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Streptococcus mutans produces glucosyltransferases encoded by the gtfB and gtfC genes, which synthesize
insoluble glucan, and both insoluble and soluble glucans by conversion of sucrose, and are known as
principal agents to provide strong biofilm formation and demineralization on tooth surfaces. S. mutans
possess a Com-dependent quorum sensing (QS) system, which is important for survival in severe con-
ditions. The QS system is stimulated by the interaction between ComD {Receptor to competence-stim-
ulating peptide (CSP)} encoded by the comD and CSP encoded by the comC, and importantly associated
with bacteriocin production and genetic competence. Previously, we found enzyme fructanase (FruA) as
a new inhibitor for the glucan-dependent biofilm formation. In the present study, inhibiting effects by
FruA on glucan-independent biofilm formation of S. mutans UA159, UA159.gtfB-, UA159.gtfC-, and
UA159.gtfBC- were observed in sucrose and no sucrose sugars-supplemented conditions using the plate
assay. The reduction of UA159.comC- and UA159.comD- biofilm formation were also observed as
compared with UA159 in same conditions. These results suggested that inhibitions of glucan-
independent and Com-dependent biofilm formation were involved in the inhibiting mechanism by
FruA. To more thoroughly investigate effects by FruA on the QS system, we examined on CSP-stimulated
and Com-dependent bacteriocin production and genetic transformation. FruA inhibited bacteriocin
production in collaboration with CSP and genetic transformation in bacterial cell conditions treated with
FruA. Our findings show that FruA has multiple effects that inhibit survival functions of S. mutans,
including biofilm formation and CSP-dependent QS responses, indicating its potential use as an agent for
prevention of dental caries.

© 2017 Japanese Society of Chemotherapy and The Japanese Association for Infectious Diseases.
Published by Elsevier Ltd. All rights reserved.
1. Introduction

Streptococcus mutans is a member of the group of etiological
bacteria that cause human dental caries [1e3]. Oral biofilm for-
mation is associated with bacterial attachment to the acquired
enamel pellicle, which includes salivary components, as well as
ingestion and fermentation of foods containing sugar [2,3]. Colo-
nization and maturing of bacteria are dependent on extracellular
polysaccharide (EPS) [4] for bacterial survival in low pH conditions,
and when anti-bacterial agents are introduced into the oral cavity
[5,6]. S. mutans produces glucosyltransferases (GTFs) that form
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insoluble (a(1,3)-linked) and soluble (a(1,6)-linked) glucans
resulting in the formation of sticky biofilm on tooth surfaces [7].
GTF I and GTF SI, which encode the gtfB and gtfC genes, synthesize
both insoluble and soluble glucans by conversion of sucrose, and
are known as principal agents to provide strong biofilm formation
on tooth surfaces [7e9].

For survival, several different bacteria employ a quorum sensing
(QS) system, which interacts with various environmental condi-
tions in the oral cavity and functions as a bacterial intercellular
signal mechanism for controlling gene expression in response to
population density [10e12]. The Com-dependent QS system of
S. mutans is known to be stimulated by the competence-stimulating
peptide (CSP; amino acid sequence, SGSLSTFFRLFNRSFTQALGK) in
conditions of high cell density [10,13]. Com-dependent QS systems
mainly consist of various pathways that appear following bacte-
riocin production, genetic transformation, and acid tolerance, thus
us Diseases. Published by Elsevier Ltd. All rights reserved.
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Table 2
Primers for the construction of mutans.

Primer Nucleotides sequence (5'/3') Amplicon

GtfBuF ccccgaattcACAGTTGACAAAACTTCTGAAGC gtfB
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QS pathways are controlled by various com genes, such as comA,
comB, comC, comD, and comE, as well as others [10,14e18]. The
ComCDE system in streptococci has been reported to be a very
important model for genetic competence [11,14,15]. In this system,
the CSP precursor is translated by ComC and released to outside of
the cell. Then, CSP is sensed by a two-component system composed
of the sensor-histidine kinase to ComD and response regulator to
ComE [13,14,17,18]. Thereafter, it is activated by autophosphor-
ylation and transfers the phosphoryl group to the ComE response
regulator, after which response signals are continued for expression
of cell activities [18].

Streptococcus salivarius is a numerically predominant oral bac-
teria and presented as a healthy commensal bacteria in human oral
cavity. S. salivarius has been noted as an important source of safe
and efficacious probiotics, capable of fostering more balanced, and
health-associated oral microbiota [19,20]. Clinical trials using
S. salivarius as a probiotic showed to reduce plaque formation and
to lower colonization of S. mutans in primary school-aged children
[19]. Our recently reported findings indicate that supernatant
proteins from S. salivarius induce inactivation of CSP-dependent
genetic transformation, and also inhibit glucan-dependent biofilm
formation and bacteriocin production by S. mutans [21,22]. The
protein that inhibited biofilm formation in our experiments was
identified as fructanase (FruA), an exo-b-D-fructosidase enzyme
encoded by the fruA gene [22e24]. FruA digests sucrose which is
utilized as a substrate to form insoluble (a(1,3)-linked) and soluble
(a(1,6)-linked) glucans, and fructan which is b(2,1)- and b(2,6)-
linked extracellular fructose polymers, in S. mutans [22,25]. How-
ever, the function of FruA in the QS system has not reported. In the
present study, to clarify the multiple effects of FruA in detail in
regard to biofilm formation under various sugar conditions, CSP-
dependent bacteriocin production and genetic transformation
were examined in conditions with and without FruA. Our results
show that FruA has multiple effects related to survival functions of
S. mutans, including biofilm formation, bacteriocin production, and
genetic transformation.

2. Materials and methods

2.1. Bacterial strains and culture conditions

The bacterial strains used in this study are described in Table 1.
All strains were grown in Brain Heart Infusion broth (BHI; Difco
Laboratories, Detroit, MI) in an aerobic atmosphere of 5% CO2, 75%
N2, and 20% O2 (GasPack CO2, Becton/Dickinson, Sparks, MD) at
37 �C before use in the experiments.

2.2. Construction of mutants

The gtf and com genes were identified in the S. mutans UA159
database (http://www.genome.jp/kegg/), and mutants were con-
structed using double-crossover homologous recombination via
Table 1
Bacterial strains.

Strain Genotype or phenotype Reference

Streptococcus mutans
UA159 Erm, serotype c human isolate
gtfB mutant Erm, UA159 derived, gtfB deficient Ref. 26
gtfC mutant Kan, UA159 derived, gtfC deficient Ref. 26
gtfBC mutant Erm, Kan, UA159 derived, gtfBC deficient Ref. 26
comC mutant Erm, UA159 derived, comC deficient Ref. 26
comD mutant Erm, UA159 derived, comD deficient Ref. 26
GS5 Erm, serotype c human isolate
comC mutant Erm, GS5 derived, comC deficient Ref. 26
insertion of the resistance determinants kanamycin (Kan; Sigma-
Aldrich, St. Louis, MO) and erythromycin (Erm; Sigma-Aldrich)
into each gene, as previously described [26]. For polymerase
chain reaction (PCR) assays, fragments of the upstream and
downstream regions of the gtf and com genes were amplified with
primer pairs (Table 2).

2.3. Human saliva collection

Whole saliva samples were collected from 3 healthy human
volunteers (27e32 years old) after stimulation by chewing
paraffin gum and pooled into ice-chilled sterile bottles over a
period of 5 min. The samples were clarified by centrifugation at
10,000�g for 10 min at 4 �C, sterilized using a 0.22-mm Millex-GP
Filter Unit (Merck Millipore, Darmstadt, Germany), and coated
onto wells in plates (Sumitomo Bakelite, Tokyo, Japan) for biofilm
formation assays.

2.4. Fructanase

For the present study, we used a FruA mixture (Megazyme,
Wicklow, Ireland) that included exo-inulinase (FruA)-to-endo-
inulinase unit ratios of 10:1 or less of FruA activity. FruA is the sole
enzyme involved in utilization of b(2,1)- and b(2,6)-linked extra-
cellular fructose polymers by S. mutans [27]. Furthermore, this
enzyme has an ability to digest sucrose to fructose and glucose, as
well as convert fructan to fructose by hydrolyzation, and is also an
important component for the virulence of S. mutans.

2.5. Biofilm formation assays

Biofilm formation of by each of the examined strains was
assayed using a method previously described, with slight modifi-
cations [22]. Briefly, 96-well flat-bottom microtiter plates were
coated with whole human saliva and incubated at 4 �C for 60 min.
Saliva was removed and the wells were rinsed twice with sterile
phosphate-buffered saline (PBS). To evaluate the effects of FruA on
biofilm formation by each bacterial cell suspension, the cell sus-
pension was adjusted to OD600 ¼ 0.4 using tryptic soy broth
without dextrose (TSB; Difco Laboratories), supplemented with
0.25% sucrose (TSBs), 0.25% glucose (TSBg), or 0.25% fructose (TSBf).
Thereafter, 20 ml of each cell suspension was mixed with 20 ml of
FruA (final concentration, 57 unit/ml) in 160 ml of TSB, TSBs, TSBg, or
TSBf in human saliva-coated 96-well flat-bottom microtiter plates.
Each biofilm formation assay was performed at 37 �C for 16 h under
an aerobic condition with 5% CO2. After the plates were incubated,
GtfBuR ccccggtaccGCTCTGTGCAGAGCGATCATAAAC gtfB
GtfBdF cccctctagaTGATGATACAAGTAATCAATTGC gtfB
GtfBdR ccccaagcttATAGTGTTATCAGCTGTATATC gtfB
GtfCuF cccccgaattcTGAGTGGTGTATGGCGTCAC gtfC
GtfCuR cccccggtaccGACCGTTAATGGTTCTGGC gtfC
GtfCdF ccccctctagaAAACTCTGACTGCTACTGATAC gtfC
GtfCdR cccccaagcttGAGCAAAGCTGTTAGTGTTATCA gtfC
ComCuF cccccgaattcAAATCTGAACAAGCAGGGG comC
ComCuR cccccggtaccGATAGTGTTTTTTTCATTTTATATCTCC comC
ComCdF ccccctctagaGCCTATCAACATTTTTCCGGC comC
ComCdR cccccaagcttCCACTAAAGGCTCCAATCGC comC
ComDuF cccccgaattcCCATTCATCTGAAACTCAGT comD
ComDuR cccccggtaccAACAGGCAGCAGACCATAA comD
ComDdF ccccctctagaGGCGGGCAATCATATTCTT comD
ComDdR cccccaagcttTCCTGCAATTGATGTCCTG comD
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liquid medium was removed and the wells were rinsed twice with
sterile PBS. The plates were then air dried and stained with 0.25%
safranin (MUTO Pure Chemicals, Tokyo, Japan) for 15 min, then
rinsed twice with sterile distilled water (DW) to remove excess dye
and air dried. The biofilmmass was dissolved with 70% ethanol and
measured using a microplate reader (Thermo Bioanalysis Japan,
Tokyo, Japan). Quantification of stained biofilms was performed by
measuring absorbance at 492 nm.

2.6. Measurement of insoluble and soluble polysaccharides

Insoluble and soluble polysaccharides extraction from S. mutans
biofilms were assayed using a method previously described, with
slight modifications [9]. Briefly, 350 ml of cell confluent suspension
(OD600¼ 0.4) wasmixedwith 2650 ml of TSB, TSBs, TSBg, or TSBf and
added to the wells of a 6-well flat-bottom titer plate. After inocu-
lation, the plates were incubated at 37 �C for 16 h under an aerobic
condition with 5% CO2. The biofilms on bottom of the wells in cul-
ture supernatant were removed with a sterilized scraper. Biofilm
and culture supernatant samples were transferred into centrifuga-
tion tube and separated by centrifugation at 10,000�g for 10min. To
extract insoluble polysaccharide, the pellets were treated with 3 ml,
1 N NaOH at 37 �C for 2 h, and the biofilm cells were then removed
by centrifugation at 10,000�g for 10 min. The supernatants con-
taining insoluble polysaccharide were precipitated with 6 ml, 99.5%
(v/v) ethanol at �20 �C for 2 h. The precipitate was washed three
times with 70% ethanol by centrifugation at 10,000 g for 30 min at
4 �C, then dissolved in DW and used as an insoluble glucan sample.
The culture supernatants were filtered through a 0.22-mmMillex-GP
Filter Unit and precipitated with 6 ml, 99.5% (v/v) ethanol at �20 �C
for 2 h. The precipitate was washed three times with 70% ethanol by
centrifugation at 10,000 g for 30 min at 4 �C, then dissolved in DW
and used as a soluble glucan sample. Carbohydrate contents in both
soluble and insoluble glucan were determined by the phenol-
sulfuric acid method.

2.7. Bacteriocin production assays

Bacteriocin production was assayed using a method previously
described, with slight modifications [21]. Briefly, 2 ml CSP (1 mM)
was pre-treated with 18 ml FruA (15, 29, 57, 114, and 228 unit/ml) in
sterile DW at 37 �C for 1 h. Next, 4 ml of each CSP solution was pre-
treated with FruA (final concentration, 10 mM CSP) and mixed with
36 ml of a cell suspension (S. mutans GS5 or S. mutans GS5.comC-,
OD600 ¼ 0.5) in TSBs, then spread onto BHI 2.5% agar plates and
incubated at 37 �C for 24 h. The plates were overlaid with 4 ml of
BHI 1% agar broth including the indicator strain Streptococcus RP66
(OD600 ¼ 0.3) diluted to 1:100 and incubated at 37 �C for 24 h.
Finally, the inhibition zone diameter of each sample was measured.
As a control, we used bovine serum albumin (BSA; IWAI Chemicals,
Tokyo, Japan) at the same concentrations as FruA.

2.8. Genetic transformation assays

Transformation efficiency was assayed using a method previ-
ously described, with slight modifications [21]. Briefly, 2 ml CSP
(final concentration, 100 mM) was pre-treated with 18 ml FruA (final
concentration, 285 unit/ml) in sterile DW at 37 �C for 1 h and used
for the genetic transformation assays. Overnight cultures of
S. mutansUA159were diluted 1:20 in BHImedium containing horse
serum (10%, vol/vol; Invitrogen, Waltham, MA), then 200 ml diluted
cell suspension aliquots were incubated at 37 �C for 4 h under an
aerobic condition with 5% CO2, and then added with or without
1 mM CSP pre-treated with FruA. After incubation at 37 �C for
30 min to assess genetic transformation, cell suspensions were
exposed to 700 ng of plasmid pDL276 with a Kan resistance gene.
After 2 h of incubation at 37 �C under an aerobic condition with 5%
CO2, the cultures were poured onto BHI agar plates with or without
500 mg/ml Kan. Transformation efficiency was determined after
48 h of incubation at 37 �C under an aerobic condition with 5% CO2
and is expressed as the percentage of transformants among total
viable recipient cells. As a control, BSA was used at the same con-
centration as FruA.

To clarify the effects of FruA, as an additional effect induced by
another method, FruA (final concentration, 15, 29, 57, 114, and 228
unit/ml) was added to the final condition including the diluted cell
suspensions and plasmid. Moreover, to characterize its thermal
properties, heat-treatment (100 �C for 30 min) of concentrated
FruA was also performed.
2.9. Statistical analysis

The statistical significance of differences between groups was
determined using Student's t-test. For comparisons amongmultiple
groups, one-way analysis of variance (ANOVA) and Bonferroni
correction were used. P-values of 0.001, 0.01, and 0.05 were
considered to indicate a significant difference.
3. Results

3.1. Effects of FruA on biofilm formation by S. mutans in various
medium conditions

To confirm production of insoluble glucan and soluble glucan in
S. mutans UA159 wild type, UA159.gtfB-, UA159.gtfC-, and
UA159.gtfBC- in TSB supplemented with carbohydrates, measure-
ment of polysaccharide was performed in biofilm formation (Fig. 1).
In TSBs, significant production of insoluble glucan was recognized
inwild type, UA159.gtfB- and UA159.gtfC- but not in UA159.gtfBC- as
compared with those in TSB. Amounts of insoluble glucans in
UA159.gtfB- and UA159.gtfC- were lower than amounts inwild type.
In contrast, significant production of soluble glucans was recog-
nized in all strains, and amounts of soluble glucans in UA159.gtfC-

and UA159.gtfBC- were lower than amounts in wild type and
UA159.gtfB-. In TSBg and TSBf, production of insoluble and soluble
glucans were not significantly recognized in all strains, as
compared with those in TSB.

As a next, the biofilm formation was measured in same media
and strains as previous assay. The level of biofilm formed by
S. mutans UA159 wild type was slightly up-regulated when incu-
bated with TSBs, TSBg, and TSBf, as compared to with TSB (Fig. 2A).
Furthermore, biofilm formation was significantly inhibited by FruA
in cultures with TSBs and TSBg, but not with TSBf (Fig. 2A). Inter-
estingly, biofilm formation was also significantly inhibited by FruA
when cultured with TSB.

In our next experiment, the effects of FruA on biofilm formation
by S. mutans UA159.gtfB-, in which the contribution of insoluble
glucan to biofilm formation is absent, was investigated (Fig. 2B). In
cultures with TSB and TSBs, biofilm formation was significantly
inhibited by FruA. However, significant inhibition by FruA was not
observed in cultures with TSBg and TSBf. Findings obtained with
S. mutans UA159.gtfC- show reductions of both insoluble and sol-
uble glucans in biofilm formation. Biofilm formation was signifi-
cantly inhibited by FruA in cultures with TSB, TSBs, and TSBg, but
not with TSBf (Fig. 2C). In contrast, FruA did not show significant
inhibition of biofilm formation by S. mutans UA159.gtfBC-, which is
completely absent of production of insoluble and soluble glucans
(Fig. 2D), whereas slight inhibition by FruA was observed in cul-
tures with TSB, TSBs, and TSBg.



Fig. 1. Quantitative measurement of insoluble and soluble glucan. Insoluble and soluble glucans from S. mutans UA159 wild type (A), UA159.gtfB- (B), UA159.gtfC- (C), and
UA159.gtfBC- (D) biofilm in cultures with TSB, TSBs, TSBg, and TSBf were extracted and quantitatively measured. Results were obtained from 3 independent assays and are expressed
as the mean ± standard deviation (SD). Asterisks indicate significantly different relative levels of polysaccharides production (***P < 0.005).

Fig. 2. Effects of FruA on biofilm formation by S. mutans gtfmutants in various medium conditions. Effects of FruA (final concentration, 57 unit/ml) on biofilm formation by S. mutans
UA159 (A), UA159.gtfB- (B), UA159.gtfC- (C), and UA159.gtfBC- (D) in TSB, TSBs, TSBg, and TSBf were observed in human saliva-coated 96-well flat-bottom microtiter plates. Results
were obtained from 3 independent assays and are expressed as the mean ± SD. Asterisks indicate significantly different relative levels of biofilm formation (*P < 0.05, **P < 0.01, and
***P < 0.005).
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The QS system is considered to be important for biofilm for-
mation and bacterial cell survival in severe conditions. To confirm
the contribution of the QS system to biofilm formation, S. mutans
UA159.comC- and UA159.comD- were constructed, and used to
examine the effects of FruA on biofilm formation. Biofilm levels
were significantly reduced by the comC and comD mutations in
S. mutans UA159 in cultures with TSBs (Fig. 3A and B). Biofilm levels
were reduced by mutations, whereas no significant differences
were seen in cultures with TSB, TSBg, and TSBf (Fig. 3A and B).
Therefore, we concluded that a Com-dependent QS system con-
tributes to biofilm formation in sugars-supplemented condition. In
addition, biofilm formation by S. mutans UA159.comC- and
UA159.comD- were significantly inhibited by FruA in all of the
present medium conditions (Fig. 3A and B).



Fig. 3. Effects of FruA on biofilm formation by S. mutans com mutants in various medium conditions. Effects of FruA (final concentration, 57 unit/ml) on biofilm formation by
S. mutans UA159.comC- (A) and UA159.comD- (B) in TSB, TSBs, TSBg, and TSBf were observed in human saliva-coated 96-well flat-bottom microtiter plates. Results were obtained
from 3 independent assays and are expressed as the mean ± SD. Asterisks indicate significantly different relative levels of biofilm formation (*P < 0.05 and ***P < 0.005).
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3.2. Effects of FruA on bacteriocin production by S. mutans

To confirm the effects of FruA on the Com-dependent QS system,
CSP-dependent bacteriocin production assays were performed us-
ing cultures with CSP treated with or without FruA. S. mutans GS5
showed significant inhibition of growth of an indicator strain, while
S. mutans GS5.comC- did not (Fig. 4A). However, bacteriocin pro-
duction by the latter strain was restored by addition of CSP. FruA
treatment to CSP inhibited bacteriocin production in S. mutans
GS5.comC- in a dose-dependent manner (Fig. 4C and D). Further-
more, BSA caused no significant inhibition of bacteriocin produc-
tion in all of the tested conditions (Fig. 4B and C).

3.3. Effects of FruA on genetic transformation of S. mutans

The genetic transformation of S. mutans is mainly controlled by
the CSP-dependent pathway in the QS system. To investigate the
effects of FruA on CSP-dependent genetic transformation in
S. mutans, we performed genetic transformation assays using
Fig. 4. Effects of FruA on bacteriocin production by S. mutans. Production of bacteriocins wer
treated with and without FruA (15, 29, 57, 114, and 228 unit/ml). As a control, BSA was used
assays.
cultures with CSP treated with or without FruA. Direct treatment
with FruA to CSP at a high concentration of 285 unit/ml did not
show significant effects on bacterial activities (Fig. 5A). Further-
more, BSA at the same concentration, used as a control, also showed
no significant influence (Fig. 5B). In culture using CSP treated with
FruA, we observed clear effects of FruA on bacteriocin production
by S. mutans but not on genetic transformation of the bacterium. As
another test of the effects of FruA, we examined receptors on
bacterial cells considered to be targeted by FruA. For these assays,
FruA was added to the final conditions including the diluted cell
suspensions and plasmid. Our results showed that FruA at 15 and
29 units/ml inhibited genetic transformation as compared with
control without FruA, with no significant difference between
treatments with and without FruA (Fig. 5C). In addition, when
added at concentrations greater than 57 units/ml, FruA showed a
significantly greater inhibition of genetic transformation of the
bacterium (Fig. 5C). Genetic transformation inhibition by FruA was
restored by heat-treatment of FruA at various concentrations
(Fig. 5C). In the present assay, equal protein concentrations were
e observed in S. mutans GS5 or S. mutans GS5.comC-, and S. mutans GS5.comC- with CSP
at the same concentrations as FruA. Results shown are representative of 3 independent



Fig. 5. Effects of FruA on genetic transformation of S. mutans. To examine the direct effect of FruA on CSP activity, CSP was pre-treated with FruA (final concentration, 285 unit/ml) in
sterile DW at 37 �C for 1 h. Next, cell suspensions were incubated with or without CSP pre-treated with FruA (A). As control, BSA was used at the same concentration as FruA (B). To
clarify its effects, FruA (final concentration 15, 29, 57, 114, and 228 unit/ml) was added to the final condition, including the diluted cell suspension and plasmid. Effects of FruA were
compared with control without FruA (FruA (�)). Moreover, to characterize its thermal properties, heat-treatment (100 �C, 30 min) of various concentrations of FruA was performed
(C). As a control, BSA was used at the same concentrations as FruA (D). Genetic transformation efficiency was examined by determining the ratio of number of transformants as
compared to that of the total viable recipients. Results shown were obtained from 3 independent assays and are expressed as the mean ± SD. Asterisks indicate significantly
different relative levels of transformation (*P < 0.05 and **P < 0.01).
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determined in BSA and used as a control. However, no significant
effects were observed (Fig. 5D).

4. Discussion

Biofilm formation by S. mutans occurs by a process of various
steps including initial bacterial attachment, colonization, aggrega-
tion, and mature formation with polysaccharides such as glucans
utilized. Among these steps, glucan-dependent biofilm formation is
very important for long-term colonization and survival, and
acquisition of resistance to anti-bacterial agents in the oral cavity.
In the present study, FruA inhibited biofilm formation in not only
cultures with TSBs, and but also thosewith TSBg and TSBf, which do
not produce glucan. These findings show that FruA has additional
functions to inhibit the glucan-independent biofilm formation,
though it has effect on glucan-dependent biofilm formation.

In a previous report, a biofilm defective mutant of Streptococcus
gordonii was formed by insertion of the comD gene with a trans-
poson [28], and their findings demonstrated that ComD is an
important molecule in biofilm formation. Moreover, other studies
investigated biofilm formation by comC, comD, and comE S. mutans
mutants in comparison to that by the wild type [12,14], and found
that the mutant strains formed biofilms with abnormal
morphology and biomass. In the present study, as compared to the
wild type, the comC and comD mutants showed reduced biofilm
volume inmedia supplemented with both sucrose and non-sucrose
sugars. Therefore, the Com-dependent QS system is one of func-
tions that are important for biofilm formation, except for glucan-
dependent biofilm. FruA inhibited the biofilm formation of wild
type until similar level to the biofilm formation inhibited by FruA in
UA159.comC and UA159.comD mutants. These suggested that FruA
had inhibiting abilities to both Com-dependent and -independent
biofilm formations. Taken together, we suggested that FruA had
multiple functions to inhibit both glucan-dependent biofilm for-
mation in the presence of sucrose, and glucan-independent biofilm
formation related to the Com-dependent and -independent QS
systems in the presence of sugars.

The inhibiting effects of FruA on the QS system could not be
completely confirmed from only findings related to biofilm for-
mation because various related physical factors such as attachment,
aggregation, extracellular DNA (eDNA) and EPS production in bio-
film formation were not directly associated with the QS system.
Com-dependent QS system is caused by signal responses following
bacteriocin production and genetic transformation. Therefore, we
examined the direct effects of FruA on the QS system of S. mutans in
regard to bacteriocin production and genetic transformation.
Bacteriocin is an antibiotic peptide, with that produced by S. mutans
termed mutacin, and is presented as various types of mutacins,
which show activities against closely related species as well as
other gram-positive bacteria [11,18]. First, we examined the direct
effects of FruA on CSP-dependent bacteriocin production and ge-
netic transformation, and found that it inhibited CSP-dependent
bacteriocin production when CSP was directly treated with FruA.
CSP undergoes processing by SepM and activates the two-
component ComDE system, after which the activated ComE
response regulator stimulates the expression of mutacin-encoding
genes [12,18]. It is considered that CSP activities are inhibited by
FruA before CSP induces the signal activities of the two-component
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ComDE system, and bacteriocin production is inhibited by inacti-
vation of CSP. Thus, CSP may be a target for inhibition of bacteriocin
production by FruA in the QS system. Bacteriocin and autolysin
induce the production of eDNA, which helps with initial attach-
ment and early biofilm formation [29,30]. During the development
of mature biofilm, cell death and lysis occur inside of the micro-
colony, releasing eDNA, which controls the stability of the biofilm
structure [31e34]. The present study is the first to show that FruA
inhibits production of bacteriocin in the QS system, and may also
depress eDNA-dependent initial attachment, early biofilm forma-
tion, and biofilm maturity formation in a glucan-independent
system.

Our genetic transformation assays revealed that FruA did not
inhibit CSP-dependent genetic transformation when directly
treatedwith CSP. Therefore, we speculated that CSPwas not a target
for inhibition by FruA in the present genetic transformation assay
that used pre-treatment of CSP. To observe the effects of FruA in
another manner, FruA was additionally applied to bacterial cells
under the same final condition as used in that assay, which showed
that FruA significantly inhibited genetic transformation of S. mutans
in a condition that included a mixture of CSP, plasmid pDL276, and
bacterial cells. These findings suggest that FruA inhibits the activ-
ities of the two-component system on the cell surface or other
activities related to transformation of plasmid pDL276. Thus, CSP
may not be a target factor for inhibition of genetic competency by
FruA in the response of bacterial cell surface components, though
we concluded that FruA is an inhibitor of the Com-dependent QS
system in S. mutans.

FruA showed a higher level of inhibition of bacteriocin pro-
duction as compared to that of genetic transformation. Bacteriocin
production is mainly associated with the CSP-dependent Com
pathway [18,35]. S. mutans possesses both ComCDE and ComRS
systems, which have been shown to regulate genetic competence
[11,36]. ComR directly activates comX and ComX activities, which
Fig. 6. Schematic image of FruA inhibiting effects on biofilm formation and CSP-responses
sucrose to fructose, and glucose and fructose (1). In this study, the inhibition effects by F
independent biofilm formation (2). The decrease of sucrose concentration by FruA leaded t
by FruA leaded to the decrease of glucan-independent biofilm formation. Taken together,
-independent biofilm formations.
are also induced by 2 kinds of signal peptides, CSP-dependent and
sigX-inducing peptide (XIP)-dependent competence regulator
[11,36]. A previous report showed that CSP does not directly
regulate the QS signaling cascades between Com- and XIP-
dependent pathways [37]. However, genetic competence is
induced via the XIP signaling cascade, which is not regulated by the
CSP signaling cascade. Therefore, FruA is not directly associated
with CSP in regard to genetic competency, and may inhibit the QS
signaling cascades between the Com- and XIP-dependent pathways
in the cells.

There is another QS system of LuxS-mediated autoinducer 2
(AI-2) in Gram-positive and -negative bacteria [38,39]. AI-2 is
produced to function as a universal QS signal for interaction be-
tween bacterial species. LuxS mutant was shown to impair biofilm
growth, reduced tolerance to acid killing, genetic competence and
the production of lantibiotic mutacin I in S. mutans [40]. Down-
regulation of the comC gene 2, 3-fold caused by the luxS mutation
may be responsible for an attenuated bacteriocin production in the
luxSmutant strain [41]. Recently, Trappetti et al. reported that FruA
was a candidate receptor for AI-2 in Streptococcus pneumoniae [42].
Therefore, it is hypothesized that exogenous FruA may bind to
autoinducers including CSP, such as AI-2 and inhibit CSP-based
signaling which induce genetic competency and bacteriocin pro-
duction (Fig. 5).

In summary, when FruA is applied through the biofilm for-
mation of S. mutans in condition with sucrose, FruA digests su-
crose which is utilized as a substrate to form glucan-dependent
biofilm, and fructan synthesized from sucrose, which is utilized as
a nutritious source in biofilm [22] (Fig. 6). In addition to these
effects on biofilm formation in condition with sucrose, FruA loses
glucan-independent and QS-dependent abilities in conditionwith
various sugars including sucrose (Fig. 6). These new aspects are
notable for development of new agent in oral hygiene to prevent
biofilm-associated infectious diseases including dental caries
in S. mutans. In previous reports, FruA secreted from S. salivarius digested fructan and
ruA on CSP responses were proposed as one of mechanisms for inhibition of glucan-
o the decrease of glucan-dependent biofilm formation and the decrease of QS signals
total biofilm volume was decreased by the inhibition of both glucan-dependent and
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because oral biofilm is formed in condition with not only sucrose,
and but also in condition with other sugars. Chemical substances
such as triclosan, cetylpyridinium chloride, dextranase, chlor-
hexidine, etc. were conventionally used as anti-microbial and
biofilm agents for oral rinse and paste [43e45]. They do not have
additive effects on QS system, which was observed by the treat-
ment of FruA in this study. FruA may be useful for the develop-
ment of new oral hygiene system. However, principal inhibiting
activities of FruA in the interaction between CSP and ComD, and
QS signaling cascades among the Com- and XIP- dependent
pathways have yet to be clearly identified in the molecular sys-
tem. It will be important as a future work to study the molecular
interaction and chemical responses of FruA with these QS
signaling cascades to clarify its multiple functions.
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