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Abstract

Dental caries is a biofilm-dependent oral disease and Streptococcus mutans is the known

primary etiologic agent of dental caries that initiates biofilm formation on tooth surfaces.

Although some Lactobacillus strains inhibit biofilm formation of oral pathogenic bacteria, the

molecular mechanisms by which lactobacilli inhibit bacterial biofilm formation are not clearly

understood. In this study, we demonstrated that Lactobacillus plantarum lipoteichoic acid

(Lp.LTA) inhibited the biofilm formation of S. mutans on polystyrene plates, hydroxyapatite

discs, and dentin slices without affecting the bacterial growth. Lp.LTA interferes with

sucrose decomposition of S. mutans required for the production of exopolysaccharide,

which is a main component of biofilm. Lp.LTA also attenuated the biding of fluorescein iso-

thiocyanate-conjugated dextran to S. mutans, which is known to have a high affinity to exo-

polysaccharide on S. mutans. Dealanylated Lp.LTA did not inhibit biofilm formation of S.

mutans implying that D-alanine moieties in the Lp.LTA structure were crucial for inhibition.

Collectively, these results suggest that Lp.LTA attenuates S. mutans biofilm formation and

could be used to develop effective anticaries agents.

Introduction

A biofilm is a dense community of bacteria attached to an organic or inorganic surface. Gener-

ally, bacteria in the biofilm are enclosed in an extracellular polymeric substance matrix of poly-

saccharides, proteins, extracellular DNA, and metabolites [1]. During the transition from

planktonic to biofilm bacteria, a variety of physiological characteristics change. Genes associ-

ated with adhesion molecules or exopolysaccharide (EPS) and antibiotic-resistance genes are

increased in biofilm bacteria [2]. Bacteria in biofilms are known to be 10- to 1000-times more

resistant to antibiotics and antimicrobial peptides than planktonic bacteria. Biofilm bacteria

can avoid phagocytosis by macrophages or neutrophils [3, 4]. Accordingly, biofilms are a pub-

lic health concern due to increased resistance to antibiotics that limits treatment options.

Dental caries is a representative biofilm-associated infectious disease of the oral cavity

accompanied by tooth acidification and demineralization [5]. Cariogenic bacteria such as
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Streptococcus mutans, Streptococcus sobrinus, and lactobacilli are important in the pathogenesis

of dental caries [6]. Among these bacteria, S. mutans, a facultative anaerobic Gram-positive

bacterium, is a main cause of enamel decay and caries. S. mutans has characteristics for coloni-

zation of hard tissues in the human oral cavity and mediation of cariogenic biofilms through

metabolism of dietary sugar. In particular, glucosyltransferases (GTFs) are involved in S.

mutans biofilm formation by creating α1,3- and α1,6-linked glucan chains using carbohy-

drates such as sucrose and glucose [7]. Glucan mediates the adherence of S. mutans to tooth

surfaces, bacterial cell-to-cell adhesion, and the formation of the extracellular polymeric sub-

stance matrix that provides the structural integrity and stability of biofilms.

Commensal bacteria are known to have beneficial effects on hosts. In particular, Lactobacil-
lus species that constitute a major part of microbiota interfere with infection with pathogens

by producing antimicrobial molecules, improving epithelial barrier function, and inhibiting

adherence of pathogens to epithelial cells [8, 9]. Lactobacilli also have beneficial effects on oral

health. For example, Lactobacillus acidophilus culture supernatants alleviate gingivitis and peri-

odontitis [10]. Lactobacillus plantarum, Lactobacillus reuteri, and Lactobacillus rhamnosus GG

inhibit S. mutans biofilm formation [11]. However, the mechanisms by which lactobacilli

inhibit biofilm formation of pathogens responsible for dental caries have not been determined.

Lipoteichoic acid (LTA), a major cell wall component of Gram-positive bacteria, is an

amphiphilic glycolipid linked to a hydrophilic polyphosphate polymer [12]. LTA is known to

be involved in bacterial growth, resistance to cationic antimicrobial peptides, bacterial adhe-

sion, biofilm formation, and stimulation of host immunity [12, 13]. Lactobacilli LTA is

reported to interfere with infection by pathogens. For example, L. plantarum LTA inhibits pro-

duction of pro-inflammatory cytokines, chemokines, and endotoxin shock induced by Shigella
flexneri and Vibrio anguillarum [14–17]. L. plantarum LTA induces production of anti-inflam-

matory cytokines without inducing inflammatory responses [16]. However, the regulatory

effect of lactobacilli LTA on S. mutans biofilm formation that is closely associated with dental

caries is rarely studied. Therefore, in this study, we investigated the inhibitory effect and the

underlying molecular mechanisms of LTA from lactobacilli strains on S. mutans biofilm

formation.

Materials and methods

Bacteria and reagents

L. plantarum KCTC10887BP and S. mutans KCTC 3065 were obtained from the Korean Col-

lection for Type Culture (Daejeon, Republic of Korea). S. mutans Ingbritt, OMZ-65, and LM-7

were obtained from the Korean Collection for Oral Microorganisms (Seoul National Univer-

sity, Seoul, Republic of Korea). Clinical strains of S. mutans KCOM1197 and KCOM1214 were

obtained from the Korean Collection for Oral Microbiology (Chosun University, Gwangju,

Republic of Korea). Fluorescein isothiocyanate-conjugated dextran (dextran-FITC) and LIVE/

DEAD Bacterial Viability Kits were from Molecular Probes (Eugene, OR, USA). Muramyl

dipeptide (MDP) and L-ala-gamma-D-glu-mDAP (Tri-DAP) were from InvivoGen (San

Diego, CA, USA). Proteinase K and octyl-sepharose CL-4B beads were from Sigma-Aldrich

Chemical Inc. (St. Louis, MO, USA).

Purification of LTA

LTA was prepared from L. plantarum (Lp.LTA) as previously described [18]. Structural

intactness of Lp.LTA was confirmed with high-field nuclear magnetic resonance and matrix-

assisted laser desorption ionization-time of flight mass spectrometry as previously described

[19]. LTAs purified from Lactobacillus sakei K101, Lactobacillus delbrueckii K552, and L.
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rhamnosus GG ATCC53103 were kindly provided by Prof. Dae Kyun Chung at Kyung Hee

University (Suwon, Republic of Korea). No biologically active molecules such as endotoxins,

nucleic acids, or proteins were detected in the purified LTA preparations [19–21]. Lp.LTA

with D-alanine removed was prepared by incubating intact Lp.LTA with 0.1 M Tris-HCl at pH

8.5 for 24 h [22]. Dealanylation of LP.LTA was confirmed with thin layer chromatography

using 1% ninhydrin solution and 5% phosphomolybdic acid.

Preparation of lipoproteins and peptidoglycan

Lipoproteins from L. plantarum were isolated as described previously [23]. Bacterial pellets

were harvested and suspended in Tris-buffered saline (TBS) containing proteinase inhibitors.

Bacterial lysate was incubated with 2% Triton X-114 at 4˚C for 2 h. After centrifugation, super-

natants were collected and further incubated at 37˚C for 15 min. After centrifugation, aqueous

phase was discarded and an equal volume of TBS was added to the Triton X-114 phase. After

incubating at 37˚C for 15 min, the Triton X-114 phase was collected by centrifugation and

mixed with methanol at -20˚C overnight. Precipitated lipoproteins were dissolved in 10 mM

octyl β-D-glucopyranoside. Peptidoglycan from L. plantarum was isolated as described previ-

ously [24, 25]. Bacteria pellets were disrupted by a bead beater and centrifuged at 800 x g for 10

min to remove cell debris. Supernatants were recentrifuged at 20,000 x g for 10 min and pellets

were heated at 60˚C for 30 min in 0.5% sodium dodecyl sulfate (SDS). Precipitates were treated

with 10 μg/ml DNase, 50 μg/ml RNase, and 200 μg/ml trypsin at 37˚C for 18 h. After centrifu-

gation, pellets were suspended in 5% trichloroacetic acid and incubated at 26˚C for 18 h. Pre-

cipitates were treated with pre-chilled acetone that was removed by washing with pyrogen-free

water. Final pellets were collected as purified peptidoglycan suspended in pyrogen-free water.

Preparation of hydroxyapatite discs

Hydroxyapatite discs (10 mm diameter, 2 mm thickness) were prepared by sintering of

hydroxyapatite powder (Sigma-Aldrich Chemical Inc.) as previously described [26]. Hydroxy-

apatite powders were pressed at 3000 MPa by using a hydraulic press (Carver, IN, USA). Com-

pressed hydroxyapatite powders were sintered at 1200˚C for 24 h using an electric furnace

(Korea Furnace, Seoul, Republic of Korea). To confirm sterility, hydroxyapatite discs were

incubated in brain-heart infusion (BHI) broth (BD Bioscience, Franklin Lakes, NJ, USA) over-

night at 37˚C and incubated media plated on BHI agar plates. Bacterial colonies were not

observed at the end of the incubation period. Hydroxyapatite discs were coated with human

saliva prior to use [27].

Preparation of human dentin slices

Preparation and use of human dentin slices was approved by the Institutional Review Board of

Seoul National University Dental Hospital, Seoul, Republic of Korea (CRI 15007). The institu-

tional review board waived the written informed consent from study subjects. Single-rooted

premolars with fully formed apices were obtained from patients undergoing extractions for

orthodontics in the Department of Oral and Maxillofacial Surgery at Seoul National University

Dental Hospital. Calculus and soft tissue on the root surfaces were removed by an ultrasonic

scaler. Cleaned teeth were sliced into 500 μm thick cross sections using an Isomet precision

saw (Buehler, Lake Bluff, IL, USA). Dentin slices were treated with 17% EDTA for 5 min, fol-

lowed by treatment with 2.5% sodium hypochlorite for 5 min. After neutralizing with 5%

sodium thiosulfate for 5 min, dentin slices were autoclaved for 15 min at 121˚C. To confirm

sterility, dentin slices were incubated in BHI broth overnight at 37˚C and the incubated media

Inhibitory effect of L. plantarum LTA against biofilm formation of S. mutans
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were plated on BHI agar plates. Bacterial colonies were not observed at the end of the incuba-

tion period. Dentin slices were coated with human saliva prior to use [28].

Measurement of biofilm formation using crystal violet staining

S. mutans (1 × 108 CFU/ml) was grown in 96-well plates at 37˚C for 24 h in BHI medium sup-

plemented with 0.05% sucrose. After incubation, planktonic bacteria were removed by gentle

washing with phosphate buffered saline (PBS), and biofilms were stained with 0.1% crystal vio-

let solution for 30 min at room temperature. Plates were rinsed with PBS and adhered dye was

dissolved with a solution (95% ethanol and 0.1% acetic acid in water). Absorbance was mea-

sured at 600 nm with a microplate reader (Molecular Devices, CA, USA) and the results were

expressed as the percentage of control group.

Measurement of biofilm formation using confocal laser scanning

microscopy

S. mutans (1 × 108 CFU/ml) was grown in glass bottom dishes at 37˚C for 24 h in BHI medium

supplemented with 0.05% sucrose. After incubation, planktonic bacteria were removed by gen-

tle washing with PBS, and bacterial biofilms were determined with LIVE/DEAD Bacterial Via-

bility Kits containing SYTO9 and propidium iodide according to the manufacturer’s

instructions. The excitation/emission maxima were 480/500 nm for SYTO9 and 490/635 nm

for propidium iodide. Fluorescence was visualized with LSM700 confocal laser scanning

microscope (Zeiss, Jena, Germany). Simultaneous dual channel imaging was used to display

green and red fluorescence.

Scanning electron microscopy

Scanning electron microscope analysis was performed as described previously [29]. S. mutans
(1 × 108 CFU/ml) was grown in 24-well plates, or on saliva-coated HA discs or dentin slices at

37˚C for 24 h in BHI medium supplemented with 0.05% sucrose. Adherent bacteria were pre-

fixed with a PBS containing 2.5% glutaraldehyde and 2% paraformaldehyde (pH 7) at 4˚C

overnight and washed with PBS. Samples were subsequently fixed with 1% osmium tetroxide

for 90 min, washed three times with distilled water, and dehydrated by replacing buffer with

increasing concentrations of ethanol (70%, 80%, 90%, 95%, and 100% for 15 min each). After

drying with hexamethyldisilazane and coating with ion sputter, samples were observed under

a scanning electron microscope (S-4700, Hitachi, Tokyo, Japan).

Measurement of EPS by flow cytometry

S. mutans (1 × 108 CFU/ml) was grown in the presence or absence of Lp.LTA in BHI medium

supplemented with 0.05% sucrose at 37˚C for 24 h. After incubation, Lp.LTA was removed by

gentle washing with PBS three times, and EPS of S. mutans was stained with 5 μg/ml of dex-

tran-FITC for 10 min. The production of EPS was determined by flow cytometry using FACS-

Calibur with CellQuest software (BD Biosciences, San Diego, CA, USA). Percentage of EPS-

positive S. mutans was shown in each histogram.

High-performance liquid chromatography

Sucrose decomposition by enzymatic reaction of S. mutans was determined by high-perfor-

mance liquid chromatography with refractive index detector (HPLC-RID) on the Agilent 1200

Infinity LC system (Agilent Technologies, Boeblingen, Germany). S. mutans (1 × 108 CFU/ml)

was grown in BHI medium supplemented with 0.5% sucrose at 37˚C for 24 h in the presence

Inhibitory effect of L. plantarum LTA against biofilm formation of S. mutans
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or absence of Lp.LTA. Then, culture supernatants were obtained and subjected to HPLC-RID

analysis. Separation of the samples was performed on the Aminex HPX-87P column with dis-

tilled water as the mobile phase and eluted in isocratic mode at a flow rate of 0.5 ml/min for 25

min. The injection volume was 10 μl. Data acquisition and analysis were performed by using

the Agilent ChemStation software (Agilent Technologies).

Statistical analysis

All experiments were performed at least three times. Mean ± standard deviation (S.D.) was

obtained from triplicate samples for each treatment group. Statistical significance was exam-

ined using t-test and results were considered significant at P< 0.05.

Results

L. plantarum LTA inhibits S. mutans biofilm formation

Culture supernatants of lactobacilli such as L. plantarum, Lactobacillus helveticus, and L. aci-
dophilus, inhibit microbial biofilm [11, 30]. We examined the effect of L. plantarum culture

supernatant (Lp.sup) on S. mutans biofilm formation. Lp.sup inhibited S. mutans biofilm for-

mation in a dose-dependent manner (Fig 1A). To characterize molecules that might be

involved in Lp.sup-mediated inhibition of S. mutans biofilm formation, S. mutans was treated

with Lp.sup, proteinase K-treated Lp.sup, heat-treated Lp.sup, or Lp.sup treated with octyl-

sepharose beads. Proteinase K or heat treatment hardly altered the inhibitory effects of Lp.sup

on the biofilm formation of S. mutans (Fig 1B), whereas Lp.sup treated with octyl-sepharose

beads remarkably recovered inhibition of S. mutans biofilm formation (Fig 1C). These results

suggest that some hydrophobic molecules are essential components in Lp.sup for inhibiting S.

mutans biofilm formation. To identify molecule(s) in Lp.sup that inhibited S. mutans biofilm

formation, S. mutans was treated with microbe-associated molecular patterns from bacterial

culture supernatants such as L. plantarum LTA (Lp.LTA), L. plantarum lipoproteins (Lp.LPP),

L. plantarum peptidoglycan (Lp.PGN), MDP, or Tri-DAP. Lp.LTA inhibited biofilm forma-

tion of S. mutans, whereas the other molecules did not affect S. mutans biofilm formation (Fig

1D). These results suggest that Lp.LTA might be a key molecule in Lp.sup responsible for inhi-

bition of S. mutans biofilm formation.

LTA purified from L. plantarum inhibits biofilm formation and

aggregation of S. mutans in dental biofilm models

S. mutans biofilm formation in the presence of Lp.LTA was evaluated by using confocal

laser scanning microscopy and scanning electron microscopy. S. mutans biofilm formation

and aggregation were inhibited by Lp.LTA in a dose-dependent manner (Fig 2A and 2B). S.

mutans is involved in dental caries and apical periodontitis through forming biofilms [6,

31]. To investigate the inhibitory effect of Lp.LTA against S. mutans biofilm formation in

dental biofilm models representing dental caries and apical periodontitis, S. mutans biofilm

on saliva-coated hydroxyapatite discs or human dentin slices was examined after Lp.LTA

treatment. Lp.LTA inhibited S. mutans biofilm formation on both models in a dose-depen-

dent manner (Fig 2C and 2D). Notably, a different morphology in Fig 2C seems to be due to

the particular surface structure of hydroxyapatite discs. These results suggest the possibility

that Lp.LTA could be used clinically to treat dental infectious diseases such as dental caries

or apical periodontitis.

Inhibitory effect of L. plantarum LTA against biofilm formation of S. mutans
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L. plantarum LTA, but not other Lactobacillus-derived LTAs, inhibits the

biofilm of S. mutans clinical isolates

In order to examine if the inhibitory effect was unique to Lp.LTA, S. mutans biofilm was

formed in the presence of LTAs from various Lactobacillus species including L. plantarum (Lp.

LTA), L. sakei (Ls.LTA), L. delbrueckii (Ld.LTA), and L. rhamnosus GG (Lgg.LTA). Of the

LTAs from tested Lactobacillus species, only Lp.LTA showed a significant inhibition of S.

mutans biofilm formation (Fig 3A). To confirm the inhibitory effect of Lp.LTA on biofilm for-

mation of various S. mutans strains, S. mutans Ingbritt, OMZ, and LM-7 strains were treated

with different doses of Lp.LTA. S. mutans Ingbritt, OMZ, and LM-7 were substantially

Fig 1. L. plantarum LTA inhibits S. mutans biofilm formation. S. mutans (1 × 108 CFU/ml) was grown on 96-well polystyrene plates at 37˚C for 24 h in the

presence or absence of (A) L. plantarum culture supernatant (Lp.sup) at the indicated concentrations; (B) 20% of Lp.sup, proteinase K-treated Lp.sup (ProK-Lp.sup),

or heat-treated Lp.sup (Heat-Lp.sup); (C) 20% of Lp.sup or octyl-sepharose beads-treated Lp.sup (Octyl beads-Lp.sup); (D) 30 μg/ml of L. plantarum LTA (Lp.LTA),

L. plantarum lipoprotein (Lp.LPP), L. plantarum peptidoglycan (Lp.PGN), MDP, or Tri-DAP. Biofilm formation extent was determined by a crystal violet assay. Data

are mean values ± S.D. of triplicate samples. Asterisk, significant induction at P< 0.05 compared with non-treatment control group.

https://doi.org/10.1371/journal.pone.0192694.g001
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inhibited by Lp.LTA (Fig 3B–3D). To determine if Lp.LTA inhibited clinical strains as well as

laboratory strains, the clinical isolates S. mutans KCOM1197 and KCOM1214 were treated

with different doses of Lp.LTA. KCOM1197 and KCOM1214 biofilms were efficiently inhib-

ited by Lp.LTA (Fig 3E and 3F). These results suggest that Lp.LTA could be used as a universal

therapeutic agent for S. mutans biofilm-associated dental diseases regardless of strain type.

Inhibition of S. mutans biofilm formation by L. plantarum LTA lasts till

late stages of biofilm development without affecting bacterial growth

To examine if inhibition by Lp.LTA occurred at an early phase of biofilm development or

lasted till the late phase, S. mutans biofilm formation was determined at 1, 3, 6, 12, 24, or 48 h

after Lp.LTA treatment. Lp.LTA inhibition of S. mutans biofilm began to be observed at the

early bacterial attachment stage at 3 h and remained till the late mature biofilm formation

stage at 48 h (Fig 4A). Next, to examine if inhibition of biofilm formation by Lp.LTA was due

to suppression of bacterial growth or survival or to direct inhibition of biofilm formation, S.

mutans was treated with Lp.LTA and incubated for 1, 3, 6, 12, and 24 h at shaking condition.

Lp.LTA did not significantly affect S. mutans growth (Fig 4B). We further examined if the

Fig 2. L. plantarum LTA inhibits biofilm formation and aggregation of S. mutans in dental biofilm models. (A) S. mutans (1 × 108 CFU/ml) was grown in glass

bottom dishes at 37˚C for 24 h in the presence or absence of Lp.LTA at 3, 10, or 30 μg/ml. Lp.LTA-treated S. mutans biofilms were observed by confocal laser scanning

microscopy (green, SYTO9; red, propidium iodide). (B-D) S. mutans (1 × 108 CFU/ml) was grown on (B) 24-well polystyrene plates, (C) saliva-coated hydroxyapatite

discs, or (D) saliva-coated dentin slices at 37˚C for 24 h in the presence or absence of Lp.LTA at 3, 10, or 30 μg/ml. Lp.LTA-treated S. mutans biofilms were visualized by

scanning electron microscopy (magnification: × 5,000 and × 30,000).

https://doi.org/10.1371/journal.pone.0192694.g002

Inhibitory effect of L. plantarum LTA against biofilm formation of S. mutans

PLOS ONE | https://doi.org/10.1371/journal.pone.0192694 February 8, 2018 7 / 16

https://doi.org/10.1371/journal.pone.0192694.g002
https://doi.org/10.1371/journal.pone.0192694


inhibitory effect of Lp.LTA on the biofilm formation was due to interference with the binding

of S. mutans to plastic surface. As shown in Fig 4C, biofilm formation was inhibited by pre-

coating the culture plate with Lp.LTA, but to lesser degree, in comparison with the Lp.LTA co-

Fig 3. L. plantarum LTA inhibits biofilm formation of various S. mutans strains. (A) S. mutans (1 × 108 CFU/ml) was grown on 96-well

polystyrene plates at 37˚C for 24 h in the presence or absence of Lp.LTA, Lactobacillus sakei LTA (Ls.LTA), Lactobacillus delbrueckii LTA (Ld.LTA),

or Lactobacillus rhamnosus GG LTA (Lgg.LTA) at the indicated concentrations. S. mutans (B) Ingbritt, (C) OMZ-65, (D) LM-7, (E) KCOM1197, or

(F) KCOM1214 was cultured on 96-well polystyrene plates at 37˚C for 24 h with Lp.LTA at 10 or 30 μg/ml. Biofilm formation extent was determined

by the crystal violet assay. Data are mean values ± S.D. of triplicate samples. Asterisks, significant induction at P< 0.05 compared with non-treatment

control group.

https://doi.org/10.1371/journal.pone.0192694.g003
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treatment. It implies that the Lp.LTA inhibition of bacterial biding to plastic surface through a

simple competition is unlikely to be the major mechanism. Notably, Lp.LTA did not affect the

established biofilm (Fig 4D).

Fig 4. Inhibition of S. mutans biofilm formation by L. plantarum LTA lasts till late stages of biofilm development without affecting the bacterial growth. (A) S.

mutans (1 × 108 CFU/ml) was grown on 96-well polystyrene plates at 37˚C for 1, 3, 6, 12, 24, or 48 h in the presence or absence of Lp.LTA at 30 μg/ml. Biofilm formation

extent was determined by the crystal violet assay. (B) S. mutans (1 × 108 CFU/ml) was grown at shaking condition for 1, 3, 6, 12, or 24 h in the presence of Lp.LTA at

30 μg/ml. S. mutans growth was determined by the optical density at 540 nm with a spectrophotometer. (C) S. mutans (1 × 108 CFU/ml) was grown in the presence of Lp.

LTA at 10 or 30 μg/ml on Lp.LTA-uncoated polystyrene plates (Co-treated) or was grown on the plates pre-coated with Lp.LTA at 10 or 30 μg/ml (Pre-coated) at 37˚C

for 24 h. (D) S. mutans (1 × 108 CFU/ml) was grown on polystyrene plates at 37˚C for 24 h, and then supernatant containing planktonic bacteria was removed. Pre-

formed biofilm was treated with Lp.LTA (10 or 30 μg/ml) and further incubated at 37˚C for 6 h. Biofilm formation was determined by a crystal violet assay. Data are

mean values ± S.D. of triplicate samples. Asterisks, significant induction at P< 0.05 compared with non-treatment control group.

https://doi.org/10.1371/journal.pone.0192694.g004
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D-Alanine moiety of L. plantarum LTA is essential for inhibition of S.

mutans biofilm formation

D-Alanine residues are known as functional moieties of LTA involved in the bacterial patho-

genesis and the host immunity [12]. To determine the functional moieties required for Lp.

LTA inhibition of S. mutans biofilm formation, S. mutans was treated with Lp.LTA or dealany-

lated Lp.LTA (Deala-Lp.LTA). Inhibitory effect of S. mutans biofilm formation by Lp.LTA was

abolished with dealanylated Lp.LTA (Fig 5A). Confocal laser scanning microscopy indicated

that S. mutans biofilm formation was inhibited by Lp.LTA, but not by dealanylated Lp.LTA

(Fig 5B). These data indicate that D-alanine moieties are essential for Lp.LTA-induced inhibi-

tion of S. mutans biofilm.

L. plantarum LTA interferes with sucrose decomposition and dextran-FITC

binding to S. mutans
Production of EPS such as glucan is important for initiation and development of S. mutans
biofilms [7]. To examine the effect of Lp.LTA on EPS production by S. mutans, S. mutans EPS

Fig 5. D-Alanine residues are essential for inhibition of S. mutans biofilm formation by L. plantarum LTA. (A) S. mutans
(1 × 108 CFU/ml) was grown on 96-well polystyrene plates at 37˚C for 24 h in the presence or absence of Lp.LTA and dealanylated

Lp.LTA (Deala-Lp.LTA) at 30 μg/ml. Biofilm formation extent was determined by the crystal violet assay. Data are mean values ± S.

D. of triplicate samples. Asterisks, significant induction at P< 0.05 compared with non-treatment control group. (B) S. mutans
(1 × 108 CFU/ml) was grown on glass bottom dishes at 37˚C for 24 h in the presence or absence of Lp.LTA (30 μg/ml) or Deala-Lp.

LTA (30 μg/ml). S. mutans biofilms were observed by confocal laser scanning microscopy (green, SYTO9; red, propidium iodide).

https://doi.org/10.1371/journal.pone.0192694.g005
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was measured by flow cytometry with dextran-FITC at 24 h after culturing S. mutans in the

presence or absence of Lp.LTA. Binding of dextran-FITC to S. mutans was dose-dependently

inhibited by Lp.LTA (Fig 6A and 6B). Although we could not rule out the possibility that Lp.

LTA may have interfered with dextran-FITC binding to S. mutans, these results suggest that

Lp.LTA attenuates EPS production of S. mutans. Interestingly, inhibition did not occur with

dealanylated Lp.LTA, implying that D-alanine moieties in Lp.LTA are critical for the attenu-

ated EPS production. In addition, to examine the effect of Lp.LTA on sucrose decomposition,

the contents of sucrose in culture supernatant of S. mutans were examined by HPLC-RID after

culturing S. mutans in the presence or absence of Lp.LTA. As shown in Fig 6C, Lp.LTA inhib-

ited sucrose decomposition by S. mutans in a dose-dependent manner. Thus, Lp.LTA seems to

prevent S. mutans from degradation of sucrose to produce EPS that is required for biofilm

formation.

Fig 6. L. plantarum LTA interferes with sucrose decomposition and dextran-FITC binding to S. mutans. S. mutans (1 × 108 CFU/ml) was grown in BHI medium at

37˚C for 24 h in the presence or absence of (A) Lp.LTA at the indicated concentrations and (B) Lp.LTA or Deala-Lp.LTA at 30 μg/ml. S. mutans exopolysaccharide was

determined by flow cytometry using dextran-FITC. Percentage of exopolysaccharide-positive S. mutans is in histograms. One of the three similar results is shown. (C) S.

mutans (1 × 108 CFU/ml) was grown in BHI medium supplemented with 0.5% sucrose at 37˚C for 24 h in the presence or absence of Lp.LTA (10, 30, or 50 μg/ml). The

culture supernatants were subjected to HPLC-RID for sucrose detection. Data are mean values ± S.D. of triplicate samples. Asterisks indicate significant difference at

P< 0.05 compared with non-treatment control group.

https://doi.org/10.1371/journal.pone.0192694.g006
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Discussion

In this study, we demonstrated that LTA released from L. plantarum inhibited biofilm forma-

tion of S. mutans, a representative pathogen that causes dental caries. Mechanistic studies

showed that biofilm formation was inhibited by Lp.LTA and mediated through suppression of

EPS production. D-Alanine in Lp.LTA was a key functional moiety for eliciting the inhibition.

Some bacteria have been reported to produce agents that are anti-adhesive for pathogenic

microorganisms. For example, biosurfactants from Lactobacillus fermentum inhibit S. mutans
biofilms [32], rhamnolipid from Burkholderia thailandensia inhibits Actinomyces naeslandii
biofilms [33], and lipopeptide from Bacillus subtilis inhibits Staphylococcus aureus [34]. The

activity of biosurfactants is reduced by proteinase K treatment [35]. In contrast, our results

showed that the effective molecule in L. plantarum culture supernatants that inhibited S.

mutans biofilm formation was resistant to proteinase K treatment. LTA purified from L. plan-
tarum was also resistant to proteinase K treatment and effectively inhibited S. mutans biofilm

formation. Our observation was in keeping with previous reports though the source of LTA

and target bacteria used in the study are different from ours. For example, Streptococcus pyo-
genes LTA inhibited aggregation of streptococci [36] and L. fermentum LTA and S. mutans
LTA inhibited adherence of S. mutans to glass surfaces [37]. Therefore, along with biosurfac-

tants, Lp.LTA might be an antibiofilm agent against S. mutans. Both biosurfactants and LTA

are structurally amphipathic [38, 39]. Thus, hydrophilic and hydrophobic moieties may be

involved in inhibition of biofilm formation. The amphipathic molecules are classified to cat-

ionic, anionic, non-ionic, and zwitterionic molecules according to the ionic properties of

hydrophilic region. Cationic amphiphiles are known to be specialized to inhibit bacterial bio-

film formation. The cationic amphiphiles have been reported to interfere with the aggregation

of cells by binding to negatively-charged surface of bacteria or to regulate biofilm-related gene

expression by binding to bacterial DNA [40, 41], leading to inhibition of biofilm.

EPS such as glucan is known to be involved in S. mutans biofilm formation, adherence to

tooth surfaces, and bacterial cell-cell interactions [42, 43]. We found that dextran-FITC bind-

ing to S. mutans and sucrose decomposition by S. mutans dose-dependently decreased with

Lp.LTA treatment. These results were consistent with a previous report that LTAs of L. fermen-
tum and S. mutans inhibit GTF activities that are crucial for glucan production [37]. Moreover,

Streptococcus sanguinis LTA is reported to inhibit EPS binding to glucan-binding protein

(GBP), which is also required for biofilm formation [44]. However, Lp.LTA did not alter the

expression of GTF-B, GTF-C, or GBP-C mRNA in our study. This result supported the possi-

bility that Lp.LTA inhibited EPS production by inhibiting the enzymatic activities of GTFs

and/or GBP function without interfering with their expression.

We demonstrated that D-alanine residues are essential for inhibition of S. mutans biofilm

formation by Lp.LTA. Accumulating reports suggest that positively-charged D-alanine ester

residues in the LTA structure are important for inflammatory responses, adherence, and resis-

tance to antimicrobial peptides [12, 45–47]. Besides, positive charges have been used to prevent

biofilm formation. For example, chitosan conjugates to antibiotics enhance antibiofilm activ-

ity, especially biofilms of Gram-positive bacteria, due to its polycationic properties [48]. And,

positively charged liposomes inhibit S. aureus and P. aeruginosa biofilm formation [49]. Vari-

ous mechanisms for the inhibition of bacterial biofilm by cationic molecules have been sug-

gested by previous studies. For example, norspermidine alters the expression of gene related

with quorum sensing system in S. mutans, leading to the inhibition of biofilm formation [50].

Water-soluble cationic polymers wrap S. aureus by electrostatic interaction and turn z-poten-

tial of S. aureus, which inhibits the bacterial binding to other bacteria or to surface, resulting in

inhibited biofilm formation [51]. Some cationic peptides can penetrate cells to bind to DNA
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and regulate biofilm-related gene expression in P. aeruginosa [41]. Therefore, our results,

together with those of others, suggest that the D-alanine moiety of LTA is crucial for inhibition

of bacterial biofilm formation due to its positive charge.

In the present study, only Lp.LTA inhibited S. mutans biofilm formation among LTAs from

various Lactobacillus stains. Accumulating reports suggest that the structural difference of

LTAs from various Gram-positive bacteria is responsible for their differential functions [15–

18]. LTA from L. plantarum L-137 strain is known to have 96 repeating units consisting of

polyglycerol phosphate backbone (Gro-P) with 50% D-alanine substituent and contain not

only di-acylated glycolipid (DAG) but also tri-acylated glycolipid (TAG) [52]. In addition, we

also reported that L. plantarum KCTC10887BP has both DAG and TAG with unsaturated fatty

acids [19]. LTA form L. delbrueckii ATCC15808 strain has 29–37 repeating units consisting of

Gro-P with 21–27% D-alanine substituent and contains both DAG and TAG [53]. LTA from

L. rhamnosus GG ATCC53103 strain has 30 repeating units consisting of Gro-P with 71.8% D-

alanine substituent and contains only DAG [54]. Thus, the selective inhibitory activity of Lp.

LTA could be associated with its molecular structure differing in D-alanine content, length of

repeating unit, and glycolipids. Nevertheless, further study is required to clarify it.

S. mutans is the major bacteria that cause dental caries among various bacterial species pres-

ent in the oral cavity, and targeting S. mutans biofilm is critical for the treatment of dental car-

ies. Nevertheless, bacterial biofilms are predominantly formed by multispecies bacteria in oral

cavity, which protect them from external environments through cell-to-cell communication,

such as physical interaction [55], genetic exchange [56], and diffusible signal [57, 58]. Thus, it

is necessary to understand the effect of Lp.LTA on biofilm formation by multispecies bacteria.

In order to apply Lp.LTA clinically for the treatment of oral infectious diseases, the effect of

Lp.LTA against multispecies bacterial biofilm should be studied.

Lp.LTA inhibited biofilms of S. mutans laboratory strains and clinical isolates as well. These

results imply that Lp.LTA could be widely used to remove or inhibit biofilm formation of vari-

ous S. mutans strains. In conclusion, the results of this study suggest that Lp.LTA is crucial for

L. plantarum inhibition of S. mutans biofilm formation. Lp.LTA could be useful for developing

effective therapeutic agents to treat dental infectious diseases caused by S. mutans biofilms.

Author Contributions

Conceptualization: Ki Bum Ahn, Seung Hyun Han.

Data curation: Ki Bum Ahn, Cheol-Heui Yun, Seung Hyun Han.

Funding acquisition: Seung Hyun Han.

Investigation: Ki Bum Ahn, Jung Eun Baik.

Project administration: Ki Bum Ahn, Seung Hyun Han.

Resources: Jung Eun Baik.

Supervision: Seung Hyun Han.

Validation: Ok-Jin Park.

Writing – original draft: Ki Bum Ahn, Seung Hyun Han.

Writing – review & editing: Ok-Jin Park, Cheol-Heui Yun, Seung Hyun Han.

References
1. Flemming HC, Wingender J. The biofilm matrix. Nat Rev Microbiol. 2010; 8(9):623–33. https://doi.org/

10.1038/nrmicro2415 PMID: 20676145

Inhibitory effect of L. plantarum LTA against biofilm formation of S. mutans

PLOS ONE | https://doi.org/10.1371/journal.pone.0192694 February 8, 2018 13 / 16

https://doi.org/10.1038/nrmicro2415
https://doi.org/10.1038/nrmicro2415
http://www.ncbi.nlm.nih.gov/pubmed/20676145
https://doi.org/10.1371/journal.pone.0192694


2. Beloin C, Ghigo JM. Finding gene-expression patterns in bacterial biofilms. Trends Microbiol. 2005; 13

(1):16–9. https://doi.org/10.1016/j.tim.2004.11.008 PMID: 15639627

3. Domenech M, Ramos-Sevillano E, Garcia E, Moscoso M, Yuste J. Biofilm formation avoids comple-

ment immunity and phagocytosis of Streptococcus pneumoniae. Infect Immun. 2013; 81(7):2606–15.

https://doi.org/10.1128/IAI.00491-13 PMID: 23649097

4. Thurlow LR, Hanke ML, Fritz T, Angle A, Aldrich A, Williams SH, et al. Staphylococcus aureus biofilms

prevent macrophage phagocytosis and attenuate inflammation in vivo. J Immunol. 2011; 186

(11):6585–96. https://doi.org/10.4049/jimmunol.1002794 PMID: 21525381

5. Pitts NB, Zero DT, Marsh PD, Ekstrand K, Weintraub JA, Ramos-Gomez F, et al. Dental caries. Nat

Rev Dis Primers. 2017; 3:17030. https://doi.org/10.1038/nrdp.2017.30 PMID: 28540937

6. Balakrishnan M, Simmonds RS, Tagg JR. Dental caries is a preventable infectious disease. Aust Dent

J. 2000; 45(4):235–45. PMID: 11225524

7. Paes Leme AF, Koo H, Bellato CM, Bedi G, Cury JA. The role of sucrose in cariogenic dental biofilm for-

mation—new insight. J Dent Res. 2006; 85(10):878–87. https://doi.org/10.1177/154405910608501002

PMID: 16998125

8. Resta-Lenert S, Barrett KE. Live probiotics protect intestinal epithelial cells from the effects of infection

with enteroinvasive Escherichia coli (EIEC). Gut. 2003; 52(7):988–97. PMID: 12801956

9. Wong SS, Quan Toh Z, Dunne EM, Mulholland EK, Tang ML, Robins-Browne RM, et al. Inhibition of

Streptococcus pneumoniae adherence to human epithelial cells in vitro by the probiotic Lactobacillus

rhamnosus GG. BMC Res Notes. 2013; 6:135. https://doi.org/10.1186/1756-0500-6-135 PMID:

23561014

10. Haukioja A. Probiotics and oral health. Eur J Dent. 2010; 4(3):348–55. PMID: 20613927

11. Soderling EM, Marttinen AM, Haukioja AL. Probiotic lactobacilli interfere with Streptococcus mutans

biofilm formation in vitro. Curr Microbiol. 2011; 62(2):618–22. https://doi.org/10.1007/s00284-010-

9752-9 PMID: 20835828

12. Kang SS, Sim JR, Yun CH, Han SH. Lipoteichoic acids as a major virulence factor causing inflammatory

responses via Toll-like receptor 2. Arch Pharm Res. 2016; 39(11):1519–29. https://doi.org/10.1007/

s12272-016-0804-y PMID: 27498542

13. Weidenmaier C, Peschel A. Teichoic acids and related cell-wall glycopolymers in Gram-positive physi-

ology and host interactions. Nat Rev Microbiol. 2008; 6(4):276–87. https://doi.org/10.1038/nrmicro1861

PMID: 18327271

14. Gao Q, Gao Q, Min M, Zhang C, Peng S, Shi Z. Ability of Lactobacillus plantarum lipoteichoic acid to

inhibit Vibrio anguillarum-induced inflammation and apoptosis in silvery pomfret (Pampus argenteus)

intestinal epithelial cells. Fish Shellfish Immunol. 2016; 54:573–9. https://doi.org/10.1016/j.fsi.2016.05.

013 PMID: 27179425

15. Kim HG, Lee SY, Kim NR, Lee HY, Ko MY, Jung BJ, et al. Lactobacillus plantarum lipoteichoic acid

down-regulated Shigella flexneri peptidoglycan-induced inflammation. Mol Immunol. 2011; 48(4):382–

91. https://doi.org/10.1016/j.molimm.2010.07.011 PMID: 21129777

16. Noh SY, Kang SS, Yun CH, Han SH. Lipoteichoic acid from Lactobacillus plantarum inhibits

Pam2CSK4-induced IL-8 production in human intestinal epithelial cells. Mol Immunol. 2015; 64(1):183–

9. https://doi.org/10.1016/j.molimm.2014.11.014 PMID: 25481370

17. Kim HG, Kim NR, Gim MG, Lee JM, Lee SY, Ko MY, et al. Lipoteichoic acid isolated from Lactobacillus

plantarum inhibits lipopolysaccharide-induced TNF-alpha production in THP-1 cells and endotoxin

shock in mice. J Immunol. 2008; 180(4):2553–61. PMID: 18250466

18. Ryu YH, Baik JE, Yang JS, Kang SS, Im J, Yun CH, et al. Differential immunostimulatory effects of

Gram-positive bacteria due to their lipoteichoic acids. Int Immunopharmacol. 2009; 9(1):127–33.

https://doi.org/10.1016/j.intimp.2008.10.014 PMID: 19013542

19. Jang KS, Baik JE, Han SH, Chung DK, Kim BG. Multi-spectrometric analyses of lipoteichoic acids iso-

lated from Lactobacillus plantarum. Biochem Biophys Res Commun. 2011; 407(4):823–30. https://doi.

org/10.1016/j.bbrc.2011.03.107 PMID: 21443860

20. Kang SS, Ryu YH, Baik JE, Yun CH, Lee K, Chung DK, et al. Lipoteichoic acid from Lactobacillus plan-

tarum induces nitric oxide production in the presence of interferon-gamma in murine macrophages. Mol

Immunol. 2011; 48(15–16):2170–7. https://doi.org/10.1016/j.molimm.2011.07.009 PMID: 21835472

21. You GE, Jung BJ, Kim HR, Kim HG, Kim TR, Chung DK. Lactobacillus sakei lipoteichoic acid inhibits

MMP-1 induced by UVA in normal dermal fibroblasts of human. J Microbiol Biotechnol. 2013; 23

(10):1357–64. PMID: 23851272

22. Morath S, Geyer A, Hartung T. Structure-function relationship of cytokine induction by lipoteichoic acid

from Staphylococcus aureus. J Exp Med. 2001; 193(3):393–7. PMID: 11157059

Inhibitory effect of L. plantarum LTA against biofilm formation of S. mutans

PLOS ONE | https://doi.org/10.1371/journal.pone.0192694 February 8, 2018 14 / 16

https://doi.org/10.1016/j.tim.2004.11.008
http://www.ncbi.nlm.nih.gov/pubmed/15639627
https://doi.org/10.1128/IAI.00491-13
http://www.ncbi.nlm.nih.gov/pubmed/23649097
https://doi.org/10.4049/jimmunol.1002794
http://www.ncbi.nlm.nih.gov/pubmed/21525381
https://doi.org/10.1038/nrdp.2017.30
http://www.ncbi.nlm.nih.gov/pubmed/28540937
http://www.ncbi.nlm.nih.gov/pubmed/11225524
https://doi.org/10.1177/154405910608501002
http://www.ncbi.nlm.nih.gov/pubmed/16998125
http://www.ncbi.nlm.nih.gov/pubmed/12801956
https://doi.org/10.1186/1756-0500-6-135
http://www.ncbi.nlm.nih.gov/pubmed/23561014
http://www.ncbi.nlm.nih.gov/pubmed/20613927
https://doi.org/10.1007/s00284-010-9752-9
https://doi.org/10.1007/s00284-010-9752-9
http://www.ncbi.nlm.nih.gov/pubmed/20835828
https://doi.org/10.1007/s12272-016-0804-y
https://doi.org/10.1007/s12272-016-0804-y
http://www.ncbi.nlm.nih.gov/pubmed/27498542
https://doi.org/10.1038/nrmicro1861
http://www.ncbi.nlm.nih.gov/pubmed/18327271
https://doi.org/10.1016/j.fsi.2016.05.013
https://doi.org/10.1016/j.fsi.2016.05.013
http://www.ncbi.nlm.nih.gov/pubmed/27179425
https://doi.org/10.1016/j.molimm.2010.07.011
http://www.ncbi.nlm.nih.gov/pubmed/21129777
https://doi.org/10.1016/j.molimm.2014.11.014
http://www.ncbi.nlm.nih.gov/pubmed/25481370
http://www.ncbi.nlm.nih.gov/pubmed/18250466
https://doi.org/10.1016/j.intimp.2008.10.014
http://www.ncbi.nlm.nih.gov/pubmed/19013542
https://doi.org/10.1016/j.bbrc.2011.03.107
https://doi.org/10.1016/j.bbrc.2011.03.107
http://www.ncbi.nlm.nih.gov/pubmed/21443860
https://doi.org/10.1016/j.molimm.2011.07.009
http://www.ncbi.nlm.nih.gov/pubmed/21835472
http://www.ncbi.nlm.nih.gov/pubmed/23851272
http://www.ncbi.nlm.nih.gov/pubmed/11157059
https://doi.org/10.1371/journal.pone.0192694


23. Kim NJ, Ahn KB, Jeon JH, Yun CH, Finlay BB, Han SH. Lipoprotein in the cell wall of Staphylococcus

aureus is a major inducer of nitric oxide production in murine macrophages. Mol Immunol. 2015; 65

(1):17–24. https://doi.org/10.1016/j.molimm.2014.12.016 PMID: 25600878

24. Park JW, Kim CH, Kim JH, Je BR, Roh KB, Kim SJ, et al. Clustering of peptidoglycan recognition pro-

tein-SA is required for sensing lysine-type peptidoglycan in insects. Proc Natl Acad Sci U S A. 2007;

104(16):6602–7. https://doi.org/10.1073/pnas.0610924104 PMID: 17409189

25. Shiratsuchi A, Shimizu K, Watanabe I, Hashimoto Y, Kurokawa K, Razanajatovo IM, et al. Auxiliary role

for D-alanylated wall teichoic acid in Toll-like receptor 2-mediated survival of Staphylococcus aureus in

macrophages. Immunology. 2010; 129(2):268–77. https://doi.org/10.1111/j.1365-2567.2009.03168.x

PMID: 19845797

26. Ahn SJ, Cho EJ, Oh SS, Lim BS. The effects of orthodontic bonding steps on biofilm formation of Strep-

tococcus mutans in the presence of saliva. Acta Odontol Scand. 2012; 70(6):504–10. https://doi.org/10.

3109/00016357.2011.640277 PMID: 22181697

27. Hajishengallis G, Nikolova E, Russell MW. Inhibition of Streptococcus mutans adherence to saliva-

coated hydroxyapatite by human secretory immunoglobulin A (S-IgA) antibodies to cell surface protein

antigen I/II: reversal by IgA1 protease cleavage. Infect Immun. 1992; 60(12):5057–64. PMID: 1333448

28. Botelho JN, Villegas-Salinas M, Troncoso-Gajardo P, Giacaman RA, Cury JA. Enamel and dentine

demineralization by a combination of starch and sucrose in a biofilm—caries model. Braz Oral Res.

2016; 30(1). https://doi.org/10.1590/1807-3107BOR-2016.vol30.0052 PMID: 27223133

29. Velusamy P, Kumar GV, Jeyanthi V, Das J, Pachaiappan R. Bio-Inspired Green Nanoparticles: Synthe-

sis, Mechanism, and Antibacterial Application. Toxicol Res. 2016; 32(2):95–102. https://doi.org/10.

5487/TR.2016.32.2.095 PMID: 27123159

30. James KM, MacDonald KW, Chanyi RM, Cadieux PA, Burton JP. Inhibition of Candida albicans biofilm

formation and modulation of gene expression by probiotic cells and supernatant. J Med Microbiol. 2016;

65(4):328–36. https://doi.org/10.1099/jmm.0.000226 PMID: 26847045

31. Skucaite N, Peciuliene V, Vitkauskiene A, Machiulskiene V. Susceptibility of endodontic pathogens to

antibiotics in patients with symptomatic apical periodontitis. J Endod. 2010; 36(10):1611–6. https://doi.

org/10.1016/j.joen.2010.04.009 PMID: 20850663

32. Tahmourespour A, Salehi R, Kermanshahi RK, Eslami G. The anti-biofouling effect of Lactobacillus fer-

mentum-derived biosurfactant against Streptococcus mutans. Biofouling. 2011; 27(4):385–92. https://

doi.org/10.1080/08927014.2011.575458 PMID: 21526440

33. Elshikh M, Funston S, Chebbi A, Ahmed S, Marchant R, Banat IM. Rhamnolipids from non-pathogenic

Burkholderia thailandensis E264: Physicochemical characterization, antimicrobial and antibiofilm effi-

cacy against oral hygiene related pathogens. N Biotechnol. 2017; 36:26–36. https://doi.org/10.1016/j.

nbt.2016.12.009 PMID: 28065676

34. Rivardo F, Turner RJ, Allegrone G, Ceri H, Martinotti MG. Anti-adhesion activity of two biosurfactants

produced by Bacillus spp. prevents biofilm formation of human bacterial pathogens. Appl Microbiol Bio-

technol. 2009; 83(3):541–53. https://doi.org/10.1007/s00253-009-1987-7 PMID: 19343338

35. Sekhon KK, Khanna S, Cameotra SS. Enhanced biosurfactant production through cloning of three

genes and role of esterase in biosurfactant release. Microb Cell Fact. 2011; 10:49. https://doi.org/10.

1186/1475-2859-10-49 PMID: 21707984

36. Courtney HS, Hasty DL. Aggregation of group A streptococci by human saliva and effect of saliva on

streptococcal adherence to host cells. Infect Immun. 1991; 59(5):1661–6. PMID: 2019436

37. Kuramitsu HK, Wondrack L, McGuinness M. Interaction of Streptococcus mutans glucosyltransferases

with teichoic acids. Infect Immun. 1980; 29(2):376–82. PMID: 6452411

38. Ward OP. Microbial biosurfactants and biodegradation. Adv Exp Med Biol. 2010; 672:65–74. PMID:

20545274

39. Wicken AJ, Knox KW. Bacterial cell surface amphiphiles. Biochim Biophys Acta. 1980; 604(1):1–26.

PMID: 6992870

40. Anunthawan T, de la Fuente-Nunez C, Hancock RE, Klaynongsruang S. Cationic amphipathic peptides

KT2 and RT2 are taken up into bacterial cells and kill planktonic and biofilm bacteria. Biochim Biophys

Acta. 2015; 1848(6):1352–8. https://doi.org/10.1016/j.bbamem.2015.02.021 PMID: 25767037

41. de la Fuente-Nunez C, Korolik V, Bains M, Nguyen U, Breidenstein EB, Horsman S, et al. Inhibition of

bacterial biofilm formation and swarming motility by a small synthetic cationic peptide. Antimicrob

Agents Chemother. 2012; 56(5):2696–704. https://doi.org/10.1128/AAC.00064-12 PMID: 22354291

42. Koo H, Xiao J, Klein MI, Jeon JG. Exopolysaccharides produced by Streptococcus mutans glucosyl-

transferases modulate the establishment of microcolonies within multispecies biofilms. J Bacteriol.

2010; 192(12):3024–32. https://doi.org/10.1128/JB.01649-09 PMID: 20233920

Inhibitory effect of L. plantarum LTA against biofilm formation of S. mutans

PLOS ONE | https://doi.org/10.1371/journal.pone.0192694 February 8, 2018 15 / 16

https://doi.org/10.1016/j.molimm.2014.12.016
http://www.ncbi.nlm.nih.gov/pubmed/25600878
https://doi.org/10.1073/pnas.0610924104
http://www.ncbi.nlm.nih.gov/pubmed/17409189
https://doi.org/10.1111/j.1365-2567.2009.03168.x
http://www.ncbi.nlm.nih.gov/pubmed/19845797
https://doi.org/10.3109/00016357.2011.640277
https://doi.org/10.3109/00016357.2011.640277
http://www.ncbi.nlm.nih.gov/pubmed/22181697
http://www.ncbi.nlm.nih.gov/pubmed/1333448
https://doi.org/10.1590/1807-3107BOR-2016.vol30.0052
http://www.ncbi.nlm.nih.gov/pubmed/27223133
https://doi.org/10.5487/TR.2016.32.2.095
https://doi.org/10.5487/TR.2016.32.2.095
http://www.ncbi.nlm.nih.gov/pubmed/27123159
https://doi.org/10.1099/jmm.0.000226
http://www.ncbi.nlm.nih.gov/pubmed/26847045
https://doi.org/10.1016/j.joen.2010.04.009
https://doi.org/10.1016/j.joen.2010.04.009
http://www.ncbi.nlm.nih.gov/pubmed/20850663
https://doi.org/10.1080/08927014.2011.575458
https://doi.org/10.1080/08927014.2011.575458
http://www.ncbi.nlm.nih.gov/pubmed/21526440
https://doi.org/10.1016/j.nbt.2016.12.009
https://doi.org/10.1016/j.nbt.2016.12.009
http://www.ncbi.nlm.nih.gov/pubmed/28065676
https://doi.org/10.1007/s00253-009-1987-7
http://www.ncbi.nlm.nih.gov/pubmed/19343338
https://doi.org/10.1186/1475-2859-10-49
https://doi.org/10.1186/1475-2859-10-49
http://www.ncbi.nlm.nih.gov/pubmed/21707984
http://www.ncbi.nlm.nih.gov/pubmed/2019436
http://www.ncbi.nlm.nih.gov/pubmed/6452411
http://www.ncbi.nlm.nih.gov/pubmed/20545274
http://www.ncbi.nlm.nih.gov/pubmed/6992870
https://doi.org/10.1016/j.bbamem.2015.02.021
http://www.ncbi.nlm.nih.gov/pubmed/25767037
https://doi.org/10.1128/AAC.00064-12
http://www.ncbi.nlm.nih.gov/pubmed/22354291
https://doi.org/10.1128/JB.01649-09
http://www.ncbi.nlm.nih.gov/pubmed/20233920
https://doi.org/10.1371/journal.pone.0192694


43. Koo H, Falsetta ML, Klein MI. The exopolysaccharide matrix: a virulence determinant of cariogenic bio-

film. J Dent Res. 2013; 92(12):1065–73. https://doi.org/10.1177/0022034513504218 PMID: 24045647

44. Shah DS, Russell RR. A novel glucan-binding protein with lipase activity from the oral pathogen Strepto-

coccus mutans. Microbiology. 2004; 150(Pt 6):1947–56. https://doi.org/10.1099/mic.0.26955-0 PMID:

15184580

45. Gross M, Cramton SE, Gotz F, Peschel A. Key role of teichoic acid net charge in Staphylococcus

aureus colonization of artificial surfaces. Infect Immun. 2001; 69(5):3423–6. https://doi.org/10.1128/IAI.

69.5.3423-3426.2001 PMID: 11292767

46. Fabretti F, Theilacker C, Baldassarri L, Kaczynski Z, Kropec A, Holst O, et al. Alanine esters of entero-

coccal lipoteichoic acid play a role in biofilm formation and resistance to antimicrobial peptides. Infect

Immun. 2006; 74(7):4164–71. https://doi.org/10.1128/IAI.00111-06 PMID: 16790791

47. Kovacs M, Halfmann A, Fedtke I, Heintz M, Peschel A, Vollmer W, et al. A functional dlt operon, encod-

ing proteins required for incorporation of d-alanine in teichoic acids in gram-positive bacteria, confers

resistance to cationic antimicrobial peptides in Streptococcus pneumoniae. J Bacteriol. 2006; 188

(16):5797–805. https://doi.org/10.1128/JB.00336-06 PMID: 16885447

48. Zhang A, Mu H, Zhang W, Cui G, Zhu J, Duan J. Chitosan coupling makes microbial biofilms suscepti-

ble to antibiotics. Sci Rep. 2013; 3:3364. https://doi.org/10.1038/srep03364 PMID: 24284335

49. Dong D, Thomas N, Thierry B, Vreugde S, Prestidge CA, Wormald PJ. Distribution and Inhibition of

Liposomes on Staphylococcus aureus and Pseudomonas aeruginosa Biofilm. PLoS One. 2015; 10(6):

e0131806. https://doi.org/10.1371/journal.pone.0131806 PMID: 26125555

50. Ou M, Ling J. Norspermidine changes the basic structure of S. mutans biofilm. Mol Med Rep. 2017; 15

(1):210–20. https://doi.org/10.3892/mmr.2016.5979 PMID: 27922663

51. Zhang P, Li S, Chen H, Wang X, Liu L, Lv F, et al. Biofilm Inhibition and Elimination Regulated by Cat-

ionic Conjugated Polymers. ACS Appl Mater Interfaces. 2017; 9(20):16933–8. https://doi.org/10.1021/

acsami.7b05227 PMID: 28480700

52. Hatano S, Hirose Y, Yamamoto Y, Murosaki S, Yoshikai Y. Scavenger receptor for lipoteichoic acid is

involved in the potent ability of Lactobacillus plantarum strain L-137 to stimulate production of interleu-

kin-12p40. Int Immunopharmacol. 2015; 25(2):321–31. https://doi.org/10.1016/j.intimp.2015.02.011

PMID: 25698554

53. Raisanen L, Draing C, Pfitzenmaier M, Schubert K, Jaakonsaari T, von Aulock S, et al. Molecular inter-

action between lipoteichoic acids and Lactobacillus delbrueckii phages depends on D-alanyl and alpha-

glucose substitution of poly(glycerophosphate) backbones. J Bacteriol. 2007; 189(11):4135–40. https://

doi.org/10.1128/JB.00078-07 PMID: 17416656

54. Claes IJ, Segers ME, Verhoeven TL, Dusselier M, Sels BF, De Keersmaecker SC, et al. Lipoteichoic

acid is an important microbe-associated molecular pattern of Lactobacillus rhamnosus GG. Microb Cell

Fact. 2012; 11:161. https://doi.org/10.1186/1475-2859-11-161 PMID: 23241240

55. Kolenbrander PE. Oral microbial communities: biofilms, interactions, and genetic systems. Annu Rev

Microbiol. 2000; 54:413–37. https://doi.org/10.1146/annurev.micro.54.1.413 PMID: 11018133

56. Sedgley CM, Lee EH, Martin MJ, Flannagan SE. Antibiotic resistance gene transfer between Strepto-

coccus gordonii and Enterococcus faecalis in root canals of teeth ex vivo. J Endod. 2008; 34(5):570–4.

https://doi.org/10.1016/j.joen.2008.02.014 PMID: 18436036

57. Egland PG, Palmer RJ Jr., Kolenbrander PE. Interspecies communication in Streptococcus gordonii-

Veillonella atypica biofilms: signaling in flow conditions requires juxtaposition. Proc Natl Acad Sci U S A.

2004; 101(48):16917–22. https://doi.org/10.1073/pnas.0407457101 PMID: 15546975

58. Yang L, Liu Y, Wu H, Hoiby N, Molin S, Song ZJ. Current understanding of multi-species biofilms. Int J

Oral Sci. 2011; 3(2):74–81. https://doi.org/10.4248/IJOS11027 PMID: 21485311

Inhibitory effect of L. plantarum LTA against biofilm formation of S. mutans

PLOS ONE | https://doi.org/10.1371/journal.pone.0192694 February 8, 2018 16 / 16

https://doi.org/10.1177/0022034513504218
http://www.ncbi.nlm.nih.gov/pubmed/24045647
https://doi.org/10.1099/mic.0.26955-0
http://www.ncbi.nlm.nih.gov/pubmed/15184580
https://doi.org/10.1128/IAI.69.5.3423-3426.2001
https://doi.org/10.1128/IAI.69.5.3423-3426.2001
http://www.ncbi.nlm.nih.gov/pubmed/11292767
https://doi.org/10.1128/IAI.00111-06
http://www.ncbi.nlm.nih.gov/pubmed/16790791
https://doi.org/10.1128/JB.00336-06
http://www.ncbi.nlm.nih.gov/pubmed/16885447
https://doi.org/10.1038/srep03364
http://www.ncbi.nlm.nih.gov/pubmed/24284335
https://doi.org/10.1371/journal.pone.0131806
http://www.ncbi.nlm.nih.gov/pubmed/26125555
https://doi.org/10.3892/mmr.2016.5979
http://www.ncbi.nlm.nih.gov/pubmed/27922663
https://doi.org/10.1021/acsami.7b05227
https://doi.org/10.1021/acsami.7b05227
http://www.ncbi.nlm.nih.gov/pubmed/28480700
https://doi.org/10.1016/j.intimp.2015.02.011
http://www.ncbi.nlm.nih.gov/pubmed/25698554
https://doi.org/10.1128/JB.00078-07
https://doi.org/10.1128/JB.00078-07
http://www.ncbi.nlm.nih.gov/pubmed/17416656
https://doi.org/10.1186/1475-2859-11-161
http://www.ncbi.nlm.nih.gov/pubmed/23241240
https://doi.org/10.1146/annurev.micro.54.1.413
http://www.ncbi.nlm.nih.gov/pubmed/11018133
https://doi.org/10.1016/j.joen.2008.02.014
http://www.ncbi.nlm.nih.gov/pubmed/18436036
https://doi.org/10.1073/pnas.0407457101
http://www.ncbi.nlm.nih.gov/pubmed/15546975
https://doi.org/10.4248/IJOS11027
http://www.ncbi.nlm.nih.gov/pubmed/21485311
https://doi.org/10.1371/journal.pone.0192694

