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ABSTRACT Streptococcus mutans is the primary etiological agent of dental caries
and causes tooth decay by forming a firmly attached biofilm on tooth surfaces. Bio-
film formation is induced by the presence of sucrose, which is a substrate for the
synthesis of extracellular polysaccharides but not in the presence of oligosaccha-
rides. Nonetheless, in this study, we found that raffinose, which is an oligosaccharide
with an intestinal regulatory function and antiallergic effect, induced biofilm forma-
tion by S. mutans in a mixed culture with sucrose, which was at concentrations less
than those required to induce biofilm formation directly. We analyzed the possible
mechanism behind the small requirement for sucrose for biofilm formation in the
presence of raffinose. Our results suggested that sucrose contributed to an increase
in bacterial cell surface hydrophobicity and biofilm formation. Next, we examined
how the effects of raffinose interacted with the effects of sucrose for biofilm forma-
tion. We showed that the presence of raffinose induced fructan synthesis by fructo-
syltransferase and aggregated extracellular DNA (eDNA, which is probably genomic
DNA released from dead cells) into the biofilm. eDNA seemed to be important for
biofilm formation, because the degradation of DNA by DNase I resulted in a signifi-
cant reduction in biofilm formation. When assessing the role of fructan in biofilm
formation, we found that fructan enhanced eDNA-dependent cell aggregation.
Therefore, our results show that raffinose and sucrose have cooperative effects and
that this induction of biofilm formation depends on supportive elements that mainly
consist of eDNA and fructan.

IMPORTANCE The sucrose-dependent mechanism of biofilm formation in Streptococ-
cus mutans has been studied extensively. Nonetheless, the effects of carbohydrates
other than sucrose are inadequately understood. Our findings concerning raffin-
ose advance the understanding of the mechanism underlying the joint effects of
sucrose and other carbohydrates on biofilm formation. Since raffinose has been
reported to have positive effects on enterobacterial flora, research on the effects
of raffinose on the oral flora are required prior to its use as a beneficial sugar for
human health. Here, we showed that raffinose induced biofilm formation by S.
mutans in low concentrations of sucrose. The induction of biofilm formation gen-
erally generates negative effects on the oral flora. Therefore, we believe that this
finding will aid in the development of more effective oral care techniques to
maintain oral flora health.
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Streptococcus mutans is an etiological agent of dental caries and infective endocar-
ditis. This bacterium manifests virulence by forming a biofilm. The major traits of

virulence are acidogenicity, aciduricity, and firm attachment of the biofilm (1). The
biofilm formation mechanisms of S. mutans have been categorized as sucrose depen-
dent and sucrose independent (2). The presence of sucrose is essential for
polysaccharide-dependent biofilm formation, because all polysaccharide synthases
conduct enzymatic reactions using sucrose as the substrate. S. mutans possesses 3
types of glucosyltransferases (Gtf-I, Gtf-SI, and Gtf-S, encoded by gtfB, gtfC, and gtfD,
respectively) and a fructosyltransferase (Ftf, encoded by sacB). Gtf-I, which is absorbed
on the bacterial cell surface, synthesizes insoluble glucans rich in 1,3-bonds and
contributes to microcolony formation (3, 4). Gtf-SI, which is bound to a solid surface,
synthesizes a mixture of soluble 1,6-bonds and insoluble glucans and acts as the
attachment site for bacteria (4, 5). Gtf-S produces soluble glucans, which serve as
primers for Gtf-I activity (6, 7). Fructan is synthesized by Ftf from sucrose and serves as
a nutrient source for biofilm cells (8). Although fructan has been shown to contribute
to biofilm formation by interacting with glucan (9), the role of fructan itself in biofilm
formation is not fully understood.

In addition to the participation of these polysaccharides, extracellular DNA (eDNA)
is involved in biofilm formation via a sucrose-independent mechanism. eDNA is be-
lieved to be genomic DNA released from dead cells and has important functions as an
attachment factor for surfaces and an adhesive factor among bacteria during the initial
stage of biofilm formation (10, 11). The degradation of eDNA by the addition of DNase
I results in a significant decrease in biofilm formation (12). The emergence of dead cells
(autolysis) is regulated by cell density-dependent gene expression (quorum sensing
[QS]). In S. mutans, Streptococcus pneumoniae, and Streptococcus gordonii, autolysis
leading to eDNA production is regulated by the expression of a secretory peptide
pheromone (competence-stimulating peptide [CSP]) and by the recognition of CSP by
a two-component signal transduction system (13–16). This QS system simultaneously
controls genetic competence, bacteriocin production, and stress tolerance and con-
tributes to the formation of a mature biofilm (17–19).

Conversely, the effects of sugars other than sucrose on biofilm formation are poorly
understood, although S. mutans can metabolize many types of sugars, including
oligosaccharides (20). We focused on raffinose, which is one oligosaccharide metabo-
lized by S. mutans but is an indigestible oligosaccharide for humans (Fig. 1A). The
sweetness of raffinose is approximately 20% of the sweetness of sucrose. Raffinose is
known to be a sugar beneficial for human health due to its positive effects on the
intestinal bacterial flora. Indeed, the continuous consumption of raffinose leads to a
significant increase in the Bifidobacterium population and a significant decrease in the
Clostridium and Bacteroides populations in healthy human intestines (21). In the oral
cavity, raffinose has been reported to serve as the substrate for Ftf of Streptococcus
salivarius, leading to the accumulation of extracellular polysaccharides (22). Nonethe-
less, the involvement of raffinose in S. mutans biofilm formation is unknown. In this
study, we found that the presence of raffinose induced biofilm formation by S. mutans,
and we investigated the underlying mechanism to gain a better understanding of
biofilm formation and ultimately to prevent and treat bacterial infections.

RESULTS
The stimulatory effect of raffinose on biofilm formation. We tested whether

biofilm formation was induced by the presence of raffinose using several media. In this
study, we used sucrose and glucose as the biofilm-inducing and non-biofilm-inducing
substrates, respectively. As shown in Fig. 1B and in Fig. S1 in the supplemental material,
biofilm formation was significantly increased in the tryptic soy broth with raffinose
(TSBr) medium compared to TSB with glucose (TSBg), which served as a negative
control for biofilm formation. In contrast, the biomass of the biofilm was significantly
lower in TSBr than in TSB with sucrose (TSBs), which was used as a positive control. This
result suggested that raffinose had the ability to induce biofilm formation by S. mutans.
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Conversely, biofilm formation was not induced when the base medium was changed to
semidefined medium (SDM), brain heart infusion (BHI) agar, or Todd Hewitt broth (THB)
(Fig. 1B and S2A and B). These results suggested that some components of TSB were
necessary for the induction of the biofilm in the presence of raffinose. To identify the
reason why a biofilm was induced in TSBr, we focused on the presence of sucrose in
TSB. TSB consists of the components derived from tryptone and soy and contains
approximately 0.0075% (wt/vol) sucrose, which is not sufficient for biofilm induction
(data not shown). To evaluate the effect of raffinose at the low sucrose concentration,
a biofilm formation assay was conducted in SDM supplemented with 0.002% (wt/vol)
sucrose, which was a more severe condition in terms of sucrose availability, and with
various raffinose concentrations. As shown in Fig. 1C, the biofilm biomass was signif-
icantly increased when a raffinose concentration greater than 0.125% was added to
SDM supplemented with 0.002% (wt/vol) sucrose as the base substrate. As a control,
the addition of glucose did not induce biofilm formation. This result suggested that
raffinose had a stimulatory effect on biofilm formation. Therefore, raffinose was not
only a nutrient.

Raffinose incorporated by S. mutans is degraded to galactose and sucrose under the
influence of �-galactosidase as a first step of metabolism (23). We tested whether the
sucrose formed by �-galactosidase during this process induced biofilm formation in
TSBr. Then, we constructed an isogenic deletion mutant of the agaL gene (ΔagaL
mutant), which encodes �-galactosidase. The biofilm formed by the ΔagaL mutant was

FIG 1 The stimulatory effect of raffinose on biofilm formation by S. mutans. (A) Structural comparison of sugars used in this study. (B) Biofilm
formation assay in TSB or SDM supplemented with 0.25% (wt/vol) sucrose, glucose, or raffinose. We used sucrose and glucose as biofilm-inducible and
non-biofilm-inducible controls, respectively. (C) The impact of a low concentration of sucrose and the stimulatory effect of raffinose on biofilm formation.
To evaluate the effects of a low concentration of sucrose, we used SDM with 0.002% sucrose, which is not sufficient to induce a biofilm, as a base
medium. We tested whether raffinose has a stimulatory effect of biofilm by adding various concentrations of raffinose to cell culture. Glucose was
used as a negative control. (D) Comparison of the biomass of a biofilm formed by WT and ΔagaL mutant strains. Biofilm biomasses were
comparable in the WT and ΔagaL mutant strains. The data indicate means � standard deviations (SD) of the results from three independent
experiments. The asterisks indicate a significant difference between two groups (Student’s t test; P � 0.05).
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quantified to examine the effect of �-galactosidase on the biofilm in TSBr. The biofilm
biomass produced by the ΔagaL mutant was almost equal to the biofilm biomass of the
wild-type (WT) strain (Fig. 1D). This result suggested that the sucrose derived from
endogenous (intracellular) raffinose did not contribute to biofilm formation. Collec-
tively, these results showed that extracellular sucrose was important for biofilm forma-
tion in TSBr.

Quantitative analysis and contribution of eDNA to biofilm formation. eDNA is
a major component of biofilms in many bacteria, including S. mutans. We determined
the amount of eDNA in the biofilm by isolating and calculating the eDNA weight per
unit of dry weight of the biofilm. The amount of eDNA in the biofilm formed in TSBr was
similar to the amount in the biofilm formed in TSBs but significantly greater than the
amount in the biofilm formed in TSBg (Fig. 2A). The eDNA was confirmed to be derived
from the genomic DNA of S. mutans UA159 using the random amplified polymorphic
DNA (RAPD) method (Fig. S3). In contrast, the total eDNA included in the biofilm and
culture supernatant did not change in any of the media (Fig. 2B). These results indicated
that raffinose and sucrose, but not glucose, might induce the biofilm formation
associated with eDNA. Next, to examine the contribution of eDNA to biofilm formation,
we assessed the inhibitory effect of DNase I on biofilm formation. Biofilm formation was
significantly but not completely inhibited by DNase I, whereas inhibition was not
observed by heat-inactivated DNase I (Fig. 2C). These results indicated that eDNA was
an important factor for biofilm formation in TSBr.

Quantitative analysis of polysaccharides. Polysaccharides are important factors
for the structural and functional stability of biofilms. In particular, insoluble polysac-

FIG 2 Quantification of eDNA and the contribution of eDNA to biofilm formation. (A) Quantification of eDNA in
biofilms. eDNA was isolated from a 20-h biofilm and quantified as the weight of eDNA per unit of dry weight of
biofilm. The dry weights of biofilm obtained from TSBs, TSBg, and TSBr were 4.44 � 0.3 �g, 2.49 � 0.1 �g, and
2.80 � 0.2 �g, respectively. (B) Quantification of total eDNA in biofilm and conditioned medium. Five hundred
microliters of overnight culture was mixed with 4.5 ml of TSBs, TSBg, or TSBr in a 6-well culture plate. The biofilm
formation was conducted for 20 h. These data indicate the total amount of eDNA detected from biofilm and 5 ml
of culture supernatant. (C) Inhibitory effect of DNase I on biofilm formation. Taking into consideration the finding
that eDNA contributes to the initial stage of the biofilm formation, we quantified biofilm formations in the 8-h
biofilm. DNase I was added at a concentration of 50 U/ml (DNase�) before the incubation for biofilm formation.
As a control, we also quantified biofilm formations in the absence of DNase I (DNase�) and heat-inactivated (100°C
for 30 min) DNase I (iDNase). These data indicate mean � SD of the results from three independent experiments.
The asterisks indicate a significant difference between two groups (Student’s t test, P � 0.05).
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charides are intimately implicated in firm attachment during biofilm formation in S.
mutans and in microbial virulence in dental caries. In contrast, soluble polysaccharides
are assumed to be indirect contributors to biofilms as the nutrient source for the biofilm
cells. We determined whether the insoluble and soluble polysaccharides were synthe-
sized by S. mutans in TSBr, because whether S. mutans possessed an enzyme capable
of synthesizing a polysaccharide from raffinose was unknown. The amounts of insoluble
polysaccharides synthesized were comparable in TSBr and TSBg; the absence of insol-
uble polysaccharide synthesis in TSBg was already known (Fig. 3A). The amount of
soluble polysaccharides was increased in TSBr, and the detected amount was signifi-
cantly greater than the amount formed in TSBs (Fig. 3A). Therefore, soluble polysac-
charides were synthesized by S. mutans in TSBr. Because it is known that there are two
types of soluble polysaccharides, glucan and fructan, synthesized by S. mutans, we
attempted to determine whether the soluble polysaccharide(s) synthesized in TSBr was
glucan and/or fructan. Using deletion mutants of gtfD (ΔgtfD) and sacB (ΔsacB), we
performed a quantitative analysis of the soluble polysaccharides in TSBr. The soluble
polysaccharide(s) was synthesized in TSBr by the Gtf-S ΔgtfD mutant but not by the Ftf
ΔsacB mutant (Fig. 3B). These results indicated that the soluble polysaccharide synthe-
sized in TSBr was most likely fructan.

Role of polysaccharides in biofilm formation. To evaluate the contribution of
each enzyme involved in the synthesis of insoluble and soluble polysaccharides to
biofilm formation, the ability of deletion mutants of polysaccharide synthase genes to
form a biofilm in TSBr was compared with that of the WT strain. The biofilm biomass
formed by the ΔsacB mutant was comparable to the biofilm biomass formed by the WT
strain (Fig. 4A). Therefore, we assumed that the presence or absence of fructan was not
associated with the biofilm biomass. However, the quality of the biofilm might be

FIG 3 Quantification of polysaccharides. (A) Comparison of the soluble and insoluble polysaccharides
synthesized in TSBs, TSBg, and TSBr. TSBs and TSBg serve as a positive control and negative control for
the synthesis of polysaccharides, respectively. (B) Discrimination between glucan and fructan among the
soluble polysaccharide synthesized in TSBr. We performed quantification of the soluble polysaccharide
synthesized in TSBr using the ΔgtfD mutant, which cannot synthesize a soluble glucan, and the ΔsacB
mutant, which cannot synthesize fructan. These data are presented as the means � SD of the results
from three independent experiments. The asterisks indicate a significant difference between two groups
(Student’s t test, P � 0.05).
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changed by a mutation in sacB. To analyze the biofilm quality, we examined the
morphology of the biofilm following staining with the LIVE/DEAD BacLight bacterial
viability kit using confocal laser scanning microscopy (CLSM). The cells attached on the
surface as aggregates in the biofilm formed by the WT strain. In contrast, cell aggre-
gation was not observed in the biofilm formed by the ΔsacB mutant, and the mor-
phology of the biofilm was flat and largely stained by the LIVE/DEAD BacLight bacterial
viability kit compared to the biofilm formed by the WT and ΔgtfD mutant strains (Fig.
4B). The defect in the biofilm morphology in the ΔsacB mutant was restored in the
sacB-complemented strain (sacB comp.; Fig. 4B). Furthermore, the morphology was also
restored when 200 �g/ml commercial inulin (a type of fructan synthesized by S.
mutans) was added to TSBr (Fig. S4). Therefore, these results indicated that fructan was
involved in the biofilm morphology without impacting the biofilm volume. Recently,
the addition of levan (a type of fructan) to a DNA solution was reported to increase the
viscosity of the solution (24). Ftf from S. mutans synthesizes inulin, which is a different
type of fructan. Therefore, we tested the hypothesis that inulin facilitated cell aggre-
gation by acting coordinately with the eDNA. We performed an aggregation assay of
bacterial cells using genomic DNA from S. mutans UA159 and commercial inulin to
mimic the main components of the extracellular matrix formed in TSBr. The addition of
DNA alone or DNA and inulin in combination with the cell suspension led to cell
aggregation. At 30 min, the extent of the aggregation was significantly higher when
DNA and inulin were added to the cell suspension than with DNA alone (Fig. 4C). This
result suggested that although fructan (inulin) alone did not lead to cell aggregation,
fructan had a facilitative effect on cell aggregation in the presence of eDNA. Thus,
fructan interacts with eDNA to aggregate bacterial cells and contribute to biofilm
morphology in TSBr medium.

FIG 4 The function of the polysaccharide synthase genes in biofilm formation in TSBr. (A) The amount of biofilm formed by the deletion mutants
of the gene encoding polysaccharide synthase in TSBr. (B) CLSM analysis of the biofilm formed in TSBr. The cells in the biofilm were stained with
the LIVE/DEAD BacLight bacterial viability kit for 30 min. Representative images from three independent experiments are presented. (C) An
aggregation assay of the bacterial cells. The roles of eDNA and fructan in cell aggregation were examined by mimicking the extracellular matrix
synthesized in TSBr. Five micrograms per milliliter genomic DNA of UA159 and/or 250 �g/ml commercial inulin was added to 3 ml of cell
suspension, which was grown in BHI and adjusted to an OD600 of 1.5 with aggregation buffer. The data are presented as the means � SD of the
results from three independent experiments. The asterisks indicate a significant difference between two groups (Student’s t test, P � 0.05).
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Contribution of gtfB to biofilm formation. As shown in Fig. 4A and B, the deletion
of gtfB, which encodes an enzyme involved in the synthesis of an insoluble glucan,
resulted in a significant reduction in biofilm formation even though insoluble polysac-
charides were synthesized ineffectively in TSBr (Fig. 3A). Additionally, the quantitative
reverse transcription-PCR (RT-qPCR) results supported the importance of gtfB, because
the gtfB expression was uniquely upregulated in the TSBr medium compared to TSBg
(Fig. 5A). This result suggested that gtfB played a critical role in biofilm formation in
TSBr. To clarify the involvement of gtfB in biofilm formation in TSBr, we performed a
2-compartment biofilm formation assay. Biofilm formation by the ΔgtfB mutant was
partially complemented by supplying the secreted Gtf-I derived from the WT strain,
which was inoculated into the upper compartment (Fig. 5B). gtfB has been reported to
be adsorbed onto the bacterial cell surface and contribute to microcolony formation
(4). Therefore, we focused on the differences in the activities on the cell surface
between the WT and ΔgtfB mutant strains. We hypothesized that the presence or
absence of gtfB would affect the hydrophobicity of the cell surface. When the cells were
cultivated in TSBr, the hydrophobicity was lower in the ΔgtfB mutant than in the WT
strain (Fig. 5C). In contrast, when the cells were cultivated in SDM with raffinose (SDMr),
the hydrophobicities were equal among all of the strains (Fig. 5C). These results
suggested that Gtf-I, which is encoded by gtfB, contributed to biofilm formation in TSBr
by increasing the hydrophobicity of the cell surface. Furthermore, because the bacterial
cell surface hydrophobicity did not change between cultivation in TSB and TSBr, TSB
was important for the increase in bacterial hydrophobicity, and the presence of
raffinose did not influence this process. Next, to identify which component(s) of TSB
was involved in the increase in hydrophobicity, we examined the participation of

FIG 5 The importance of gtfB for biofilm formation in TSBr. (A) Expression of genes which encode the polysaccharide synthases in a 20-h
biofilm. This graph indicates the relative expression levels of the genes compared with the expression of each gene during cultivation in
TSB. These data were normalized to the expression of the endogenous control (lactate dehydrogenase). (B) A two-compartment biofilm
formation assay. This experiment revealed the importance of Gtf-I encoded by gtfB secreted by the WT cells inoculated into the upper
compartment. The wells were separated by the hanging cell culture insert into the upper and bottom parts of the well. The biofilm formed
on the bottom of the wells in TSBr was stained with a safranin solution. Representative images of three independent experiments are
presented. (C) Comparison of the cell surface hydrophobicities between strains. The cells grown in TSB, TSBr, SDMr, or SDM supplemented
with 0.0075% sucrose medium for 6 h were used. These data are presented as means � SD of the results from three independent
experiments. The asterisks indicate a significant difference between two strains (Student’s t test, P � 0.05).
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sucrose, which was contained in TSB. When an amount equal (0.0075% [wt/vol]) to the
amount of sucrose included in TSB was added to SDM, the bacterial cell surface
hydrophobicity was significantly increased compared to SDM, but the level of hydro-
phobicity was lower than the level in TSB. These results suggested that components of
TSB other than sucrose also contributed to this process. After upregulation of hydro-
phobicity on the cell surface, other responses associated with eDNA and fructan might
have induced cell aggregation and biofilm formation. Therefore, gtfB contributed to cell
aggregation and biofilm formation in TSBr by utilizing sucrose, and other components
included in TSB increased the bacterial cell surface hydrophobicity and other responses
associated with eDNA and fructan.

Biofilm formation on the sHA surface. To confirm whether the biofilm formation
in TSBr occurred on the tooth surface, biofilm formation by S. mutans was examined on
the human saliva-coated hydroxyapatite disk (sHA) as an in vitro model of a smooth
surface. We examined the cells in biofilms stained with the LIVE/DEAD BacLight
bacterial viability kit by CLSM. Biofilm formation was observed on the sHA surface in
TSBs and TSBr but not in TSBg. Small cell aggregates were scattered in TSBr on the sHA
surface compared to those in TSBs (Fig. 6). The same result was obtained by examining
safranin-stained biofilms (Fig. S5). In TSBr, colocalization of live cells (green) and dead
cells (red) was observed in some small aggregates in the biofilm, whereas in other
aggregates, dead cells were mainly observed on the entire sHA surface. In TSBs,
colocalization of live and dead cells was observed in large aggregates in the biofilm.
These results showed that the biofilm formed in TSBr was not simply a sediment on the
bottom of the culture plate.

DISCUSSION

Our study revealed that biofilm formation by S. mutans was induced in TSBr but not
in SDMr. Accordingly, the mechanism underlying biofilm formation in TSBr is divided
into the participation of TSB and raffinose. Concerning the role of TSB, we propose that
sucrose contained in TSB is important for increasing the hydrophobicity of the cell

FIG 6 CLSM examination of the biofilm formed on the sHA surfaces. Biofilm was formed on the sHA placed in a 24-well
plate vertically and stained with the LIVE/DEAD BacLight bacterial viability kit. Live cells emitted green fluorescence,
whereas the dead cells emitted red fluorescence. Representative three-dimensional (3D) images of three independent
experiments are presented.
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surface, which is mediated by the reaction of GtfI encoded by gtfB. Cell surface
hydrophobicity has been reported to be important for microbial attachment and
adhesion (25, 26). Indeed, the deletion of gtfB resulted in the reduction of hydropho-
bicity of the cell surface and decreased biofilm formation. Although the bacterial cell
surface hydrophobicity of the ΔgtfB mutant was reduced by half compared to the WT
level, the biofilm formation was dramatically decreased. According to these results,
other effects were also predicted to be involved in the biofilm formation via the gtfB
deletion. The importance of gtfB for biofilm formation was also suggested by RT-qPCR
and the two-compartment biofilm formation assay results. Nonetheless, the effects of
the gtfB deletion other than the decrease in hydrophobicity were not determined in
this study.

The biofilm formation mechanism in the TSBr medium was different from the
mechanism in TSBs. The biofilm formation results obtained for the ΔagaL mutant
revealed that the induction of the biofilm was not mediated by sucrose produced after
the incorporation of raffinose into the cells, because the biofilm biomass of the ΔagaL
mutant was not changed. This result also implied the existence of a phenomenon that
was uniquely caused by raffinose. This notion is supported by other reports which show
that collective behaviors, such as biofilm formation and quorum sensing, are affected
by the carbohydrate source (27, 28). Taken together, these results suggest that the
biofilm formation in TSBr is induced by a mechanism whereby cell surface hydropho-
bicity is increased by the reaction of Gtf-I using sucrose included in TSB; then, the
additional effects of raffinose occur.

Next, we explored the phenomena caused by the presence of raffinose and its
involvement in biofilm formation. We revealed that eDNA was an important contributor
to biofilm formation in TSBr. The amount of eDNA contained in the biofilm significantly
increased in the biofilm formed in TSBr medium compared to TSBg medium. None-
theless, the sum of the eDNA in the biofilm and conditioned medium did not change
in TSBs, TSBg, and TSBr. These results indicate that raffinose is not involved in eDNA
production but instead contributes to the aggregation of eDNA in the biofilm. Degra-
dation of the eDNA by the addition of DNase I led to a significant decrease in biofilm
formation. However, biofilm formation could not be completely inhibited by the
addition of DNase I. Hence, eDNA is an important factor but not the only contributor.
Furthermore, we showed that the eDNA detected in the biofilm formed in TSBr was
likely to be genomic DNA released from dead cells based on the RAPD results, because
the same band pattern was obtained for the eDNA and the genomic DNA used as the
template for the PCR. This result agreed with other reports showing that the eDNA
generated by cell lysis was important for biofilm formation by S. mutans (29).

We also revealed that a large amount of soluble polysaccharide was synthesized in
the presence of raffinose and was identified as fructan. Ftf has been reported to
synthesize fructan from raffinose in S. salivarius, Actinomyces viscosus, and Lactobacillus
reuteri (30). Our results revealed that the Ftf of S. mutans also synthesized fructan from
raffinose. The amount of soluble polysaccharide was significantly increased in TSBr
compared to TSBg, whereas the expression of ftf was not upregulated in TSBr. There-
fore, this increase in fructan can probably be attributed to the following mechanism: Ftf
competes with glucosyltransferases for a limited supply of a substrate (sucrose) in TSBs
but can synthesize fructan from the substrate (raffinose) in TSBr without competition
with glucosyltransferases. This proposal is a reasonable explanation because the glu-
cose moiety of raffinose is sandwiched between fructose and galactose residues,
whereas the fructose moiety is available for polysaccharide synthesis because this
moiety is exposed. However, the role of fructan in biofilm formation by S. mutans is ill
defined even though fructan acts as an extracellular carbon source for the biofilm cells
(31). In S. mutans V403, disruption of the ftf gene decreases cariogenic activity, but the
capacity for adhesion to glass and rat tooth surfaces is not affected (32). In contrast,
Wexler et al. showed that the number and severity of dental caries sites did not differ
between UA159 and an isogenic mutant of the ftf gene (33). In contrast, Rozen et al.
reported that fructan provided attachment sites for several cariogenic bacteria on sHA
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(34). Thus, the role of fructan in biofilm formation is complicated and unclear. In this
study, we identified some of the functions of fructan in biofilm formation. During
quantification of the biofilm, we found that deletion of the sacB gene did not appar-
ently affect the biofilm biomass stained with safranin in TSBr. However, during quali-
tative observation of the biofilm, a flat form was represented in the biofilm of the ΔsacB
mutant stained with the LIVE/DEAD BacLight bacterial viability kit. In contrast, aggre-
gates were largely observed in the WT biofilm. These results indicated that the
participation of fructan was associated with cell aggregates in the WT strain. Then, we
focused on the role of fructan in the biofilm features. Levan, which is a type of fructan,
was reported to enhance the viscosity of DNA solutions and was necessary for biofilm
formation by Bacillus subtilis (24). Here, we showed that fructan from S. mutans
facilitated cell aggregation when it interacted with eDNA. We believe that bacterial cells
aggregate due to enhanced viscosity of the medium around the cells in the presence
of eDNA and fructan.

Raffinose is considered a sugar beneficial for human health because it increases the
population of Bifidobacterium spp. in the human gut and has antiallergic properties in
rats (21, 35). Recently, raffinose was reported to inhibit the biofilm formation of
Pseudomonas aeruginosa (36). In contrast, our study showed stimulatory effects of
raffinose on biofilm formation by S. mutans in low concentrations of sucrose. Although
the implications of this biofilm for cariogenicity were not studied here, we assumed
that the induction of biofilm formation in the oral cavity negatively affected the
maintenance of the healthy oral flora. Therefore, more detailed research into the effects
of oligosaccharides, including raffinose, on bacteria is required prior to use as a
beneficial sugar for human health. In addition to raffinose, we examined other trisac-
charides, including melezitose, 1-kestose, and lactosucrose (Fig. S6). S. mutans could
not increase in TSB supplemented with 0.25% (wt/vol) melezitose as a sugar source but
could increase in TSB with 0.25% (wt/vol) 1-kestose or lactosucrose, compared with
growth in TSB. Moreover, the biofilm formation of S. mutans was stimulated in these
media. Whether biofilm formation in the presence of 1-kestose or lactosucrose was
induced by a similar mechanism in the presence of raffinose is not clear. However, the
combination of D-glucose and a terminal �-linked D-fructose, such as sucrose or
raffinose, was involved in the structures of these trisaccharides, which induced biofilm
formation. In the established consensus, carbohydrates, which possess a terminal
�-linked D-fructose unit, are susceptible to the action of invertase (37). Invertase is an
enzyme for the conversion of sucrose to glucose and fructose, and, like fructosyltrans-
ferase, it is important for the utilization of fructose (37, 38). However, melezitose, in
lacking a terminal �-linked D-fructose unit, is insusceptible to invertase. S. mutans
possesses invertase and shows enzyme activities to cleave sucrose and raffinose but not
melezitose (39). Therefore, this combination of D-glucose and a terminal �-linked
D-fructose in these trisaccharides may be key for growth and biofilm formation in
collaboration with eDNA and fructan. Revealing the underlying mechanism of the
formation of these biofilms is a future challenge.

In conclusion, we demonstrated that biofilm formation was induced by the coop-
erative effects of raffinose and sucrose. Our data indicate that raffinose works as a
substrate for fructan synthesis by Ftf and that the low concentrations of sucrose
contained in TSB contribute to an increase in cell surface hydrophobicity. Under these
conditions, aggregates of S. mutans were induced by eDNA, which was released from
dead cells, integrated into fructan, and adhered onto the surface of the plate or sHA.
Our findings from this study will contribute to the understanding of the mechanism of
S. mutans biofilm formation and human health.

MATERIALS AND METHODS
Bacterial strains and culture conditions. The bacterial strains used in this study are listed in Table

1. S. mutans was grown in an aerobic atmosphere containing 5% CO2 (AnaeroPack-CO2; Mitsubishi Gas
Chemical Company, Tokyo, Japan) in brain heart infusion (BHI) broth (Difco Laboratories, Detroit, MI) at
37°C prior to inoculation into culture plates that were used for biofilm formation. Escherichia coli DH5�
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was grown in Luria-Bertani (LB) broth (Affymetrix, Inc., Santa Clara, CA) or 1.5% agar at 37°C to be used
for cloning and plasmid amplification.

Construction of mutants. The primers used for the construction of bacterial mutants in this study
are listed in Table 2. Sequence information was obtained from the KEGG (http://www.genome.jp/kegg/)
and NCBI (http://www.ncbi.nlm.nih.gov/) databases. The ΔgtfB, ΔgtfC, and ΔgtfD mutants were created

TABLE 1 Bacterial strains and plasmids

Strain or plasmid Relevant propertiesa

Source or
reference

Strains
S. mutans

UA159 Wild type; Erms Kans 20
ΔgtfB mutant UA159::pSBB gtfB Ermr This study
ΔgtfC mutant UA159::pSBC gtfC Kanr This study
ΔgtfD mutant UA159::pSBD gtfD Kanr This study
ΔsacB mutant UA159 sacB Ermr This study
ΔagaL mutant UA159 agaL Ermr This study

sacB comp. ΔsacB mutant::pSMsacB::sacB Spcr This study
E. coli

DH5� Cloning host TaKaRa

Plasmid
pUC19 Cloning vector Ampr 54
pResEmMCS10 Streptococcal integration plasmid Ermr 42
pDL276 E. coli-Streptococcus shuttle vector; Kanr 55
pDL278 E. coli-Streptococcus shuttle vector; Spcr 56
pSBB pUC19 containing gtfB fragment; Ampr Kanr This study
pSBC pUC19 containing gtfC fragment; Ampr Ermr This study
pSBD pUC19 containing gtfD fragment; Ampr Kanr This study
pSMsacB pDL278::pldh, sacB; Spcr This study

aErms, erythromycin susceptibility; Kans, kanamycin susceptibility; Ermr, erythromycin resistance; Kanr,
kanamycin resistance; Spcr, spectinomycin resistance; Ampr, ampicillin resistance.

TABLE 2 Primers for mutant construction

Primer Sequencea

GtfBuF ccccgaattcACAGTTGACAAAACTTCTGAAGC
GtfBuR ccccggtaccGCTCTGTGCAGAGCGATCATAAAC
GtfBdF cccctctagaTGATGATACAAGTAATCAATTGC
GtfBdR ccccaagcttATAGTGTTATCAGCTGTATATC
GtfCuF cccccgaattcTGAGTGGTGTATGGCGTCAC
GtfCuR cccccggtaccGACCGTTAATGGTTCTGGC
GtfCdF ccccctctagaAAACTCTGACTGCTACTGATAC
GtfCdR cccccaagcttGAGCAAAGCTGTTAGTGTTATCA
910uF ccccgaattcACTGGGTAACCATTGCTGTC
910uR ccccggtaccTTTGGAATGGCCGCTAAGTC
910dF cccctctagaACGCTGATGGCAGCAAGAAC
910dR ccccaagcttATTGTCTGACTGCCTGTAAC
sacB-uF GCTAGTGCAACTGTTCAAGGCTTAG
sacB uR cccatgcgtttgggcccAAGGACGTGCCCCCATTT
sacB dF cccaaggagatggccggTGACTCCGCTGGTCGAAT
sacB-dR GTTTGCCATCTTTTCTCCTCTCGTC
agaL uF CTGTTTGGTGGGGCAGTTTGTTTA
agaL uR cccatgcgtttgggcccGCCCATTTGTTCTCCCTT
agaL dF cccaaggagatggccggATGTATGCGGGATTGACC
agaL dR GATAGAGCTAAATCTCCGGCTCCAA
ermR F gggcccaaacgcatgggAATACGCAAACCGCCTCT
ermR R ccggccatctccttgggGTGCCACCTGACGTCTAA
pDLKmF-Bam cccccggatccTGTGGTTTCAAAATCGGCTCC
pDLKmR-Bam cccccggatccCATCTAAATCTAGGTACTAAAAC
PldhF-Sac ggcggagctcCCGAGCAACAATAACACTC
PldhR-Bam ggcgggatccAACATCTCCTTATAATTT
sacBF-Bam cccggcgggatccGCTCGCTTTACCCTACTTCAGTGTC
sacBR-Hind cccggcgaagcttCATCAGAAAGGAGTTCACCCACTTC
aAdditional sequences which do not correspond to the sequences of the template DNA are shown with
lowercase letters.
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by inserting an erythromycin or kanamycin resistance gene using homologous recombination, as
previously described (40). The ΔsacB and ΔagaL mutants were constructed by replacing the target gene
with the erythromycin resistance gene using DNA fragments constructed by overlap extension PCR (41).
The upstream and downstream regions of the target genes were amplified from the genomic DNA of S.
mutans strain UA159, and the erythromycin resistance gene was obtained from pResEmMCS10 (42). The
amplicons were ligated by overlap extension PCR and introduced into S. mutans UA159. The transfor-
mants were screened on Mitis Salivarius (MS) agar (Difco Laboratories, Detroit, MI) plates with erythro-
mycin (10 �g/ml) or kanamycin (250 �g/ml). Insertion into the target region of the genomic DNA was
confirmed by PCR and agarose gel electrophoresis.

Construction of the complemented strain. The primers used for the construction of the sacB-
complemented strain are listed in Table 2. To construct a complemented strain constitutively expressing
the sacB gene, a constitutive promoter (Pldh) and the sacB gene were amplified from the genomic DNA
of S. mutans UA159 by PCR. The Pldh fragment was digested with SacI and BamHI, and the sacB gene
fragment was digested with BamHI and HindIII. These fragments were inserted into the multicloning site
of the pDL278 shuttle vector. To amplify the plasmid for sacB complementation, pSMsacB was introduced
into E. coli DH5� competent cells and screened on LB plates with spectinomycin (50 �g/ml). The plasmid
was extracted from the transformant, and the insertion of Pldh and the sacB gene into the target region
of pDL278 was confirmed by PCR and agarose gel electrophoresis. Then, pSMsacB was introduced into
competent S. mutans UA159 ΔsacB cells. The transformants were screened on MS plates with spectino-
mycin (200 �g/ml), and the complementation was confirmed by PCR and agarose gel electrophoresis.

Human saliva collection. Whole-saliva samples from volunteers with good oral health were stim-
ulated by chewing paraffin gum for 5 min, and the samples were collected in ice-chilled sterile bottles.
After the saliva was clarified by centrifugation (10,000 � g, 10 min), the supernatant was passed through
a 0.22-�m-pore-size filter (Millex-GP; Merck Millipore, Darmstadt, Germany) to remove debris. The
sterilized saliva was used immediately for the biofilm formation assays.

Biofilm formation assays. Biofilm formation was quantified using several medium types, including
tryptic soy broth without dextrose (TSB; Difco Laboratories, Detroit, MI), TSB supplemented with 0.25%
(wt/vol) sucrose (TSBs), glucose (TSBg), or raffinose (TSBr), and semidefined medium (SDM) supple-
mented with 0.25% (wt/vol) sucrose (SDMs), glucose (SDMg), or raffinose (SDMr) (43). The biofilm
formation assays were performed as previously described (44). To evaluate biofilm formation by S.
mutans, 20 �l of a bacterial cell suspension adjusted to an optical density at 600 nm (OD600) of 0.5 with
phosphate-buffered saline (PBS) was mixed with 180 �l of each above-mentioned medium in a human
saliva-coated 96-well microtiter plate (Sumitomo Bakelite, Tokyo, Japan). Biofilm formation was pro-
moted at 37°C for 20 h in an aerobic atmosphere containing 5% CO2 under static conditions. After
incubation, the medium was removed, and the wells were washed 2 times with distilled water (DW). The
plate was desiccated, and the biofilm was stained with safranin (0.25% safranin and 0.5% ethanol in H2O;
Muto Pure Chemicals, Tokyo, Japan) for 15 min. Then, the wells were washed 2 times with DW to remove
the excess staining solution and were desiccated. Safranin was extracted from the biofilm with 100 �l of
70% (vol/vol) ethanol, and the absorbance at 492 nm (A492) was measured on a plate reader (Thermo
Bioanalysis Japan, Tokyo, Japan).

Biofilm formation on a human saliva-coated hydroxyapatite disk (sHA, Cellyard pellet; Hoya Techno-
surgical Corporation, Tokyo, Japan) was evaluated in a 24-well culture plate (Corning Japan, Tokyo,
Japan). The hydroxyapatite disk was coated with human saliva at 4°C overnight and placed vertically in
a well of a 24-well culture plate (45). One hundred microliters of a bacterial cell suspension adjusted to
an OD600 of 0.5 with PBS was mixed with 900 �l of medium in the 24-well culture plate. The culture plate
was incubated at 37°C for 20 h in an aerobic atmosphere containing 5% CO2. After incubation, the
medium was aspirated from the well, and the sHAs were washed 2 times with DW. Safranin staining of
biofilms attached to the sHA surface was performed for 15 min. After that, these disks were washed two
times with DW.

A 2-compartment biofilm formation assay was conducted in a 24-well culture plate using the Millicell
hanging cell culture insert, with a pore size of 0.4 �m (Millipore, Billerica, MA). The bacterial cell
suspensions were prepared using the same procedure described for the biofilm formation assay. One
thousand eighty microliters of culture medium was added to the wells; then, the hanging cell culture
inserts were placed into each well. Next, 60 �l of the cell suspensions adjusted to an OD600 of 0.5 with
PBS was inoculated into the upper compartment and bottom. The plate was incubated at 37°C for 20 h
in an aerobic atmosphere containing 5% CO2. Then, the hanging cell culture inserts and medium were
removed, and the wells were washed 2 times with DW. The plate was air-dried, and the biofilm was
stained with safranin for 15 min. The wells were washed 2 times with DW to remove excess staining
solution and were desiccated. Biofilm formation on the bottom surface of the wells was assessed visually.

Quantitative analysis of eDNA. Isolation and quantification of eDNA were performed as described
elsewhere (46). Five hundred microliters of overnight culture was mixed with 4.5 ml of TSBs, TSBg, or TSBr
in a 6-well culture plate (Iwaki, Tokyo, Japan). The plate was incubated at 37°C for 20 h in an aerobic
atmosphere containing 5% CO2. The eDNA, which was contained in conditioned medium, was extracted
with the cetyltrimethylammonium bromide (CTAB) method, as described elsewhere (47), after the
samples were passed through a 0.22-�m-pore-size filter to remove cells. The eDNA contained in the
biofilm was extracted with the following procedure. The biofilm was scraped from the bottom of
the culture plate and air-dried at room temperature; then, the weight of the dried biofilm was measured.
The biofilm samples were treated with 5 U/ml dextranase (Sigma Chemical, St. Louis, MO) at 40°C for 30
min. Next, the samples were treated with 5 �l/ml proteinase K (TaKaRa Bio, Inc., Shiga, Japan) at 37°C for
30 min. After these treatments, the samples were passed through a 0.22-�m-pore filter to remove the
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cells. The eDNA was isolated using the CTAB method. The eDNA concentration was measured by
absorptiometry using a NanoDrop lite spectrophotometer (Thermo Fisher Scientific, Waltham, MA).

RAPD method. A random amplified polymorphic DNA (RAPD) method was performed as described
elsewhere, with slight modifications (48). Genomic DNA (gDNA) was isolated from S. mutans UA159 using
the DNeasy blood and tissue kit. eDNA was isolated from the biofilm by the same procedure as in the
quantification of eDNA. RAPD was carried out using the random primers that were published previously:
OPA02 (5=-TGCCGAGCTG-3=) and OPA18 (5=-AGGTGACCGT-3=) (49, 50). The PCR was conducted using the
PrimeSTAR premix (TaKaRa Bio, Inc., Shiga, Japan) under the following cycling conditions: 94°C for 1 min,
32°C for 1 min, and 72°C for 2 min for 40 cycles. RAPD products were separated by gel electrophoresis
in 1% agarose and visualized with 0.2 �g/ml ethidium bromide.

Measurement of the inhibitory effect of DNase I on biofilm formation. Fifty units per milliliter of
DNase I (Roche Applied Science, Mannheim, Germany) was added to the medium prior to the biofilm
formation assay. The preparation of the bacterial cell suspensions and the quantitation procedure were
the same as those described for the biofilm formation assay. The incubation time was changed to 8 h,
because eDNA was assumed to be an important contributor to the initial attachment, which was the
primary step of biofilm formation. Inactivation of DNase I involved heating at 100°C for 30 min.

Aggregation assay. An overnight culture of S. mutans grown in BHI was harvested by centrifugation
and adjusted to an OD600 of 1.5 with aggregation buffer (1 mM Tris, 0.1 mM CaCl2, 0.1 mM MgCl2, 0.02%
NaN3, and 0.15 M NaCl [pH 8.0]). We used genomic DNA isolated from S. mutans UA159 using the DNeasy
blood and tissue kit (Qiagen, Venlo, The Netherlands) and inulin (Nacalai Tesque, Kyoto, Japan) to mimic
the main components of the biofilm matrix formed in TSBr. Five micrograms per milliliter DNA and/or 250
�g/ml inulin were added to 3-ml cell suspensions. These samples were vortexed for 10 s and left to stand
at room temperature. To assess cell aggregation, we measured the OD600 of the supernatant using a
spectrophotometer (Beckman DU 530; Beckman Coulter, Brea, CA).

Quantitative analysis of polysaccharides. Soluble and insoluble polysaccharides were isolated
from the biofilm formed by the same procedure as in quantitative analysis of eDNA. After the biofilm
formed in the 6-well plate, the culture supernatant was collected for quantification of soluble polysac-
charides, and the biofilm attached to the bottom of the well was collected with a cell scraper for
quantification of insoluble polysaccharides. We quantified the soluble and insoluble polysaccharides by
the phenol-sulfuric acid method, as described elsewhere (46).

Confocal laser scanning microscopy. Biofilms formed in a 96-well plate or on sHAs by the
procedure described above were stained with the LIVE/DEAD BacLight bacterial viability kit (Molecular
Probes, Leiden, The Netherlands). Complementation of the biofilm morphology was observed by adding
200 �g/ml commercial inulin to TSBr medium before biofilm formation. Syto 9 and propidium iodide (PI)
stain bacteria with an intact membrane (live bacteria, green fluorescence) and bacteria with damaged
membranes (dead bacteria, red fluorescence), respectively. After the stained biofilm was washed with
DW 2 times to remove the excess dye, it was examined by confocal laser scanning microscopy (CLSM)
(LSM 700; Carl Zeiss, Jena, Germany). Biofilm images were acquired using a Plan-Apochromat 10�/0.45
M27 objective lens, and a 4,880-nm laser line and a 555-nm laser line for excitation of Syto 9 and PI,
respectively. The Zen software (Zeiss) was used for biofilm analysis.

RNA extraction and RT-qPCR. Total RNA was isolated from biofilm cells cultivated for 20 h in TSB,
TSBs, TSBg, or TSBr (51). A biofilm was formed in a 6-well culture plate using the same procedure
described for the quantification of eDNA. The biofilm was scraped from the bottom of the wells using
a cell scraper. The samples were resuspended in cold PBS and sonicated at 2 W for 30 s to separate the
extracellular matrix from the cells. The supernatant was removed after centrifugation (5,500 � g, 5 min),
and these manipulations (washing and sonication) were repeated 2 times. The pellets were resuspended
in 750 �l of NAES buffer (50 mM sodium acetate buffer, 10 mM EDTA, and 1% SDS [pH 5.0]). Then, the
samples were transferred to a 2-ml tube containing 0.5 g of 0.5-mm-diameter glass beads. Next, 625 �l
of acid phenol and 125 �l of chloroform were added and shaken on a tissue lyzer (Qiagen, Venlo, The
Netherlands) for 3 min. After centrifugation (4°C, 14,000 � g, 5 min), the aqueous phase was transferred
into a 1.5-ml Eppendorf tube, and 625 �l of acid phenol and 125 �l of chloroform were added (these
manipulations were repeated one time). Next, 750 �l of phenol-chloroform-isoamyl alcohol (25:24:1) was
added to the resultant sample solution. After centrifugation (4°C, 14,000 � g, 5 min), the aqueous phase
was transferred into a 1.5-ml Eppendorf tube, and total RNA was precipitated with 2-propanol. cDNA
synthesis was performed using the ReverTra Ace qPCR RT master mix with gDNA remover (Toyobo,
Osaka, Japan) using 500 ng of total RNA. Quantitative reverse transcription-PCR (RT-qPCR) was conducted
using the ABI Prism 7000 (Applied Biosystems, CA) with the Power SYBR Green PCR master mix (Applied
Biosystems, Warrington, UK). We determined the expression level based on the relative quantitative
comparative threshold cycle method (ΔΔCT). The cycling conditions were as follows: 2 min of initial
denaturation at 95°C, and 40 cycles consisting of 95°C for 15 s and 60°C for 40 s. The primers for RT-qPCR
are listed in Table 3. The expression levels were normalized to lactate dehydrogenase mRNA (endoge-
nous control) (52).

Hydrophobicity assay. Hydrophobicity on the cell surface was measured by a hexadecane assay, as
previously described (53). One hundred microliters of overnight culture was mixed with 4.9 ml of TSB,
TSBr, SDMr, or SDM supplemented with 0.0075% (wt/vol) sucrose (which was the same concentration
contained in TSB) in culture tubes. These tubes were next incubated at 37°C for 6 h in an aerobic
atmosphere containing 5% CO2. The bacterial cells, which were collected by centrifugation (5,500 � g,
5 min) were washed with PBS and sonicated at 2 W for 15 s. These washing and sonication steps were
repeated 3 times. After that, the bacterial cells were resuspended in PBS and adjusted to an OD600 of 1.0
in 14-ml polyethylene tubes. Next, 200 �l of n-hexadecane (Wako Pure Chemical Industries, Tokyo, Japan)
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was added to these samples, and the tubes were vortexed for 2 min. After these samples were incubated
at room temperature for 10 min to allow for phase separation, the OD600 of the aqueous phase was
measured. The percentage of cell surface hydrophobicity was calculated using the following formula:
[1 � (OD600 after vortexing/OD600 before vortexing)] �100.

Statistical analysis. The statistical significance of differences between 2 groups was analyzed by
Student’s t test. All experiments in this study were repeated at least 3 times independently. Data with a
P value of �0.05 were considered statistically significant.
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