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Abstract: Streptococcus mutans is primarily found in biofilms on tooth surfaces and is associated
with the development of dental caries. S. mutans synthesizes water-insoluble glucan (WIG) using
sucrose as a substrate, inducing the formation of three-dimensional biofilms. WIG is produced by
glucosyltransferases (GTFs) encoded by the tandem and highly homologous gtfB and gtfC genes.
Conversely, the homologous recombination of gtfB and gtfC readily happens, producing natural
variants without WIG. These WIG− variants are thought to have ecologically pleiotropic functions;
however, the molecular basis for their appearance is unclear. This study aimed to determine the
sequence of the gtfB–gtfC regions of WIG− variants. We sequenced the gtfB–gtfC regions of 23 WIG−

variants derived from S. mutans UA159 and revealed the presence of five alleles and four types of
single homologous recombination patterns. Regardless of the allele type, the WIG− variants showed
low biofilm formation and GTF activity. To the best of our knowledge, this is the first study to
report the presence of alleles in WIG− variants. These findings provide important information for
explaining the appearance of mechanisms in WIG− variants.

Keywords: Streptococcus mutans; homologous recombination; glucosyltransferase; water-insoluble
glucan; natural variant; biofilm

1. Introduction

Streptococcus mutans, a Gram-positive facultative anaerobic bacterium, is mainly found
in biofilms on tooth surfaces, known as dental plaque. S. mutans can transport and me-
tabolize a wide range of carbohydrates and grow at a low pH. S. mutans uses sucrose as a
substrate to synthesize glucan, which serves as an integrated scaffold for biofilm formation
and facilitates the local accumulation of microbial cells [1]. The presence of glucan also
restricts the dispersion of S. mutans, allowing it to remain on the tooth surface for a long
time. Although dental caries is a polymicrobial disease, S. mutans is its major cause.

Three glucosyltransferases (GTFs), GftB, GtfC, and GtfD, are responsible for glucan
synthesis in S. mutans. These enzymes are thought to originate via transposon-mediated
horizontal gene transfer from lactic acid bacteria and Leuconostoc [2]. Additionally, GTFs
are thought to have undergone intragenomic gene duplication due to secondary selection
pressure from sugar consumption. Of the three GTFs of S. mutans, GtfB and GtfC are
involved in water-insoluble α1,3-glucan (WIG) synthesis, which strongly influences biofilm
formation [3]. Since gtfB and gtfC are highly homologous in tandem, they frequently
undergo homologous recombination [4–6]. The resulting WIG− variants are expected
to lose oral adaptability because of their reduced biofilm-forming ability [6]. However,
the presence of WIG− strains may have multiple effects. WIG− strains exhibited a higher
growth rate in a sucrose-supplemented medium than wild-type strains [7]. Nomura et al. [8]
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detected the presence of S. mutans with a reduced biofilm formation ability after gtfB and
gtfC recombination in human heart valve tissue. WIG− variants may also be involved in the
survival and development of microorganisms in their environmental niche [6]. However,
the molecular basis for their appearance and the ecological significance of WIG− variants
remain to be elucidated.

This study aimed to determine the molecular basis of the appearance of WIG− variants.
To clarify this, the gtfB–gtfC region of 23 WIG− variants obtained from S. mutans UA159
was sequenced.

2. Materials and Methods
2.1. Bacterial Strains and Culture Conditions

Brain heart infusion (BHI) medium (Becton Dickinson and Company, San Jose, CA, USA)
was used for bacterial growth. Tryptic soy broth without dextrose (TSB) medium (Becton
Dickinson and Company) was used to assess biofilm formation. Wild-type S. mutans UA159
(ATCC700601), a naturally derived WIG− variant, and the gtfBC mutant [6] were cultured
at 37 ◦C in a 5% CO2 atmosphere. Escherichia coli DH5α was used for cloning and plasmid
amplification.

2.2. Isolation of WIG− Variants from Liquid Cultures

A colony of S. mutans UA159 on BHI agar was inoculated into liquid BHI medium
and grown for two days. Bacterial cells were suspended in phosphate-buffered saline (PBS;
pH 7.4), serially diluted, and plated on BHI agar supplemented with 0.25% (w/v) sucrose.
After the plates were cultured for two days, colony morphology was confirmed under an
SZ40 stereomicroscope (Olympus Medical System Co., Ltd., Tokyo, Japan). Smooth-type
colonies were picked from the plates and cultured in liquid BHI medium for two days.
Finally, the cells were suspended in 15% (v/v) glycerol and stored at −70 ◦C.

2.3. gtf Cloning and Sequencing

Genomic DNA was extracted from the cells using ISOPLANT (Nippon Gene Co., Ltd.,
Tokyo, Japan), according to the manufacturer’s protocol. The PCR mix for gtf ampli-
fication was prepared by mixing 10 µL PrimeSTAR Max Premix (2×) (Takara Bio Inc.,
Shiga, Japan), 50 ng genomic DNA, gtfB-186F (5′-TTGGAGGTTCCTAATGGAC-3′) and
gtfC-9269R (5′-GAAATTTACAGCTCAGACTTC-3′) primers (a final concentration of
1.25 µM each), and PCR-grade water. The amplification conditions were as follows:
30 cycles at 98 ◦C for 10 s, 55 ◦C for 10 s, and 72 ◦C for 2 min. The purified PCR frag-
ment was ligated into a pGEM®-T vector (Promega, Madison, WI, USA) using the Mighty
TA cloning reagent set for PrimeSTAR (TaKaRa Bio, Shiga, Japan). E. coli DH5α was plated
on BHI agar supplemented with ampicillin (Wako Pure Chemical Industries, Osaka, Japan),
5-bromo-4-chloro-3-indolyl-β-d-galactopyranoside (X-Gal; Wako Pure Chemical Indus-
tries), and isopropyl-β-d-thiogalactopyranoside (IPTG; Wako Pure Chemical Industries)
for blue–white screening. The inserted sequence was confirmed by sequencing using
a BigDye Terminator v3.1 kit (Life Technologies Corporation, Carlsbad, CA, USA) and
16 primers (Supplementary Table S1) using a 3730xl DNA Analyzer (Thermo Fisher Sci-
entific, Waltham, MA, USA). The sequences were aligned using ClustalW alignment and
GENETYX ver.17 (GENETYX Co., Tokyo, Japan). Phylogenetic analyses of allele frequencies
were performed using the unweighted pair group method with arithmetic mean (UPGMA)
method in the Molecular Evolutionary Genetics Analysis (MEGA; www.megasoftware.net/,
accessed on 11 September 2024, The Biodesign Institute, Tempe, AZ, USA)-11 software.
Similarity spots were analyzed using GENETYX ver. 17.

2.4. Biofilm Formation Assessment

Biofilm formation was measured by monitoring cell adherence to 96-well polystyrene
microtiter plates (Sumitomo Bakelite, Tokyo, Japan) prepared according to the protocol
reported by Nakamura et al. [9], with some modifications. Briefly, aliquots of an S. mutans
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overnight culture (2 µL) and 100 µL of 2× TSB medium supplemented with 0.5% sucrose
were added to each well of the microtiter plates, and sterile distilled water was added to a
volume of 200 µL. The plates were then incubated at 37 ◦C in a 5% CO2 atmosphere for
20 h. After incubation, the microtiter plates were washed with distilled water, and the
adherent cells were stained with 0.01% (w/v) crystal violet. The dye was solubilized in
33% (v/v) acetic acid solution, and the A590 was determined using a microplate reader
(Colona Electric; Ibaraki, Japan).

2.5. Isolation of WIG− Variants from Biofilms

Biofilms formed by wild-type UA159 cells were used to obtain the WIG− variants.
The biofilms formed on the microtiter plates were washed with PBS (pH 7.4), resuspended
in 200 µL of PBS, and disrupted with a handheld ultrasonic homogenizer (UR-21P; Tomy
Digital Biology Co., Ltd., Tokyo, Japan) at 6 W for 20 s. The cell suspension was serially
diluted and plated on BHI agar containing 0.25% (w/v) sucrose. The subsequent procedures
were performed as outlined in Section 2.2.

2.6. Measurement of GTF Activity

The GTF-containing fraction was prepared according to the protocol described by
Goto et al. [10]. Briefly, to prepare the GTF fraction, S. mutans UA159 cultures grown
in BHI medium were centrifuged at 8000× g for 10 min at 5 ◦C. The supernatant was
subjected to ammonium sulfate (Fujifilm Wako Pure Chemicals Co., Ltd., Osaka, Japan)
precipitation at 60% saturation at 4 ◦C for 3 h. After salting, the mixture was centrifuged
at 9390× g at 4 ◦C for 30 min, and the precipitated proteins were dissolved in 0.1 M PBS
(pH 7.4). The obtained solution was dialyzed >100-fold in 0.1 M PBS for 3 h using a cellulose
dialysis membrane (molecular weight of 12,000–14,000) (Viskase Companies Inc., Lombard,
IL, USA). After dialysis, ultrafiltration was performed on a 100 kDa ultrafiltration filter
(Amicon® Ultra-100K, Merck, Darmstadt, Germany). The resulting >100 kDa fraction was
suspended in 0.1 M PBS (pH 7.4) and concentrated 60-fold. The protein content of the crude
enzyme solutions was determined using a protein assay kit (Thermo Fisher Scientific), with
bovine serum albumin as the standard. Glucan production capacity was defined as the
amount of insoluble saccharide synthesized by the crude enzyme solution with sucrose as
a substrate at 37 ◦C for 1 h.

2.7. Statistical Analysis

The data on biofilm formation and GTF activity are expressed as the mean ± standard
deviation. These data were analyzed using the Tukey–Kramer method for post hoc group
comparisons (p < 0.05).

3. Results
3.1. Isolation and Characterization of WIG− Variants

Colony morphology was used as the criterion for the WIG− phenotype. Colonies of
wild-type S. mutans showed a hard and rough morphology on sucrose agar medium, whereas
the naturally derived WIG− variants showed a smooth morphology [7]. We obtained 16
and 7 WIG variants from the S. mutans UA159 liquid cultures and biofilms, respectively
(Figure 1 and Table 1). The gtfB (old_locus_tag: SMU.1004) and gtfC (old_locus_tag: SMU.1005)
genes of S. mutans UA159 are tandem sequences that are 4431-bp- and 4368-bp-long, respec-
tively, and contain a 196 bp spacer region between them (NCBI accession: CP101984.1).
We then amplified the 5′ flanking region of gtfB and the 3′ flanking region of gtfC via PCR
using DNA obtained from each cell as a template. The wild-type strain showed gene am-
plification bands at approximately 9000 and 4300 bp, whereas all 23 WIG variants showed
a single gene amplification band at 4300 bp (Figure 2).

The PCR products of the gtfB–gtfC region of each variant introduced into the plasmid
vector were sequenced via a double-stranded analysis using 17 different primers. The
sequence was deposited in the DNA Data Bank of Japan under the accession numbers
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LC832132 to LC832154 (Table 1). After multiple alignments with ClustalW, using the
MEGA-11 software, each sequence showed the presence of five alleles (allele types I to V).
Allele type I had a length of 4290 bp and was the most common sequence, with 16 variants.
The type III allele had a length of 4291 bp, and one strain harbored this allele. Types II, IV,
and V had lengths of 4290 bp, corresponding to the two strains, respectively. Table 2 shows
the similarities between the allele types. The highest similarity (99.95%) was observed
between allele types IV and V, while the lowest similarity (99.04%) was observed between
allele types II and V (Table 2). The homology values between gtfB and types I to V were
89.79%, 89.48%, 89.72%, 90.39%, and 90.44%, respectively. The homology values between
gtfC and types I to V were 88.97%, 89.14%, 88.90%, 88.37%, and 88.32%, respectively.
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Figure 1. Colony morphology of Streptococcus mutans UA159 wild-type and WIG− variants grown on
BHI agar plates supplemented with 0.25% sucrose. The scale bars in the image represent mm.

Table 1. WIG− strains used in this study.

WIG− Variant Name Origin gtf Region Sequence (Accession No.) Allele Type

PS1 Liquid culture LC832132 II
PS2 Liquid culture LC832133 III
PS3 Liquid culture LC832134 IV
PS4 Liquid culture LC832135 I
PS5 Liquid culture LC832136 V
PS7 Liquid culture LC832137 V
PS9 Liquid culture LC832138 IV

PS11 Liquid culture LC832139 I
PS12 Liquid culture LC832140 I
PS13 Liquid culture LC832141 I
PS14 Liquid culture LC832142 I
PS15 Liquid culture LC832143 I
PS16 Liquid culture LC832144 I
PS17 Liquid culture LC832145 I
PS19 Liquid culture LC832146 I
PS20 Liquid culture LC832147 I
BS21 Biofilm LC832148 I
BS23 Biofilm LC832149 I
BS24 Biofilm LC832150 I
BS25 Biofilm LC832151 I
BS26 Biofilm LC832152 I
BS27 Biofilm LC832153 I
BS29 Biofilm LC832154 II
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Figure 2. Amplification of the gtfB and gtfC regions in Streptococcus mutans UA159 wild-type and
WIG− variants. Lane M, Gene Ladder Wide 1 (Nippon Gene, Co., Ltd.).

Table 2. Identity matrix (%) among allele types.

Allele Type I II III IV V

I *
II 99.69 *
III 99.93 99.72 *
IV 99.39 99.09 99.32 *
V 99.34 99.04 99.27 99.95 *

* identical.

3.2. Allele Patterns of the gtf Region in WIG− Variants

The positions of the alleles in the nucleotide sequences of the gtfB–gtfC gene regions
among the WIG− variants were determined via a similarity spot analysis (Figures 3 and 4).
Alleles were found at 42 positions in the 4291 bp sequence. Alleles were particularly
concentrated at nucleotide positions 1701 to 1773 and 2691 to 2976, with 10 sites in the
former and 28 sites in the latter. The type I allele was based on the gtfB sequence and was
identical to the sequence of gtfC after nucleotide position 2691. The type II allele was based
on the gtfB sequence and was identical to the sequence of gtfC after nucleotide position
1701, with alleles identified at nucleotide positions 2043, 2100, and 2109. The type III allele
was similar to the type I allele, except for alleles at nucleotide positions 2100 and 2109 and
an insertion at nucleotide position 3392. The type IV allele was based on the gtfB sequence
and was identical to the sequence of gtfC after nucleotide position 2973. The type V allele
was based on the gtfB sequence and was identical to the sequence of gtfC after nucleotide
position 3123.
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Figure 4. Allele positions in the WIG− variants. The numbers in the figure represent the nucleotide
positions. Yellow highlights indicate agreement with the nucleotides of gtfB, blue highlights indicate
agreement with the nucleotides of gtfC, and green highlights indicate agreement with neither gtfB
nor gtfC.

3.3. Biofilm Formation and GTFs Activity of WIG− Variants

The ability of the obtained WIG− variants to form biofilms in the presence of sucrose
was examined (Figure 5). The results showed that all variants had a significantly poorer
biofilm formation ability than the wild-type strain and were comparable to the gtfBC
mutant. In addition, the assessment of the GTF activity of the crude purified fraction from
the culture medium revealed that each WIG− variant had a significantly lower GTF activity
than the wild-type strain, comparable to the gtfBC mutant (Figure 6). These results suggest
that, regardless of allele type, WIG− variants have a low biofilm-forming ability dependent
on a reduced GTF activity.
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4. Discussion

The molecular basis for the appearance of WIG− strains of S. mutans is unclear. The
present study showed that there were multiple alleles and a diversity in the gtfB–gtfC
regions of 23 WIG− variants from S. mutans UA159. We have previously shown that
several S. mutans strains, including clinical isolates, have a WIG− variant frequency of
approximately 1.0×10−3 [6]. As shown in Figure 2, amplifying the gtfB–gtfC region using
DNA from the wild-type strain generated 9000- and 4300-bp-long PCR products. Similar
results were reported by Hazlett et al. [11], who concluded that the 9000 bp product was
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from the intact gtfB and gtfC, while the 4300 bp fragment was from a WIG− variant. Our
results indicated the potential presence of WIG− variants in wild-type strains.

Our data also indicate that WIG− variants result from a single homologous recombina-
tion between gtfB and gtfC and that the recombination positions are inconsistent. Previously,
we showed that WIG− variants arose in a RecA-dependent manner [6]. An important role
of RecA is the recombination-mediated repair of damaged DNA [12]. S. mutans is exposed
to various environmental stresses such as acids, nutrient limitation, antibiotics, and oxida-
tive stress [13]. We speculated that the appearance of WIG− variants results from the repair
of stress-induced DNA damage. We have previously reported an increased frequency
of WIG− variants in biofilms [6]. Therefore, in this study, WIG− variants were obtained
from both liquid cultures and biofilms. However, no new allele type was found in the
WIG− variants obtained from biofilms. Hence, there may be no relationship between the
frequency of WIG− variants and allelic patterns. Future studies are needed to investigate
the relationship between the type and intensity of oral environmental stress and the allelic
genotypes that appear.

WIGs cause S. mutans to form three-dimensional biofilms, increasing their viru-
lence [14,15]. In the present study, the WIG− variant lost GTF activity and consequently
had a significantly lower biofilm formation ability. What are the implications of multi-
ple allele types in the gtfB–gtfC regions of WIG− variants for the virulence expression of
S. mutans? The relationship between glucan-binding proteins and water-insoluble glucans
during biofilm formation may provide clues to answer this question. Glucan-binding pro-
teins are responsible for maintaining biofilm structure by binding bacteria to extracellular
glucans [16,17]. The deletion of gbpA, which encodes a glucan-binding protein in S. mutans,
did not show a reduced virulence in in vivo models, despite these models losing their
three-dimensional biofilm structure [16]. Hazlett et al. [11] showed that the gbpA mutant
induces the appearance of WIG− variants. They speculated that the presence of WIG−

variants leads to remodeling in response to changes in the biofilm structure associated with
the loss of gbpA, resulting in a pathogenicity similar to that of the parental strain. Another
perspective is to consider interactions with other bacteria. We have previously shown
that the appearance of WIG− variants is regulated by the competence (com) system via
competence-stimulating peptides [6]. The com system plays a role in interactions with other
bacterial species [18]. This observation provides important insights into the oral environ-
ment adaptation and expression of virulence in S. mutans. Future studies should investigate
the association between the distribution of WIG− variants in the human oral cavity and
oral diseases, including dental caries. Nonetheless, the results of this study provide some
useful information and will be a good reference for future research in this field.

In this study, the gtfB–gtfC region of WIG− variants was sequenced in UA159 strains
only, not in other strains. In the future, the allelic occurrence of the same gene region of
these WIG− variants should be evaluated in other S. mutans, including clinical strains.

5. Conclusions

S. mutans synthesizes insoluble glucans from sucrose by two tandemly arranged GTFs
encoded by gtfB and gtfC, resulting in the formation of a strongly adhering biofilm. Natu-
rally occurring WIG− variants in S. mutans are caused by the homologous recombination of
gtfB and gtfC and have a reduced ability to form biofilms. However, the molecular basis for
the emergence of WIG− variants remains unclear. Our results showed that the gtf region of
WIG− variants could be classified into five allele types, including four expression patterns,
owing to differences in the position of the homologous recombination site between gtfB and
gtfC. To our knowledge, this is the first report on the gtfB–gtfC diversity in WIG− variants in
S. mutans. The results of this study provide a molecular basis for the pathogenic expression
and ecological assessment of S. mutans.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/bacteria3040025/s1, Table S1: Oligonucleotide primers used in this study.
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