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Abstract

Sucrose is an important dietary factor in cariogenic biofilm formation and subsequent initiation
of dental caries. This study investigated the functional relationships between sucrose concen-
tration and Streptococcus mutans adherence and biofilm formation. Changes in morphologi-
cal characteristics of the biofilms with increasing sucrose concentration were also evaluated.
S. mutans biofilms were formed on saliva-coated hydroxyapatite discs in culture medium con-
taining 0, 0.05, 0.1, 0.5, 1, 2, 5, 10, 20, or 40% (w/v) sucrose. The adherence (in 4-hour bio-
films) and biofilm composition (in 46-hour biofilms) of the biofilms were analyzed using
microbiological, biochemical, laser scanning confocal fluorescence microscopic, and scan-
ning electron microscopic methods. To determine the relationships, 2"® order polynomial
curve fitting was performed. In this study, the influence of sucrose on bacterial adhesion,
biofilm composition (dry weight, bacterial counts, and water-insoluble extracellular polysac-
charide (EPS) content), and acidogenicity followed a 2" order polynomial curve with concen-
tration dependence, and the maximum effective concentrations (MECs) of sucrose ranged
from 0.45 to 2.4%. The bacterial and EPS bio-volume and thickness in the biofilms also grad-
ually increased and then decreased as sucrose concentration increased. Furthermore, the
size and shape of the micro-colonies of the biofilms depended on the sucrose concentration.
Around the MECs, the micro-colonies were bigger and more homogeneous than those at 0
and 40%, and were surrounded by enough EPSs to support their structure. These results
suggest that the relationship between sucrose concentration and cariogenic biofilm formation
in the oral cavity could be described by a functional relationship.

Introduction

Dental caries, a biofilm-related disease, is associated with the presence of cariogenic bacteria
and high consumption of dietary carbohydrates [1, 2]. Among dietary carbohydrates, sucrose
can cause major biochemical and physiological changes during dental biofilm formation and is
considered one of the most cariogenic carbohydrates [1, 3]. Sucrose fermentation by oral bacte-
ria can rapidly reduce the pH in dental biofilms, which results in a shift in the balance of resi-
dent plaque microflora to become more cariogenic [4]. Sucrose also serves as a substrate for the
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synthesis of polysaccharides in dental biofilms, especially extracellular polysaccharides (EPSs)
[5]. In addition, recent studies have demonstrated that sucrose can reduce the concentrations
of calcium (Ca), inorganic phosphorus (P;), and fluoride (F) in the dental biofilms; these are
critical ions involved in the demineralization and remineralization of enamel and dentin in the
oral environment [6, 7].

Among cariogenic bacteria, Streptococcus mutans is generally regarded as a primary etio-
logic agent of dental caries [8, 9]. This bacterium can produce large amounts of acid and sur-
vive in a low pH environment. Furthermore, S. mutans can utilize dietary sucrose to synthesize
EPSs, which are mostly glucans synthesized by glucosyltransferases (GTFs) [10-12]. The bacte-
rium produces at least three GTFs (GTFB, GTFC, and GTFD), and synthesizes a mixture of o
(1—3)-linked insoluble and o(1—6)-linked soluble EPSs [13, 14]. The EPSs, especially water-
insoluble EPS, can promote selective adherence and accumulation of large numbers of cario-
genic streptococci on the tooth surface, which contribute to the cariogenic biofilm formation
(15, 16].

Many epidemiological and experimental studies have been performed to reveal the relation-
ship between sucrose and dental caries development [17-20]. Recent studies have demon-
strated that the cariogenicity of sucrose is related to the concentration and frequency of
exposure [21, 22]. Furthermore, several in vivo studies have shown that there is a strong rela-
tionship between sucrose concentration in the diet and the incidence of smooth surface and fis-
sure caries [23], and that sucrose concentration also can influence pH in dental plaque in vivo
[24]. However, few studies have been performed to investigate the precise relationship between
sucrose concentration and dental caries development. Furthermore, little has been reported on
the functional relationship between sucrose concentration and cariogenic biofilm formation, in
particular for S. mutans.

Therefore, the aim of this study was to evaluate the functional relationships between sucrose
concentration and S. mutans adherence and biofilm formation. We also investigated the
changes in morphological characteristics of the biofilms according to sucrose concentration.

Materials and Methods
S. mutans biofilm preparation and sucrose

S. mutans UA159 (ATCC 700610; serotype c) biofilms were formed on saliva-coated hydroxy-
apatite (sHA) discs (2.93 cm?; Clarkson Chromatography Products, Inc., South Williamsport,
PA, USA) placed in a vertical position in 24-well plates, as detailed elsewhere [25]. Briefly, sHA
discs were generated by incubation with filter-sterilized (0.22-pm low protein-binding filter)
human whole saliva for 1 h at 37°C. For biofilm formation, the sHA discs were transferred to a
24-well plate containing brain heart infusion (BHI; Difco, Detroit, MI, USA) broth with 0,
0.05,0.1,0.5, 1, 2, 5, 10, 20, or 40% (w/v) sucrose and S. mutans UA159 (2-5x10° colony-form-
ing unit (CFU)/ml). The biofilms were grown at 37°C with 5% CO, for 4 h or 46 h. For 46-h
biofilm formation, the biofilms were grown undisturbed for 22 h to allow initial biofilm growth
and then the culture medium (0, 0.05, 0.1, 0.5, 1, 2, 5, 10, 20, or 40% sucrose BHI broth) was
changed twice, at 22 and 31 h.

Microbiological and biochemical studies

Bacterial adhesion analysis. To determine the change in S. mutans adhesion in the pres-
ence of different concentrations of sucrose, the 4-h biofilms were transferred into 5 ml of
0.89% NaCl and sonicated in an ultrasonic bath (Power sonic 410; Hwashin Technology Co.,
Seoul, Korea) for 10 min to detach the biofilms. The biofilm solution was resonicated at 7 W
for 30 s (VCX 130PB; Sonics and Materials Inc., Newtown, CT, USA). An aliquot (0.1 ml) of
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the dispersed solution was serially diluted and plated on BHI agar plates for determination of
CFU as detailed elsewhere [26].

Biofilm formation analysis. The 46-h biofilms were analyzed to determine the change in
S. mutans biofilm formation according to the concentration of sucrose. The 46-h biofilms were
detached and sonicated to analyze CFU count as described above. The dry weight and the
amount of water-insoluble EPSs were determined as described elsewhere [26]. Briefly, the
remaining solution (4.9 ml) was centrifuged (3000 g) for 20 min at 4°C. The biofilm pellet was
re-suspended and washed twice in an equivalent volume of water. The washed biofilm pellet
was lyophilized and weighed to determine the biofilm biomass. In addition, the water-insoluble
EPSs were extracted from the dry pellet using 1 N sodium hydroxide before determination of
the polysaccharide amount using a phenol-sulfuric acid assay. The final pH values of the old
culture media were also determined during the experimental period using a glass electrode
(Beckman Coulter Inc., Brea, CA, USA) and the H* production rate (uM/h) was calculated by
the pH values (from 22 to 31 h) to investigate the change in acidogenicity of the biofilms.

Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) was performed as described by Jeon et al. [25] to
confirm the results of microbiological and biochemical studies. The concentrations of sucrose
tested in the CLSM study were 0, 1, 10, and 40% (w/v). To determine the change in S. mutans
adhesion and biofilm formation, 1 uM of Alexa Fluor@®) 647-labeled dextran conjugate (10,000
MW; absorbance/fluorescence emission maxima 647/668 nm; Molecular Probes Inc., Eugene,
OR, USA) was added to 0, 1, 10, or 40% sucrose BHI broth with S. mutans UA159 (2-5 x 10°
CFU/ml) at 0, 22, and 31 h. The fluorescence-labeled dextran serves as a primer for GTFs and
can be simultaneously incorporated during the extracellular polysaccharide matrix synthesis
over the course of the biofilm development, but does not stain the bacterial cells at concentra-
tions used in this study [25]. After 4 or 46 h, the bacterial cells in the biofilms were labeled by
incubation with 2.5 uM SYTO 9 green fluorescent nucleic acid stain (480/500 nm; Molecular
Probes Inc.) for 30 min. CLSM imaging of the biofilms was performed using a LSM 510 META
(Carl Zeiss, Jena, Germany) microscope equipped with argon ion and helium-neon lasers. Four
independent experiments were performed and five image stacks per experiment were collected
(n =20). The bio-volume (pm3/ pmz), mean thickness (um), roughness coefficient, and surface
to volume ratio (um*/um?) of bacterial micro-colonies and EPSs were quantified from the con-
focal stacks using COMSTAT [27]. The bio-volume is defined as the volume of the biomass
(pm3) divided by the surface area of the substratum (HA discs) (pmz). The roughness coeffi-
cient, which provides a measure of how much the thickness of the biofilm varies, is calculated
from the thickness distribution of the biofilm. The surface to volume ratio is the surface area
divided by the bio-volume. The roughness coefficient and surface to volume ratio reflect the
degree of biofilm heterogeneity and nutrient exposure, respectively [27]. The three-dimen-
sional architecture of the biofilms was visualized using Imaris 8.0.2 (Bitplane, Zurich,
Switzerland).

Scanning electron microscopy

The scanning electron microscopy (SEM) study was performed as detailed elsewhere [28].
Briefly, 46-h biofilms grown in 0, 1, 10, or 40% sucrose BHI broth were rinsed three times in
0.1 M cacodylate buffer and prefixed with 3% glutaraldehyde solution for 1 h followed by post-
fixation with a 1% osmium tetroxide solution for 1 h. The biofilms were then dehydrated in a
graded series of ethanol (30-100%) and infiltrated with nitrogen gas immediately before
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sputter coating with gold—palladium. The biofilm samples were analyzed by SEM (JSM-5900,
Jeol, Japan).

Statistical analysis

To determine the relationships between sucrose concentration and S. mutans adherence or bio-
film formation, 2™ order polynomial fitting for sucrose concentration versus CFU count, dry
weight, amount of water-insoluble EPSs, or final pH value was performed using a polynomial
regression analysis program (Origin 7.0; Microcal, Inc., Northampton, MA, USA). The deter-
mination coefficients (R?) of each fitted line were also calculated.

All experiments were performed in duplicate, and at least four different experiments were
conducted. The data are presented as mean * standard deviation. Intergroup differences were
estimated using one-way analysis of variance, followed by a post hoc multiple comparison
(Tukey) test to compare the multiple means. Values were considered statistically significant
when the P value was < 0.05.

Results
Relationship between sucrose concentration and S. mutans adhesion

As shown in Fig 1A, S. mutans adhesion during 4-h biofilm formation gradually increased and
then decreased as the sucrose concentration increased. Generally, the change in S. mutans
adhesion to sHA discs followed a 2™ order polynomial curve with sucrose concentration
dependence. The R? value of the polynomial curve was 0.75 (P < 0.05). The maximum effective
concentration (MEC) of sucrose for bacterial adhesion from the polynomial curve was 0.45%.
In the CLSM study, the bacterial bio-volume of the 4-h biofilms also gradually increased and
then decreased as the sucrose concentration increased (Fig 1B). The bacterial bio-volume at 1
and 10% was at least 1.5 times higher than that at 0 and 40% (P < 0.05). However, the mean
bacterial thickness did not change with increasing sucrose concentration (Fig 1C). The EPS
bio-volume and mean thickness also showed no change according to sucrose concentration,
except at 40% (Fig 1B and 1C). Representative bacterial and EPS CLSM images are shown in
Fig 1D and 1E, respectively, and show that bacterial micro-colonies were more prominent at 1
and 10% than those at 0 and 40%, but EPSs were barely detected at any of the concentrations
tested.

Relationship between sucrose concentration and S. mutans biofilm
formation

Relationship in microbiological and biochemical studies. As shown in Fig 2A, the dry
weight of the 46-h biofilms gradually increased and then decreased as sucrose concentration
increased, which followed a 2™ order polynomial curve with sucrose concentration depen-
dence. The R” value of the polynomial curve was 0.91 (P < 0.05). The MEC of sucrose for dry
weight in the polynomial curve was 1.8%. The change in CFU counts, water-insoluble EPS
amount, and acidogenicity of the 46-h biofilms also followed a 2™ order polynomial curve
with sucrose concentration dependence (Fig 2B-2D); the R? values were 0.88, 0.82, and 0.71
(P < 0.05), respectively. The MECs ranged from 0.92 to 2.4%. Generally, the results showed
that the change in the composition and virulence of S. mutans biofilms followed a 2™ order
polynomial curve with sucrose concentration dependence.

Biofilm change in CLSM and SEM study. In the present study, the bio-volume, mean
thickness, roughness coefficient, and surface to volume ratio of the 46-h biofilms were analyzed
to evaluate changes in the biofilm structure with increasing sucrose concentration. As shown
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Fig 1. Relationship between sucrose concentration and S. mutans adhesion at 4 h. (A) Bacterial adhesion. (B) Bio-volume. (C) Mean
thickness. (D) Representative confocal images of bacteria in the biofilms. (E) Representative confocal images of EPS in the biofilms. Values
followed by the same letters are not significantly different from each other (P > 0.05).

doi:10.1371/journal.pone.0157184.g001

in Fig 3A, the bio-volume and mean thickness of the bacterial micro-colonies of the 46-h bio-
films initially increased gradually and then decreased as the sucrose concentration increased.
The bacterial bio-volume and mean thickness at 1 and 10% were at least 1.5 times higher than
those at 0 and 40% (P < 0.05). However, the roughness coefficient of the bacterial micro-colo-
nies gradually decreased and then increased as sucrose concentration increased (Fig 3B); the
roughness coefficient at 1 and 10% was at least 2.5 times lower than that at 0 and 40%. The sur-
face to volume ratio of the bacterial micro-colonies at 0% was higher than that at 1, 10, and
40% (Fig 3C). Fig 3D shows representative bacterial images from the CLSM study, in which the
bacterial micro-colonies at 1 and 10% were bigger, more spherical, and more aggregated than
that at 0%, whereas there were only scattered large micro-colonies at 40% (Fig 3D).
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Fig 2. Relationship between sucrose concentration and S. mutans biofilm formation. (A) Dry weight. (B) Bacterial viability. (C) Water-
insoluble EPSs. (D) Acidogenicity. In A and C, the dry weight and amount of water-insoluble EPSs at 0% were not detected. In B and D, since x
coordinates are plotted on a logarithmic scale, and since the log of 0 is undefined, we approximated 0 with an x coordinate of 0.01.

doi:10.1371/journal.pone.0157184.9002

The bio-volume and mean thickness of the EPSs in the 46-h biofilms also gradually
increased and then decreased as sucrose concentration increased (Fig 4A). The bio-volume and
mean thickness of the EPSs were minimal at 0 and 40%, but EPSs were strongly formed at 1
and 10%. Fig 4B and 4C show the roughness coefficient and surface to volume ratio of the
EPSs, which showed an opposite pattern to that observed for bio-volume and mean thickness.
Fig 4D shows representative EPS and total biofilm (EPSs + bacteria) surface rendering images,
in which the EPSs were hardly detected at 0 and 40% and the bacterial micro-colonies were not
covered by EPSs at these concentrations.

In addition, Fig 5 shows representative SEM images (5,000x) of the 46-h biofilms in differ-
ent concentrations of sucrose. It was apparent that the biofilms at 1 and 10% exhibited a larger
amount of EPSs covering the micro-colonies than those at 0 or 40%, which was consistent with
the results of the CLSM study (Figs 3 and 4).
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Fig 3. Effect of sucrose concentration on bacteria (A) bio-volume and mean thickness (B) roughness coefficient, and (C) surface to volume ratio of
46-h S. mutans biofilm. (D) Representative 3-D images (isosurface rendering) of bacterial cells. Values followed by the same letters are not
significantly different from each other (P > 0.05).

doi:10.1371/journal.pone.0157184.9003

Discussion

Biofilm formation is a complex process that is affected by many factors such as growth envi-
ronment, nutrition, bacterial vitality, and surface characteristics [29, 30]. Sucrose, an important
substrate for dental biofilm formation, has been studied in a series of epidemiologic and experi-
mental studies, which confirmed that sucrose can cause major biochemical and physiological
changes during the process of cariogenic biofilm formation, and that, in turn, enhance its car-
ies-inducing properties [17-19, 31, 32]. However, limited studies have been performed to eval-
uate the effects of sucrose level on cariogenic biofilm formation. Therefore, in the present
study, we determined the relationship between sucrose concentration and S. mutans adherence
and biofilm formation. Although the biofilm mode used in the present study could provide sig-
nificant benefits of establishing the reproducibility of data and reducing variance [28],

PLOS ONE | DOI:10.1371/journal.pone.0157184 June 8, 2016

7/12



el e
@ : PLOS ‘ ONE Relationship between Sucrose and S. mutans Biofilm Formation

A D EPSs Total biofilms (EPSs + bacteria)
901 (Surface rendering images) (Surface rendering images)
+150
b —@— Bio-volume
~ 754 —O= Mean thickness o
£ +120 £
= 604 bt
= 7 90 &
= = 0%
o 454 b ﬁ o
5 \ £60 =
o 304 b c
>
o 30 E
o 154
a a
» -0
01 ea
0 1 10 40
Sucrose concentration (%)
B 1%
a
24 E °
c
2 1.6
2
3 1.24
o b
@
o 0.8
c
) b
mg 0.44 /
10%
0-
0 1 10 40
C Sucrose concentration (%)
o 2.44
£ a
-9
& 2.0
£
2
o 1.61
e ¢ 40%
o g
g 1.2
=
$ 0.8 b
o
° b
J.% 0.4 f/
5
“ 9 v v v T
0 1 10 40

Sucrose concentration (%)
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doi:10.1371/journal.pone.0157184.9004

additional studies are required to confirm the relationships between sucrose concentration and
its influence on cariogenic biofilms in vivo since S. mutans does not occur in a monoculture in
vivo and the environmental conditions in the present study differ from those in the oral cavity.

In the present study, 2™ order polynomial fitting was performed to determine the relation-
ships between sucrose concentration and S. mutans adherence or biofilm formation. The coef-
ficient of determination (R*) of the polynomial curves in the present study ranged from 0.64 to
0.91 (P < 0.05). This result indicates that the polynomial curves appropriately describe S.
mutans adherence or biofilm formation in relation to sucrose concentration, and that 64-91%
of the variation in S. mutans adherence or biofilm formation can be explained by variation in
sucrose concentration.

PLOS ONE | DOI:10.1371/journal.pone.0157184 June 8,2016 8/12



o
@ : PLOS | ONE Relationship between Sucrose and S. mutans Biofilm Formation

0% 1% 10% 40%

Bacteria EPSs Bacteria EPSs Bacteria Bacteria
Fig 5. Representative SEM images (5000x) of 46-h S. mutans biofilms in different concentrations of sucrose (0, 1, 10, 40%).
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Adhesion of bacteria to a surface is a prerequisite for biofilm formation, and contributes to
both biofilm development and maturation [29]. In the present study, adhesion of S. mutans to
sHA discs followed a 2" order polynomial curve with sucrose concentration dependence
(MEC: 0.45%) (Fig 1A). Our data on the bacterial bio-volume during 4-h incubation further
confirmed this pattern (Fig 1B-1D). These findings suggest that increasing sucrose levels
increase S. mutans adhesion up to a certain concentration (turning concentration), after which
bacterial adhesion decreases as sucrose concentration increases. In the present study, the turn-
ing concentration for S. mutans adhesion was 0.45% (Fig 1A). Although the mechanism by
which S. mutans adhesion was reduced at high concentration of sucrose was not revealed in the
present study, the reduction may be due to the inhibitory effect on bacterial growth in a plank-
tonic state. According to a previous study, the growth of Listeria monocytogenes, a gram-posi-
tive bacterium, was also strongly affected at 20-60% sucrose [33], suggesting that the total
number of gram-positive bacteria that can adhere to a surface might be reduced at high con-
centrations of sucrose. In addition, the EPS bio-volume and thickness that formed during the
bacterial adhesion stage were not affected by sucrose concentration in the present study (Fig
1B and 1C). This result may reflect the amount of EPSs synthesized during the experiment. As
shown in Fig 1B and 1E, the EPS bio-volume formation during 4-h incubation was too low to
allow precise comparisons using CLSM images.

After adhesion to the surface, bacterial cells will accumulate and subsequently form micro-
colonies through an EPS-mediated process, leading to biofilm formation [13]. As shown in Fig
2, sucrose influences the dry weight, CFU counts, water-insoluble EPSs, and acidogenicity of
the 46-h biofilms in a 2" order polynomial curve with concentration dependence. These find-
ings suggest that sucrose can increase the accumulation and virulence of S. mutans biofilms up
to a certain concentration (turning concentration), but the accumulation and virulence
decrease as sucrose concentration further increases. In addition, in the present study, the maxi-
mum effective concentrations of sucrose for S. mutans biofilm formation ranged from 0.45 to
2.4% (Figs 1 and 2). Interestingly, however, a previous study reported that the threshold of
sucrose concentration for the formation of a cariogenic biofilm is 5%, in which 1-40% sucrose
was treated 8 times (5 min/time) per day for 14 days [21]. The difference between the present
and previous study can be attributed to differences in treatment duration, suggesting that the
effect of sucrose on cariogenic biofilm formation is closely related to both concentration and
treatment duration. Therefore, further studies will be needed to reveal the precise relationship
between sucrose treatment duration and cariogenic biofilm formation.

In the present study, the appearance of the micro-colonies of the 46-h biofilms was also
closely related to sucrose concentration (Fig 3D). As shown in Fig 3B, the roughness coefficient
of the micro-colonies at 1 and 10% was at least 2.5 times lower than that at 0 and 40%,
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indicating that the micro-colonies at 1 and 10% were more homogeneous than that at 0 and
40%. However, interestingly, the surface to volume ratio at 40% was lower than that at 0% (Fig
3B and 3C), meaning that the exposure of the micro-colonies to nutrient flow was lower at 40%
than at 0%. This result suggests that the exposure to nutrient flow at 40% was very limited even
though the sucrose concentration was the highest tested. In general, although our findings con-
firm the crucial role of sucrose in micro-colony development and in maintaining the three-
dimensional structure of biofilms [13], they suggest an adverse effect on homogeneity and
exposure to nutrient flow of biofilm micro-colonies at very high sucrose concentrations.

It is well documented that EPSs contribute to the bulk and physical integrity and stability of
the biofilm matrix [15, 34]. The change in EPSs also closely related to sucrose concentration
(Fig 4). In the 46-h biofilms, the bio-volume and mean thickness of the EPSs at 1 and 10% were
significantly higher than those at 0 and 40% (P < 0.05) (Fig 4A), confirming the data from the
biochemical study and SEM images (Figs 2C and 5). Furthermore, the EPSs produced at 1 and
10% could cover the micro-colonies (Fig 4D). This result suggests that the micro-environment
of the biofilms at 1 and 10% is different from that at 0 and 40% since the EPSs surrounding the
micro-colonies may create chemical gradients due to differential diffusion of nutrients and
metabolic products throughout the biofilm matrix [13].

Collectively, the results of the present study revealed that the effect of sucrose on S. mutans
adhesion and biofilm formation followed a 2" order polynomial curve with concentration
dependence and the turning concentration ranged from 0.45 to 2.4%. These results can provide
a fundamental basis for a more precise study on cariogenic biofilm development in relation to
sucrose concentration. However, additional studies are required to confirm the statistical rela-
tionships between sucrose concentration and its influence on cariogenic biofilms in vivo.
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