic bacteria (such as Bacillus cereus
and Escherichia coli) that cause foodborne illnesses and/or pose serious problems to human
health is a current research quest [3]. For a time, the discovery of antibiotics was a milestone
that proved effective towards the eradication of these bacterial pathogens. However, this break-
through has been significantly watered down due to the rapid spread of antimicrobial resis-
tance thus necessitating a need to search for better alternatives including natural antimicrobial
agents from food sources [4,5].

Miang is an ethnic fermented tea made from leaves of Camellia sinensis var. assamica and
has been reported to possess strong antioxidant, anti-inflammatory and antimicrobial activi-
ties [6-8]. Kodchasee et al. [9] and Unban et al. [10] have extensively studied the two processes
adopted in the production of fermented Miang products including nonfilamentous fungi
growth based (NFP)-Miang and filamentous fungi growth based (FFP)-Miang respectively,
where they attributed the bioactivities of these teas to tannins, phenolic acids, catechin and its
derivatives. Therefore, Miang extracts could be explored as an eco-friendly bid to prolong the
shelf-life of food products as well as inhibit the growth of pathogenic bacteria.

Second only to the gastrointestinal gut, the oral cavity is home to diverse and abundant
microbial communities (> 700 bacterial species) some of which are major players in disease
pathogenesis especially, in events of oral Dysbiosis [11,12]. The translocation of oral microbes
to the gastrointestinal tract (GIT) via enteral or hematogenous routes has been linked to colo-
rectal cancer, irritable and inflammatory bowel diseases [11]. Streptococcus mutans is an acidu-
ric and acidogenic dental pathogen implicated in dental caries and has closely evolved in
association with the human host making it a model Gram-positive organism [13]. Together
with other anaerobes and oral Streptococci, these pathogens organize into biofilms on dental
surfaces and metabolize food remnants (fermentable sugars). The biofilm formation is medi-
ated through sortase A enzyme which anchors surface proteins on bacterial cell walls to allow
host attachment by S. mutans biofilms. Consequently, these events lead to the formation of
dental plaque, demineralization of enamel, and leaching of teeth components [14,15]. Even
though antimicrobials such as Chlorhexidine (CHX) are usually incorporated in mouth rinses
as chemical anti-plaque agents that serve as adjuncts to the conventional mechanical plaque
control strategies such as tooth-brushing and dental flossing [16,17], long term usage leads to
bacterial resistance, teeth stains, erosion of the oral mucosa and taste alteration [18,19]. More-
over, tannins found in tea and numerous other plants have been reported to exert potent bac-
terial growth inhibition against Gram-positive and Gram-negative bacteria [20]. However,
these compounds are known to be bitter and astringent, cause tooth stains/discolorations as
well as bind histidine-rich proteins in the saliva to cause a moisture void that leads to dry
mouth [21,22]. These drawbacks necessitate the need to explore other effective food products-
derived antimicrobial alternatives that are preferably devoid of tannins, with an acceptable sen-
sory, organoleptic and consumer-friendly properties that could find application as constituents
of mouthwash.

In this study, the antimicrobial activities of acetone extracts including NFP Miang, FFP
Miang, young (YTL) and mature (MTL) tea leaves (raw materials for NFP and FFP Miang
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respectively) were evaluated against two Gram-positive (Bacillus cereus TISTR 747 and Strepto-
coccus mutans DMST 18777) and Gram-negative (Escherichia coli ATCC 22595 and Salmo-
nella enterica serovar Typhimurium TISTR 292) bacteria respectively. In addition, the tea
samples were chemically treated to produce tannin-free extracts after which their antimicro-
bial activities were further investigated against S. mutans DMST 18777.

Materials and methods
Sample collection

FFP and NFP Miang samples were purchased from local producers in Pa-dang sub-district,
Muang district, Phrae Province and Papae sub-district, Mae-Tang district, Chiang Mai Prov-
ince Thailand, respectively. The starting materials for FFP and NFP Miang fermentation were
mature tea leaves MTL (begins at the sixth leaf from the tea shoot) and fresh young tea leaves
YTL (covers the second to the sixth leaf from the tea shoot) were also obtained from the
above-mentioned locations.

Preparation of Miang extracts

FFP Miang, NFP Miang, MTL and YTL were dried in a vacuum dryer (VD53 Binder Oven,
Germany) for 24 h at 50 °C then ground into a powder with a blender respectively. 80% ace-
tone (100 mL) was added to each sample (5g) and the extraction was carried out in a shaking
incubator (Daihan Labtech Co., Ltd., Namyangju-City, Korea) set at 30 °C, 150 rpm for 1 h.
The solution was filtered using a 125 mm Whatman filter paper and concentrated at 40 °C
using rotary evaporator (N-1000 Eyela Rotary Evaporator; Tokyo, Japan). The crude extract
was dissolved in 20 mL of deionized (DI) water (mg extract/mL), and then stored at -20 °C
freezer until further use. For the antimicrobial tests, an aliquot of each extract was prepared
and the pH was adjusted to neutral using 0.1 M NaOH.

Bacterial strains and growth conditions

Bacterial strains were collected from Thailand Institute of Scientific and Technological
Research (TISTR), Department of Medical Sciences Thailand (DMST) and American Type
Culture Collection (ATCC) including Bacillus cereus TISTR 747, Salmonella enterica ser.
Typhimurium TISTR 292, Streptococcus mutans DMST 18777 and Escherichia coli ATCC
22595. Three pathogens were cultivated in Mueller Hinton agar (HiMedia, India) at 37 °C
while S. mutans DMST 18777 was cultivated in Trypticase soy medium (HiMedia, India) sup-
plemented with 1% sucrose at 37 °C under microaerophilic condition.

Determination of antibacterial activities of neutralized (pH 7) and non-
neutralized (pH 4.0-4.6) Miang extracts

The standard agar well diffusion method as described by Hossain et al. [23] with slight modifi-
cation, was used to measure the antibacterial activities of Miang extracts. Briefly, 4-5 isolated
colonies were taken from each 18-24 h pure culture, for subsequent subculture overnight in 5
mL normal saline. Afterward, the culture was adjusted to 0.5 McFarland turbidity standard
(~1.0 x 10*) and 200 pL of each bacterial culture was spread on agar plate surfaces. A sterile
borer (6mm diameter) was used to make wells on the agar and 30 pL of the Miang extracts
each or control (DI water) were dispensed into the well and the plates were incubated for 24 h
at 37 °C. The zone of inhibition around each well was measured as diameters and the units
were represented in millimeters (mm). Inhibition by neutralized extract and organic acids is
calculated according to the following equation: inhibition by neutralized extract (%) = (zone of
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inhibition for neutralized extract/zone of inhibition for non-neutralized extract) x 100, and
inhibition by organic acids (%) = 100 - inhibition by neutralized extract.

Determination of minimum inhibitory (MIC) and minimum bactericidal
concentrations (MBC) of neutralized (pH 7) and non-neutralized (pH 4.0-
4.6) Miang extracts

The broth dilution method was used to determine MIC and MBC according to the method of
Nibir et al. [24] with little modifications. Briefly, overnight cultures were adjusted to 0.5
McFarland standards (~1.0 x 10® CFU/mL) and a 1:1 dilution of each bacterial culture was
inoculated into two-fold serially diluted Miang extracts respectively. After incubation for 18 h,
5 L of the serially diluted cultures were plated onto Mueller Hinton agar and Trypticase soy
agar (Streptococcus mutans) as drop plates and incubated for 24 h at 37 °C. The bacteriostatic
(MIC) and bactericidal (MBC) effects for this study were considered as <3-log and >3-log
decrease in CFU/mL, respectively, compared to the control inoculum [25,26].

Total tannin contents of polyvinylpolypyrrolidone (PVPP)-Miang extract
supernatants

The method of Makkar et al. [27] was adopted where the Miang extracts were chemically
treated with Polyvinylpolypyrrolidone (PVPP) to separate tannins from other phenols.
Briefly, 50 mg/mL PVPP was mixed with Miang extracts each, the mixtures were stirred for
15 mins and centrifuged afterward. The antibacterial activity of the PVPP-treated extract
adjusted to pH 5 [28], was evaluated using the agar well diffusion method as described in 2.4
above. The total tannin (TT) content in the PVPP-treated extracts and original extracts
respectively, were measured using Folin-Ciocalteu reagent [29] and the absorbance was
recorded at 750 nm for all samples. All results were expressed as mg tannic acid equivalent
per gram of sample (TAE/g).

HPLC-QToF-MS analysis Polyvinylpolypyrrolidone (PVPP)-treated Miang
extracts

The supernatants were analyzed using a Hitaci Chromaster HPLC system (Hitaci HighTech,
Chiyoda-ku, Tokyo, Japan) coupled to a time-of flight mass spectrometer (Chromaster 5610
Q-TOF, Tokyo, Japan). The separation of the chemical compounds was conducted using a
Pinnacle-II C18 column (250 x 4.6 mm, 5 um) at a flow rate of 0.8 mL/min. The column tem-
perature and detection wavelengths were set at 40 °C, 210 and 270 nm, respectively. 10.0 uL of
each sample was injected. The mobile phase was composed of 0.1% acetic acid in water (v/v,
A) and acetonitrile (B), with an elution of 95% A and 5% B. The mass spectrometer was oper-
ated in the positive ionization mode over a scan range of m/z 50-1000 with the following set-
tings: capillary voltage, 3.5 kV; counter gas flow, 0.6 L/min; nebulizer, 72.5189 psi; ionizing
temperature, 2500 V.

Inhibition of biofilm formation

Streptococcus mutans DMST 18777 was cultured overnight at 37 °C in Trypticase soy broth to
attain an optical density at 600 nm (OD600) of ~1 [30]. The overnight culture was then diluted
(1:10) in TSB supplemented with 1% sucrose and extracts’ PVPP-treated extracts were added to
desired concentrations respectively. 200 pL of the bacterial inoculum were aliquoted into wells
of a 96-well microplate (flat-bottom) in the absence (untreated control) or presence of the
supernatants and incubated at 37 °C for 24 h. After incubation, the medium was removed and
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biofilms were washed with phosphate-buffered saline (PBS) twice. The plates were stained
with 200 pL 0.1% aqueous crystal violet solution (CV) and incubated for 15 mins at room tem-
perature. The plates were washed twice with water and the remaining CV was solubilized
using 33% acetic acid (150 pL) and incubated under constant shaking for 5 mins. The absor-
bance was recorded at 595 nm and biofilm inhibition was estimated by calculating the absor-
bance at 595 nm of supernatant-treated wells as a percentage of the untreated control wells
while the concentration for each supernatant at which 50% reduction in biofilm formation
was observed when compared to the untreated wells was considered as the ICs,.

Homology modelling

The target amino acid sequence of S. mutans sortase (WP_002269270.1) was retrieved form
the National Center of Biotechnology Information (NCBI) database. The three dimensional
(3D) structure of S. mutans sortase is available in the protein data bank (4tqX.pdb, www.rcsb.
org). However, this template had 40 amino acid residues (predicted transmembrane domain)
truncated from its N-terminal, residues 49-53 were omitted and active site amino acid
(His139) was mutated to stabilize the template crystal structure [31]. The academic version of
MODELLER10.4 was used to generate the 3D structure based on target-template alignment
information (99% identity) using slightly modified python codes [32,33]. Multiple 3D models
were generated but the best model with the lowest discrete optimized protein energy (DOPE)
score was selected. The accuracy and stereochemical quality of the model (.pdb file) was evalu-
ated by PROCHECK, ERRAT, Verify3D and WHATCHECK [34]. The model satisfied all the
evaluation criteria thus was employed for molecular docking study.

Molecular docking

The 3D structures of the identified compounds in the PVPP-treated extracts, were retrieved
from PubChem database (https://pubchem.ncbi.nlm.nih.gov/) as 3D SDF conformer (accessed
on July 4™ 2023). To understand binding interactions between the compounds and sortase A
(.pdb model), docking analyses were performed using Autodock Vina [35]. The.pdb file was
prepared for docking by removal of all fluids and ions in the crystal structure, followed by the
addition of hydrogen atoms, Gasteiger charges and protonation states to ionizable amino acids
at physiologic conditions (pH 7.0). The 3D geometry of the ligands was converted from SDF
format to PDBQT format and optimized via the Merck Molecular Force Field (MMFF) in
open BaBel software. Using Autodock 4.2 [36]. The catalytic triad (His139, Arg213, and
Cys205) were used to set up a grid box in order to cover the active site region whereas the cen-
ter (12.158, 26.714, -14.504) and grid dimension (38, 52, 68) were generated in Autogrid.
Molecular docking was carried out using the optimized ligands in Autodock Vina while trans-
chalcone (co-crystalized with the template 4tqX), doxercalciferol, and biapenem were included
in the docking analyses as reference sortase inhibitors for validation [31,37]. Results were clus-
tered by positional root mean square deviation (RMSD) and represented by the lowest binding
free energy (kcal/mol) followed by examination of binding interaction in Biovia discovery stu-
dio software [38].

Statistical analysis

All experiments were carried out in triplicate and data are expressed as mean + SD whereas
one-way analysis of variance (ANOVA) was used to determine significant differences for mul-
tiple comparisons via SPSS software for Windows version 20 (SPSS Inc., Chicago, IL, USA).
p<0.05 was considered statistically significant.
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Table 1. The inhibition zone of Miang extracts tested against Bacillus cereus TISTR 747, Escherichia coli ATCC 22595, Salmonella Typhimurium TISTR 292 and
Streptococcus mutans DMST 18777.

Sample Zone of Inhibition
Non-neutralized extracts Neutralized extracts
YTL MTL NFP FFP YTL MTL NFP FFP
pH 4.3 4.6 4.3 4.0 7.0
Bacillus cereus TISTR 747 (mm) 588 +0.63° | 3.00+1.00° | 8.75+0.25" | 7.00+0.00° - - 7.75+0.75° | 5.25+ 1.25°
Escherichia coli ATCC 22595 (mm) - - 4.25+0.75° 5.50 + 0.50% - - 475+025 | 2.75+0.25°
Salmonella Typhimurium TISTR 292(mm) - - 6.50 + 0.50° 6.00 + 1.00° - - 8.25+0.75° | 7.75 £ 0.25°

Streptococcus mutans DMST 18777 (mm) | 4.00 + 1.00° | 3.00 £ 0.50° | 13.75+ 1.25% | 12.00 + 0.50° | 4.50 +0.50° | 4.00 +0.00° | 9.00 +0.00° | 6.75 +0.25¢

YTL: Young tea leaves (109.5 mg/mL), MTL: Mature tea leaves (100.5 mg/mL), NFP: Non-filamentous fungi growth based process fermented Miang (74.5 mg/mL), FFP:
Filamentous fungi-growth based process fermented Miang (91.5 mg/mL). Different alphabets represent significant differences (p<0.05, Tukey’s test).

https://doi.org/10.1371/journal.pone.0302717.t001

Results

In this study, the antibacterial activities of original (pH 4.0-4.6) and neutralized (pH 7) Miang
extracts were investigated against Gram-positive Bacillus cereus TISTR 747; Streptococcus
mutans DMST 18777, and Gram-negative Escherichia coli ATCC 22595; Salmonella enterica
ser. Typhimurium TISTR 292, respectively. Using the agar-well diffusion technique, NFP and
FFP Miang extracts showed better antibacterial activities compared to young (YTL) and
mature tea leaves (MTL). At neutral pH, NFP and FFP Miang still inhibited the growth of B.
cereus TISTR 747 and S. mutans DMST 18777 with organic acids in NFP Miang contributing
~11.4% and 34.54% of the inhibition respectively (Table 1).

Similarly, ~25% and 43.75% of the antibacterial activity by FFP Miang against the Gram-posi-
tive pathogens was due to organic acids. On the contrary, neutralizing the extracts did not signifi-
cantly (p>0.05) alter the antibacterial activity of NFP Miang against E. coli ATCC 22595 while
FFP Miang showed ~50% antibacterial activity of the extract was as a result of tea polyphenols
indicating bioactive acids constituents contributed the remaining 50% inhibition (Figs 1 and 2).

NFP and FFP Miang (pH 7.0) showed better growth inhibition against Sm. Typhimurium
TISTR 292 compared to the original (non-neutralized) Miang extracts (Table 1). Antibacterial
quantitative assays showed an overall better MIC (< 3 log decrease in CFU/mL) and MBC
(> 3 log decrease in CFU/mL) for NFP and FFP Miang compared to the young (YTL) and
mature tea leaves (MTL) against all the pathogens at non-neutralized and neutralized pH of
the extracts respectively. Against B. cereus TISTR 747, an MBC of 109.5 mg/mL and 100.5 mg/
mL was observed at non-neutral pH for YTL and MTL. On the contrary, the MBC observed at
both pH of the extracts for NFP Miang (37.25 mg/mL) and FFP Miang (45.75 mg/mL) was sig-
nificantly (p<0.05) lower when tested against the same pathogen (Fig 3A). YTL, MTL and FFP
Miang showed significantly (p<0.05) better MICs (54.75 mg/mL, 25.13 mg/mL, 5.72 mg/mL)
and MBCs (109.5 mg/mL, 50.25 mg/mL, 22.88 mg/mL) at non-neutralized pH against E. coli
ATCC 22595 compared to the neutralized extracts. However, the MIC (9.31 mg/mL) and
MBC (18.63 mg/mL) of NFP Miang when tested against the Gram-negative E. coli was the
same irrespective of extracts’ pH (Fig 3B). Moreover, YTL (non-neutralized) inhibited Sm.
Typhimurium TISTR 292 with an observed MIC and MBC of 54.75 mg/mL and 109.5 mg/mL
respectively, but no growth inhibition was observed for YTL and MTL at pH 7 nor for the nor-
mal (non-neutralized) extract of MTL (Fig 3C). On the other hand, NFP Miang had a similar
MIC (9.31 mg/mL) and MBC (18.63 mg/mL) at both tested pH values whereas FFP Miang (at
pH 7) showed a lower MIC (11.44 mg/mL) compared to the non-neutralized FFP Miang
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Control “ ‘ Control

Control

Fig 1. Antibacterial activities of non-neutralized tea leaf extracts and non-neutralized Miang extracts against Bacillus cereus TISTR 747 (A), Escherichia
coli ATCC 22595 (B), Salmonella Typhimurium TISTR 292 (C), Streptococcus mutans DMST 18777 (D). Sterile water was used as the control. YTL:
Young tea leaves, MTL: Mature tea leaves, NFP: Non-filamentous fungi growth based process fermented Miang, FFP: Filamentous fungi-growth based
process fermented Miang (pH 4.0-4.9).

https://doi.org/10.1371/journal.pone.0302717.9001

extract (22.88 mg/mL). The extracts had the best bacterial growth inhibition against S. mutans
DMST 18777 with an MBC range of 3.42-6.84 mg/mL in YTL and MTL; while NFP and FFP
Miang showed an MIC of 0.29 and 0.72 mg/mL respectively, albeit the MIC of NFP Miang
(pH 7) was significantly (p<0.05) lower (0.15 mg/mL) compared to the non-neutralized
extract (Fig 3D).

In this regard, tannin-free extracts were further prepared and tested against S. mutans
DMST 1877 and the result showed a significant (p<0.05) difference in the zone of inhibition
compared to the original (tannin-rich) extracts (Table 2).
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Fig 3. Antibacterial activities of non-neutralized and neutralized extracts of Miang and tea leaves against Bacillus cereus TISTR 747 (A), Escherichia coli
ATCC 22595 (B), Salmonella Typhimurium TISTR 292 (C), Streptococcus mutans DMST 18777 (D). Young tea leaves (YTL), mature tea leaves (MTL),
non-filamentous fungi-process based fermented Miang (NFP) and filamentous fungi-process based fermented Miang (FFP). “Different asterisk * and **
represent significant differences of MIC and MBC, respectively (p<0.05)”.

https://doi.org/10.1371/journal.pone.0302717.9g003

However, tannin-free extracts still maintained potent inhibitions against S. mutans DMST
18777 (Fig 4). It was important to test the antibacterial activities of the extracts at non-neutral-
ized and neutralized pH because it showed the observed activities was not exclusively due to
low extract pH. Moreover, the pH of the tannin-free extract was adjusted to 5 which is still
within the acceptable criteria for mouthwash (4.0-6.5) [28].
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Table 2. The inhibition zone of tannin-free extracts of Miang and tea leaves against Streptococcus mutans DMST 18777.

SAMPLE
YTL MTL NFP FFP
Tannin-rich Tannin-free Tannin-rich Tannin-free Tannin-rich Tannin-free Tannin-rich Tannin-free
extract extract extract extract extract extract extract extract
Streptococcus mutans | 15.00 +1.00° | 8.00+0.00° | 13.00+0.50* | 7.00+0.50° | 1850+0.25" | 1250+ 1.00° | 2250+0.50° | 10.50 0.25"
DMST 18777 (mm)

YTL: Young tea leaves (109.5 mg/mL), MTL: Mature tea leaves (100.5 mg/mL), NFP: Non-filamentous fungi growth based process fermented Miang (74.5 mg/mL), FFP:
Filamentous fungi-growth based process fermented Miang (91.5 mg/mL). Different alphabets represent significant differences (p<0.05, Independent samples T-test).

https://doi.org/10.1371/journal.pone.0302717 1002

Considering the residual tannin contents after precipitation was significantly (p<0.05) low,
this suggests that antimicrobial activities of the PVPP-treated extracts may be due to other
compound classes (Fig 5).

Compound annotations obtained from LCMS analysis (S1 Table) shows the presence of gal-
lic acid, ellagic acid, quinic acid, lactic acid and butyric acid, flavonoid aglycones and flavonoid
glycosides in the fermented PVPP-treated extracts (S1 Fig). The inhibitory activity of PVPP-
treated extracts against the formation of S. mutans DMST 18777 biofilms was also investigated.
CV-staining showed better ICs, values for NFP Miang (4.30 + 0.66 mg/mL) and FFP Miang
(12.73 £ 0.11 mg/mL) compared to the young and mature tea leaves respectively (Fig 6).

Molecular docking studies using the identified compounds against S. mutans sortase A
showed stronger inhibition for ellagic acid, flavonoid aglycones and glycosides (Fig 7) which
have been previously detected in NFP Miang and FFP Miang.

Fig 4. (A) Antibacterial activities of tannin rich and (B) tannin-free (pH 5) Miang extracts against Streptococcus mutans DMST 18777. YTL: Young
tea leaves, MTL: Mature tea leaves, NFP: Non-filamentous fungi growth based process fermented Miang, FFP: Filamentous fungi-growth based
process fermented Miang.

https://doi.org/10.1371/journal.pone.0302717.9004
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Fig 5. Total tannin contents in Miang extracts before and after polyvinylpyrrolidone (PVPP)-precipitation. Young tea leaves, mature tea
leaves, non-filamentous fungi-process based fermented Miang (NFP) and filamentous fungi-process based fermented Miang (FFP). Different
alphabets represent significant differences (p<0.05, Tukey’s test).

https://doi.org/10.1371/journal.pone.0302717.9005

Like the reference compounds (Fig 8), epicatechin, gallocatechin, chlorogenic acid, and
5-feruloylquinic acid interacted with the active site catalytic triad (Cys205, Arg213 and
His139) suggesting a probable competitive-like inhibition (Table 3).

Discussion

A cheaper, reliable, and sustainable bioprospection of plant extracts for possible application in
innovative functional foods, natural active pharmaceutical ingredients (NAPIs) and/or thera-
peutics is a current research trend [39]. In this study, fermented Miang extracts (NFP and FFP
Miang) showed better growth inhibition against both Gram positive (B. cereus TISTR 747 and
S. mutans DMST 18777) and Gram-negative (E. coli ATCC 22595 and Sm. Typhimurium
TISTR 292) pathogens compared to young (YTL) and mature (MTL) tea leaves respectively.
The contents of tannins and organic acids including ellagic acid, galacturonic acid, tartaric
acid, lactic acid, succinic acid, and acetic acid; in NFP and FFP Miang have been reported to
significantly increase after fermentation [6] thus may have translated into the observed antimi-
crobial activities. The contribution of the compound classes to the antimicrobial activities was

PLOS ONE | https://doi.org/10.1371/journal.pone.0302717 May 8, 2024 11/20


https://doi.org/10.1371/journal.pone.0302717.g005
https://doi.org/10.1371/journal.pone.0302717

PLOS ONE

Antimicrobial activities of Miang extracts against foodborne pathogens and cariogenic Streptococcus mutans

IC50 (mg/mL)

60-

40-

20-

a
B \ - H
Young leaves Mature leaves NFP FFP
Sample

Fig 6. Anti-biofilm activity of polyvinylpyrrolidone (PVPP)-treated Miang extracts on S. mutans DMST 18777. Young tea leaves, mature
leaves, non-filamentous fungi-process based fermented Miang (NFP) and filamentous fungi-process based fermented Miang (FFP). Different
alphabets represent significant differences (p<0.05, Tukey’s test).

https://doi.org/10.1371/journal.pone.0302717.9006

investigated by neutralizing the pH of Miang extracts (Table 1) and the results suggested that
organic acids and/or essential oils may actually confer significant antimicrobial activities in
FFP Miang compared to NFP Miang especially, against S. mutans DMST 18777, B. cereus
TISTR 747, and E. coli ATCC 22595. This observation for FFP Miang might be due the simul-
taneous stepwise fermentation process applied to produce the fermented product which uses
filamentous fungi, yeast, and bacteria subsequently leading to microbial-mediated synthesis of
acids, terpenes, esters, and other volatile aromatic compounds (VOCs) as these compounds
have been previously characterized in FFP Miang using GC/MS analysis [9,40]. Some of these
compounds including terpenes and alkaloids are known to permeate membranes and interca-
late DNA in bacterial pathogens [41]. There are confirmed reports that show essential oils
such as eugenol, in plant extracts contributed to potent growth inhibition of Gram-positive
bacteria such as S. mutans. [42]. The zones of inhibition were larger for the fermented extracts
tested under non-neutral pH (4.0-4.9) conditions against S. mutans DMST 18777 and B.
cereus TISTR 747 (Figs 1 and 2) which suggests organic acids in NFP Miang and more so FFP
Miang (S1 Fig), diffuse easier into the more permeable Gram-positive cell walls compared to
the outer phospholipid membrane of Gram-negative bacteria which precludes cell invasion by
lipophilic compounds [43,44]. Interestingly, FFP Miang (pH 7) showed a smaller zone of inhi-
bition against E. coli ATCC 22595 while the same extract as well as NFP Miang (pH 7) extracts
showed a better growth inhibition of Sm. Typhimurium TISTR 292 compared to their non-
neutral counterparts (Table 1). The tannins and/or other non-acidic compounds alone are
thought to be responsible for this inhibition against Sm. Typhimurium TISTR 292 at pH 7
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https://doi.org/10.1371/journal.pone.0302717.g007

which suggest the presence of potent compounds with salient pharmacophores capable of
probable penetration and targeting of cellular machineries in this pathogen. In addition, cate-
chins have been previously implicated in the disruption of bacterial membranes by interfering
with the normal function of proteins on their cell surface [29,30]. However, the discrepancy
observed for FFP Miang (at pH 7) against E. coli in this study could be further investigated in
the future so as to shed more light into how the non-neutral and/or volatile compounds con-
tained in FFP Miang exerted their growth inhibition against this Gram-negative pathogen.
Moreover, the inhibition pattern reported using agar well diffusion technique agreed with
that observed for the quantitative experiments albeit the latter was able to give an idea as to the
strength of extract inhibition through the MIC and MBC estimations. Overall, the fermented
teas showed better MIC/MBCs compared to the young and mature tea extracts (NFP
Miang > FFP Miang > YTL ~ MTL) against the bacterial pathogens with S. mutans DMST
18777 showing the best activity especially, for extracts tested at pH 7 (Fig 3D). On this note,
the effect of PVPP-treated Miang extracts (tannin-free) were investigated against cariogenic S.
mutans DMST 18777 since this pathogen is known to thrive on food/sugar remnants (such as
sucrose & fructose) thereby causing infection by attaching to hosts’ oral cavities using bacterial
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adhesins, exopolysaccharides amongst others, thus aggregating into effective and infectious
biofilms that are less susceptible to antibiotics compared to planktonic pathogens [45-48].
Streptococcus mutans has been reported to recruit sucrose-dependent mechanisms where glu-
cosyltransferase (GTF) mediates a reactions with glucan-binding proteins (GBP) to cause the
formation of dental plaques [49-51]. Interestingly, tannins have been reported to inhibit GTF-
mediated synthesis of insoluble glucans thus suppressed S. mutans proliferation [52]. There-
fore, targeting these biofilms will require 2-4 folds the original MICs calculated for the test fer-
mented extracts to be able to arrive at experimentally-relevant concentrations that could
effectively inhibit the bacterial biofilms [53]. The lower MIC and MBC observed for the
extracts at pH 7 (Fig 3D) also suggests a retained antimicrobial activity independent of organic
acids which could make the extracts choice selections to be applied in therapeutic formulations
targeted against aciduric and acidogenic S. mutans strains. However, 2-4 folds the original
MICs might increase tannin contents to thresholds that might be toxic to the host system in
addition to the sensory drawbacks of tannin deposition which causes tooth stains and bitter
sensation thus will perhaps guarantee consumers’ dissatisfaction with such therapeutic formu-
lations [21].
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Table 3. Binding energies and bonding interactions of docked compounds.

# | Compound Binding energy Hydrogen bonding
(kcal/mol)
Ref. | Trans-chalcone -6.3 -
Ref. | Biapenem -6.0 Cys205, His139
Ref. | Doxercalciferol -6.8 Cys205
1 | Ellagic acid -9.5 Thr204, Ser138, Val203.
2 | Quercetin dihexoside -7.3 GIn239, Ser240, Ser245, Gln243, Phe246.
3 | Apigenin-6-C-glucosyl-8-C- -7.2 Ser240, Phe246, GIn243, Lys102, Asn242.
arabinoside
4 | Quercetin -7.1 Ile103, Tyr241.
5 | Quercetin-3-glucoside -7.0 Ser245, Tyr241, Gly146.
6 | Epigallocatechin gallate -6.9 Tyr241, GIn243, Phe246, GIn239.
7 | Myricetin-3-galactoside -6.7 Asn193, Asp192, Val190, Asn133, Gul99,
Glu189, Lys181.
8 | Chlorogenic acid -6.6 Cys205, Ser138, His187, Pro185.
9 | Gallocatechin -6.6 Cys205, Arg213, His187, Val203, Ser138.
10 | Epicatechin -6.5 His187, Arg213, Cys205.
11 | 5-Feruloylquinic acid -6.4 Cys205, Pro185, Thr184.
12 | 3-p-Coumaroylquinic acid -6.4 Tyr241, GIn243, Ser245.
13 | Dicaffeoylquinic acid 1 -5.7 GIn239.
14 | Dicaffeoylquinic acid 3 -5.6 Glul56, Ser148, Gly146, Gly143, Met144,
Ser147.
15 | Gallic acid -5.6 Argl194, Val190, Glu189.
16 | Uronic acid -5.6 Phe246, Ser245, GIn243.
17 | Pyrogallol -5.0 Asp192, Val190.
18 | Quinic acid -5.0 Lys181, Glu189, Glu179.
19 | Pyroglutamic acid -4.6 Thr184, Pro185, Val188.
20 | Lactic acid -4.1 Asnl32, Asn193, Lys124.
21 | Butyric acid -3.7 1le103.

*represents an unfavorable positive-positive interaction.

https://doi.org/10.1371/journal.pone.0302717.t1003

Van der Waals®, Hydrophobic & Electrostatic®
interactions

Cys205, Alal37, Val203, Val190, Arg213.
His139°, Ala210, Leul16

His139, Leull6, Leulll, Arg213, Val203, Ile215, Val190,
1le191, Val188, Met123.

Arg213*
Lys102.
Tyr241%, Lys102, Pro99.

Lys102.
Lys102, GIn149.
Lys102.
His187, His217, Argl94.

Arg213%, Val203?, His139%, Ala137, Leull6.
Alal37, Met123.
Leull1? 1le119? Val188%, Met123, Val203, Ala137.
Ala137, Met123% Val203®.
Lys102.
Phe246.
Thr206°, Glul56, Phel42.

His217.
Lys102
Argl94, His217.

To address this, PVPP-treated extracts tested against S. mutans DMST 18777 using agar
well diffusion technique showed residual antimicrobial activity after precipitating out tannins
(Table 2) more so for NFP Miang compared to the other extracts (NFP Miang > FFP
Miang > YTL ~ MTL) (Fig 4). The efficiency of tannin precipitation was evaluated by quanti-
tative estimation of tannin contents in the original Miang extracts and their corresponding
PVPP-treated extracts where the result showed a > 90% precipitation efficiency overall (Fig 5)
which mildly suggest other compound classes and/or the residual tannins (in young and
mature teas) might be responsible for the growth inhibition of this supernatant against S.
mutans DMST 18777. Interestingly NFP Miang (4.30 mg/mL; ICs,) and FFP Miang (12.73
mg/mL; ICs) supernatants showed appreciable inhibitory activities against S. mutans DMST
18777 biofilm formation which indicates that the antibacterial activity of the tannin-free super-
natants from these fermented samples were potent enough to exert anti-biofilm activities. A
computational docking study was considered given the effectiveness of the PVPP-treated
extracts in the inhibition of the Gram-positive S. mutans DMST 18777. Sortase A is a highly
conserved membrane-associated enzyme in Gram-positive bacteria that facilitate the covalent
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attachment of bacterial virulent-surface proteins on bacterial cell walls to mediate host cell
attachment, biofilm formation, iron acquisition, signaling, invasion and pili formation
[31,54,55]. Sortase A recognizes the conserved LPXTG (Leucine, proline, X = any amino acid,
threonine, glycine) motif at the C-terminus of S. mutans surface proteins and hydrolyzes the
amide bond between threonine and glycine residues using a conserved active site cysteine
(Cys205) residue. The thioacyl intermediate formed attaches to the cell wall precursor lipid II
pentaglycine side chain. On the other hand, side chains of His139 and Arg213 in the active site
serve as a general base as well as stabilizer of ionic intermediates in the sortase catalyzed hydro-
lysis thus making sortase A an attractive chemotherapeutic target [31,56-58]. Medicinal plants
rich in flavonoids (including kempferol, apigenin and quercetin) and tannins (such as ellagi-
tannins and proanthocyanidins) have been shown to contribute to the maintenance of oral
health and are therefore applied as additives or major ingredients in toothpastes or mouth-
washes [59]. Our results suggested ellagic acid, flavonoid aglycones, flavonoid glycosides and
organic acid derivatives might be responsible for the antimicrobial activities of NFP and FFP
Miang (Table 3, Fig 7C) from the observed docking binding energies. Further experiments
could explore possibilities of enriching and/or optimizing tannin-free Miang extracts as poten-
tial candidates to be applied as natural active pharmaceutical ingredients (NAPIs).

Conclusion

This study confirmed that microbial fermentation increased the antimicrobial activities of
neutralized and non-neutralized Miang extracts against both Gram-positive (B. cereus TISTR
747 and S. mutans DMST 18777) and Gram-negative (E. coli ATCC 22595 and Sm. Typhimur-
ium TISTR 292) bacteria. The quantitative estimation of antibacterial activities showed a lower
MIC and MBC for all especially, the fermented extracts tested against S. mutans DMST 18777.
The extracts were precipitated using PVPP and the tannin-free extracts still retained apprecia-
ble growth inhibition against S. mutans DMST 18777 while NFP and FFP Miang showed
appreciable IC50 values against S. mutans DMST 18777 biofilms. Overall, the result showed
the potential of these extracts to be enriched, optimized and possibly find future applications
as a mainstay in combating bacterial pathogens and as potential ingredients in mouthwashes.

Supporting information

S$1 Fig. HPLC chromatogram of polyvinylpyrrolidone (PVPP)-treated Miang extracts.
YTL: Young tea leaves, MTL: Mature tea leaves, NFP: Non-filamentous fungi growth based
process fermented Miang, FFP: Filamentous fungi-growth based process fermented Miang.
(PDF)

S1 Table. Identification of compounds in polyvinylpyrrolidone (PVPP)-treated Miang
extracts. “Abbreviations are listed as follows: OA; organic acid; F3, flavan-3-ol; FL, flavonol/
flavone; PA, phenolic acid; PP, Polyphenol; AA, amino acid. "RT: Retention time All acquisi-
tions were carried out in the positive mode (m/z, [M + H] *) using LC-MS (at 210 and 270 nm
wavelengths).

(PDF)

Acknowledgments

The authors would like to acknowledge the Chiang Mai University’s Graduate school and
Presidential scholarship program, respectively. We also acknowledge Faculty of Agro-Indus-
try, Chiang Mai University, for providing the research facilities.

PLOS ONE | https://doi.org/10.1371/journal.pone.0302717 May 8, 2024 16/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0302717.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0302717.s002
https://doi.org/10.1371/journal.pone.0302717

PLOS ONE

Antimicrobial activities of Miang extracts against foodborne pathogens and cariogenic Streptococcus mutans

Author Contributions

Conceptualization: Chalermpong Saenjum, Chartchai Khanongnuch.
Data curation: Aliyu Dantani Abdullahi, Pratthana Kodchasee.
Formal analysis: Aliyu Dantani Abdullahi.

Funding acquisition: Chartchai Khanongnuch.

Investigation: Pratthana Kodchasee, Napapan Kangwan, Hathairat Thananchai, Chartchai
Khanongnuch.

Project administration: Chartchai Khanongnuch.
Resources: Kridsada Unban.

Supervision: Kridsada Unban, Chalermpong Saenjum, Napapan Kangwan, Hathairat Tha-
nanchai, Kalidas Shetty.

Writing - original draft: Aliyu Dantani Abdullahi.

Writing - review & editing: Aliyu Dantani Abdullahi, Kalidas Shetty, Chartchai
Khanongnuch.

References

1. Idoko VO, Sulaiman MA, Adamu RM, Abdullahi AD, Tajuddeen N, Mohammed A, et al. Evaluating
Khaya senegalensis for dipeptidyl peptidase-IV inhibition using in vitro analysis and molecular dynamic
simulation of identified bioactive compounds. Chemistry & Biodiversity. 2023; 20(2):e202200909.

2. Morton S, Pencheon D, Squires N. Sustainable Development Goals (SDGs), and their implementation:
A national global framework for health, development and equity needs a systems approach at every
level. British Medical Bulletin. 2017; 124(1):81-90. https://doi.org/10.1093/bmb/Idx031 PMID:
29069332

3. Chinemerem Nwobodo D, Ugwu MC, Oliseloke Anie C, Al-Ouqaili MTS, Chinedu Ikem J, Victor Chigo-
zie U, et al. Antibiotic resistance: The challenges and some emerging strategies for tackling a global
menace. Journal of Clinical Laboratory Analysis. 2022; 36(9):e24655. https://doi.org/10.1002/jcla.
24655 PMID: 35949048

4. Livermore D m. The need for new antibiotics. Clinical Microbiology and Infection. 2004; 10(s4):1-9.
https://doi.org/10.1111/j.1465-0691.2004.1004.x PMID: 15522034

5. MinKY, Kim HJ, Lee KA, Kim KT, Paik HD. Antimicrobial activity of acid-hydrolyzed Citrus unshiu peel
extract in milk. Journal of Dairy Science. 2014; 97(4):1955-60.

6. Abdullahi AD, Kodchasee P, Unban K, Pattananandecha T, Saenjum C, Kanpiengjai A, et al. Compari-
son of phenolic contents and scavenging activities of Miang extracts derived from filamentous and non-
filamentous fungi-based fermentation processes. Antioxidants. 2021; 10(7):1144. https://doi.org/10.
3390/antiox10071144 PMID: 34356376

7. Khanongnuch C, Unban K, Kanpiengjai A, Saenjum C. Recent research advances and ethno-botanical
history of Miang, a traditional fermented tea (Camellia sinensis var. assamica) of northern Thailand.
Journal of Ethnic Foods. 2017; 4(3):135-44.

8. Leangnim N, Unban K, Thangsunan P, Tateing S, Khanongnuch C, Kanpiengjai A. Ultrasonic-assisted
enzymatic improvement of polyphenol content, antioxidant potential, and in vitro inhibitory effect on
digestive enzymes of Miang extracts. Ultrasonics Sonochemistry. 2023; 94:106351.

9. Kodchasee P, Nain K, Abdullahi AD, Unban K, Saenjum C, Shetty K, et al. Microbial dynamics-linked
properties and functional metabolites during Miang fermentation using the filamentous fungi growth-
based process. Food Bioscience. 2021; 41:100998.

10. Unban K, Khatthongngam N, Pattananandecha T, Saenjum C, Shetty K, Khanongnuch C. Microbial
community dynamics during the non-filamentous fungi growth-based fermentation process of Miang, a
traditional fermented tea of north Thailand and their product characterizations. Frontiers in Microbiol-
ogy. 2020; 11. https://doi.org/10.3389/fmicb.2020.01515 PMID: 32765442

11.  Kitamoto S, Nagao-Kitamoto H, Hein R, Schmidt TM, Kamada N. The bacterial connection between the
oral cavity and the gut diseases. Journal of Dental Research. 2020; 99(9):1021-9. https://doi.org/10.
1177/0022034520924633 PMID: 32464078

PLOS ONE | https://doi.org/10.1371/journal.pone.0302717 May 8, 2024 17/20


https://doi.org/10.1093/bmb/ldx031
http://www.ncbi.nlm.nih.gov/pubmed/29069332
https://doi.org/10.1002/jcla.24655
https://doi.org/10.1002/jcla.24655
http://www.ncbi.nlm.nih.gov/pubmed/35949048
https://doi.org/10.1111/j.1465-0691.2004.1004.x
http://www.ncbi.nlm.nih.gov/pubmed/15522034
https://doi.org/10.3390/antiox10071144
https://doi.org/10.3390/antiox10071144
http://www.ncbi.nlm.nih.gov/pubmed/34356376
https://doi.org/10.3389/fmicb.2020.01515
http://www.ncbi.nlm.nih.gov/pubmed/32765442
https://doi.org/10.1177/0022034520924633
https://doi.org/10.1177/0022034520924633
http://www.ncbi.nlm.nih.gov/pubmed/32464078
https://doi.org/10.1371/journal.pone.0302717

PLOS ONE Antimicrobial activities of Miang extracts against foodborne pathogens and cariogenic Streptococcus mutans

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Lauwers G, Mino-Kenudson M, Kradin RL. Infections of the gastrointestinal tract. Diagnostic pathology
of infectious disease. 2010;215-54.

Bedoya-Correa CM, Rincon Rodriguez RJ, Parada-Sanchez MT. Genomic and phenotypic diversity of
Streptococcus mutans. Journal of Oral Biosciences. 2019; 61(1):22-31. https://doi.org/10.1016/j.job.
2018.11.001 PMID: 30929798

Forssten SD, Bjorklund M, Ouwehand AC. Streptococcus mutans, caries and simulation models. Nutri-
ents. 2010; 2(3):290-8.

Koo H, Falsetta ML, Klein MI. The exopolysaccharide matrix. Journal of Dental Research. 2013; 92
(12):1065-73.

Van Leeuwen MPC, Slot DE, Van der Weijden GA. Essential oils compared to chlorhexidine with
respect to plaque and parameters of gingival inflammation: a systematic review. Journal of Periodontol-
ogy. 2011; 82(2):174-94. https://doi.org/10.1902/jop.2010.100266 PMID: 21043801

Yousefimanesh H, Amin M, Robati M, Goodarzi H, Otoufi M. Comparison of the antibacterial properties
of three mouthwashes containing chlorhexidine against oral microbial plaques: An in vitro study. Jun-
dishapur Journal of Microbiology. 2015; 8(2):e17341. https://doi.org/10.5812/jjm.17341 PMID:
25825646

James P, Worthington HV, Parnell C, Harding M, Lamont T, Cheung A, et al. Chlorhexidine mouthrinse
as an adjunctive treatment for gingival health. Cochrane Database of Systematic Reviews. 2017; 3(3):
CD008676. https://doi.org/10.1002/14651858.CD008676.pub2 PMID: 28362061

McCoy LC, Wehler CJ, Rich SE, Garcia RI, Miller DR, Jones JA. Adverse events associated with chlor-
hexidine use: results from the Department of Veterans Affairs Dental Diabetes Study. Journal of the
American Dental Association. 2008; 139(2):178-83. https://doi.org/10.14219/jada.archive.2008.0134
PMID: 18245686

Boakye Y, Agyare C, Hensel A. Anti-infective properties and time-kill kinetics of Phyllanthus muelleria-
nus and its major constituent, geraniin. Medicinal Chemistry: Current Research. 2016; 6:95-105.

Radafshar G, Ghotbizadeh M, Saadat F, Mirfarhadi N. Effects of green tea (Camellia sinensis) mouth-
wash containing 1% tannin on dental plaque and chronic gingivitis: a double-blinded, randomized, con-
trolled trial. Journal of Investigative and Clinical Dentistry. 2017; 8(1):e12184.

Soares S, Brandao E, Guerreiro C, Soares S, Mateus N, de Freitas V. Tannins in Food: Insights into the
Molecular Perception of Astringency and Bitter Taste. Molecules. 2020; 25(11):2590. https://doi.org/
10.3390/molecules25112590 PMID: 32498458

Hossain MS, Nibir YM, Zerin S, Ahsan N. Antibacterial activities of the methanolic extract of Bangla-
deshi black tea against various human pathogens. Dhaka University Journal of Pharmaceutical Sci-
ences. 2014; 13(1):97-103.

Nibir YM, Sumit AF, Akhand AA, Ahsan N, Hossain MS. Comparative assessment of total polyphenols,
antioxidant and antimicrobial activity of different tea varieties of Bangladesh. Asian Pacific Journal of
Tropical Biomedicine. 2017; 7(4):352-7.

Belley A, Neesham-Grenon E, Arhin FF, McKay GA, Parr TR, Moeck G. Assessment by time-kill meth-
odology of the synergistic effects of oritavancin in combination with other antimicrobial agents against
Staphylococcus aureus. Antimicrob Agents Chemother. 2008; 52(10):3820-2.

Ramos PAB, Moreirinha C, Silva S, Costa EM, Veiga M, Coscueta E, et al. The health-promoting poten-
tial of Salix spp. bark polar extracts: Key insights on phenolic composition and in vitro bioactivity and
biocompatibility. Antioxidants. 2019; 8(12):609.

Makkar HPS, Blimmel M, Borowy NK, Becker K. Gravimetric determination of tannins and their correla-
tions with chemical and protein precipitation methods. Journal of the Science of Food and Agriculture.
1993; 61(2):161-5.

Nazliniwaty N, Laila L. Formulation and antibacterial activity of Plectranthus amboinicus (Lour.) spreng
leaves ethanolic extract as herbal mouthwash against halitosis caused bacteria. Open Access Macedo-
nian Journal of Medical Sciences. 2019; 7(22):3900-3.

Padma R, Parvathy NG, Renijith V, Rahate K. Quantitative estimation of tannins, phenols and antioxi-
dant activity of methanolic extract of Imperata cylindrica. International Journal of Research in Pharma-
ceutical Sciences. 2013; 4:73-7.

Steinberg D, Moreinos D, Featherstone J, Shemesh M, Feuerstein O. genetic and physiological effects
of noncoherent visible light combined with hydrogen peroxide on Streptococcus mutans in biofilm. Anti-
microbial Agents and Chemotherapy. 2008; 52(7):2626-31.

Wallock-Richards D J., Marles-Wright J J. Clarke D, Maitra A, Dodds M, Hanley B, et al. Molecular
basis of Streptococcus mutans sortase A inhibition by the flavonoid natural product trans -chalcone.
Chemical Communications. 2015; 51(52):10483-5.

Pillai GG. Modeller Notebooks. 2023 [cited 2023 Sep 28]. https://github.com/giribio/ModellerNotebooks

PLOS ONE | https://doi.org/10.1371/journal.pone.0302717 May 8, 2024 18/20


https://doi.org/10.1016/j.job.2018.11.001
https://doi.org/10.1016/j.job.2018.11.001
http://www.ncbi.nlm.nih.gov/pubmed/30929798
https://doi.org/10.1902/jop.2010.100266
http://www.ncbi.nlm.nih.gov/pubmed/21043801
https://doi.org/10.5812/jjm.17341
http://www.ncbi.nlm.nih.gov/pubmed/25825646
https://doi.org/10.1002/14651858.CD008676.pub2
http://www.ncbi.nlm.nih.gov/pubmed/28362061
https://doi.org/10.14219/jada.archive.2008.0134
http://www.ncbi.nlm.nih.gov/pubmed/18245686
https://doi.org/10.3390/molecules25112590
https://doi.org/10.3390/molecules25112590
http://www.ncbi.nlm.nih.gov/pubmed/32498458
https://github.com/giribio/ModellerNotebooks
https://doi.org/10.1371/journal.pone.0302717

PLOS ONE Antimicrobial activities of Miang extracts against foodborne pathogens and cariogenic Streptococcus mutans

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Webb B, Sali A. Protein structure modeling with MODELLER. Methods in Molecular Biology. 2017;
1654:39-54. https://doi.org/10.1007/978-1-4939-7231-9_4 PMID: 28986782

Elengoe A, Naser MA, Hamdan S. Modeling and docking studies on novel mutants (K71L and T204V)
of the ATPase domain of human heat shock 70 kDa protein 1. International Journal of Molecular Sci-
ences. 2014; 15(4):6797-814. https://doi.org/10.3390/jms15046797 PMID: 24758925

Trott O, Olson AJ. AutoDock Vina: improving the speed and accuracy of docking with a new scoring
function, efficient optimization, and multithreading. Journal of Computational Chemistry. 2010; 31
(2):455-61. https://doi.org/10.1002/jcc.21334 PMID: 19499576

Morris GM, Goodsell DS, Halliday RS, Huey R, Hart WE, Belew RK, et al. Automated docking using a
Lamarckian genetic algorithm and an empirical binding free energy function. Journal of Computational
Chemistry. 1998; 19(14):1639-62.

Yang S, Zhang J, Yang R, Xu X. Small molecule compounds, a novel strategy against Streptococcus
mutans. Pathogens. 2021; 10(12):1540.

Yooin W, Saenjum C, Ruangsuriya J, Jiranusornkul S. Discovery of potential sclerostin inhibitors from
plants with loop2 region of sclerostin inhibition by interacting with residues outside Pro-Asn-Ala-lle-Gly
motif. Journal of Biomolecular Structure and Dynamics. 2020; 38(5):1272-82. https://doi.org/10.1080/
07391102.2019.1599427 PMID: 30907243

Versino F, Ortega F, Monroy Y, Rivero S, Lépez OV, Garcia MA. Sustainable and Bio-Based Food
Packaging: A review on past and current design innovations. Foods. 2023; 12(5):1057. https://doi.org/
10.3390/foods 12051057 PMID: 36900574

Kodchasee P, Pharin N, Suwannarach N, Unban K, Saenjum C, Kanpiengjai A, et al. Assessment of
tannin tolerant non-Saccharomyces yeasts isolated from Miang for production of health-targeted bever-
age using Miang processing byproducts. Journal of Fungi. 2023; 9(2):165.

Cowan MM. Plant products as antimicrobial agents. Clinical Microbiology Reviews. 1999; 12(4):564—
82. https://doi.org/10.1128/CMR.12.4.564 PMID: 10515903

Rao BRR, Kotharia SK, Rajput DK, Patel RP, Darokar MP. Chemical and biological diversity in fourteen
selections of four Ocimum species. Natural Product Communications. 2011; 6(11):1705-10. PMID:
22224293

Longaray Delamare AP, Moschen-Pistorello IT, Artico L, Atti-Serafini L, Echeverrigaray S. Antibacterial
activity of the essential oils of Salvia officinalis L. and Salvia triloba L. cultivated in South Brazil. Food
Chemistry. 2007; 100(2):603-8.

YiZ,YuY, Liang Y, Zeng B. In vitro antioxidant and antimicrobial activities of the extract of Pericarpium
Citri Reticulatae of a new Citrus cultivar and its main flavonoids. LWT—Food Science and Technology.
2008; 41(4):597-603.

Hamilton-Miller JMT. Anti-cariogenic properties of tea (Camellia sinensis). Journal of Medical Microbiol-
ogy. 2001; 50(4):299-302.

Ramalingam K, Amaechi BT. Antimicrobial effect of herbal extract of Acacia arabica with triphala on the
biofilm forming cariogenic microorganisms. Journal of Ayurveda and Integrative Medicine. 2020; 11
(3):322-8.

Barak T, Sharon E, Steinberg D, Feldman M, Sionov RV, Shalish M. Anti-bacterial effect of cannabidiol
against the Cariogenic Streptococcus mutans bacterium: An in vitro study. IUMS. 2022; 23(24):15878.

Conrady DG, Brescia CC, Horii K, Weiss AA, Hassett DJ, Herr AB. A zinc-dependent adhesion module
is responsible for intercellular adhesion in staphylococcal biofilms. Proceedings of the National Acad-
emy of Sciences. 2008; 105(49):19456—61. https://doi.org/10.1073/pnas.0807717105 PMID:
19047636

Dani S, Prabhu A, Chaitra KR, Desai NC, Patil SR, Rajeev R. Assessment of Streptococcus mutans in
healthy versus gingivitis and chronic periodontitis: A clinico-microbiological study. Contemporary Clini-
cal Dentistry. 2016; 7(4):529-34.

Krzysciak W, Jurczak A, Koscielniak D, Bystrowska B, Skalniak A. The virulence of Streptococcus
mutans and the ability to form biofilms. European Journal of Clinical Microbiology & Infectious Diseases.
2014; 33(4):499-515.

Satria D, Sofyanti E, Wulandari P, Fajarini F, Pakpahan SD, Limbong SA. Antibacterial activity of
Medan Butterfly pea (Clitoria ternatea L.) corolla extract against Streptococcus mutans
ATCC®25175TM and Staphylococcus aureus ATCC®6538™. PHAR. 2022; 69(1):195-202.

Yanagida A, Kanda T, Tanabe M, Matsudaira F, Oliveira Cordeiro JG. Inhibitory effects of apple poly-
phenols and related compounds on cariogenic factors of mutans streptococci. Journal of Agricultural
and Food Chemistry. 2000; 48(11):5666—71. https://doi.org/10.1021/{f000363i PMID: 11087536

Manner S, Vahermo M, Skogman ME, Krogerus S, Vuorela PM, Yli-Kauhaluoma J, et al. New deriva-
tives of dehydroabietic acid target planktonic and biofilm bacteria in Staphylococcus aureus and

PLOS ONE | https://doi.org/10.1371/journal.pone.0302717 May 8, 2024 19/20


https://doi.org/10.1007/978-1-4939-7231-9%5F4
http://www.ncbi.nlm.nih.gov/pubmed/28986782
https://doi.org/10.3390/ijms15046797
http://www.ncbi.nlm.nih.gov/pubmed/24758925
https://doi.org/10.1002/jcc.21334
http://www.ncbi.nlm.nih.gov/pubmed/19499576
https://doi.org/10.1080/07391102.2019.1599427
https://doi.org/10.1080/07391102.2019.1599427
http://www.ncbi.nlm.nih.gov/pubmed/30907243
https://doi.org/10.3390/foods12051057
https://doi.org/10.3390/foods12051057
http://www.ncbi.nlm.nih.gov/pubmed/36900574
https://doi.org/10.1128/CMR.12.4.564
http://www.ncbi.nlm.nih.gov/pubmed/10515903
http://www.ncbi.nlm.nih.gov/pubmed/22224293
https://doi.org/10.1073/pnas.0807717105
http://www.ncbi.nlm.nih.gov/pubmed/19047636
https://doi.org/10.1021/jf000363i
http://www.ncbi.nlm.nih.gov/pubmed/11087536
https://doi.org/10.1371/journal.pone.0302717

PLOS ONE Antimicrobial activities of Miang extracts against foodborne pathogens and cariogenic Streptococcus mutans

54.

55.

56.

57.

58.

59.

effectively disrupt bacterial membrane integrity. European Journal of Medicinal Chemistry. 2015;
102:68-79.

Clancy KW, Melvin JA, McCafferty DG. Sortase transpeptidases: Insights into mechanism, substrate
specificity, and inhibition. Peptide Science. 2010; 94(4):385-96. https://doi.org/10.1002/bip.21472
PMID: 20593474

Li MY, Huang RJ, Zhou XD, Gregory RL. Role of sortase in Streptococcus mutans under the effect of
nicotine. International Journal of Oral Science. 2013; 5(4):206—11.

Maresso AW, Schneewind O. Sortase as a Target of Anti-Infective Therapy. Pharmacological Reviews.
2008; 60(1):128—41. https://doi.org/10.1124/pr.107.07110 PMID: 18321961

Marraffini LA, DeDent AC, Schneewind O. Sortases and the art of anchoring proteins to the envelopes
of gram-positive bacteria. Microbiology and Molecular Biology Reviews. 2006; 70(1):192-221. https:/
doi.org/10.1128/MMBR.70.1.192-221.2006 PMID: 16524923

Chenna BC, Shinkre BA, King JR, Lucius AL, Narayana SVL, Velu SE. Identification of novel inhibitors
of bacterial surface enzyme Staphylococcus aureus Sortase A. Bioorganic & Medicinal Chemistry Let-
ters. 2008; 18(1):380-5.

Kovac J, Slobodnikova L, Trajc¢ikova E, Rendekova K, Mucaiji P, Sychrova A, et al. Therapeutic poten-
tial of flavonoids and tannins in management of oral infectious diseases—A review. Molecules. 2023;
28(1):158.

PLOS ONE | https://doi.org/10.1371/journal.pone.0302717 May 8, 2024 20/20


https://doi.org/10.1002/bip.21472
http://www.ncbi.nlm.nih.gov/pubmed/20593474
https://doi.org/10.1124/pr.107.07110
http://www.ncbi.nlm.nih.gov/pubmed/18321961
https://doi.org/10.1128/MMBR.70.1.192-221.2006
https://doi.org/10.1128/MMBR.70.1.192-221.2006
http://www.ncbi.nlm.nih.gov/pubmed/16524923
https://doi.org/10.1371/journal.pone.0302717

