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Streptococcus mutans is the major pathogen of dental caries, a biofilm-dependent infectious disease, and
occasionally causes infective endocarditis. S. mutans strains have been classified into four serotypes (c, e, f, and
k). However, little is known about the S. mutans population, including the clonal relationships among strains
of S. mutans, in relation to the particular clones that cause systemic diseases. To address this issue, we have
developed a multilocus sequence typing (MLST) scheme for S. mutans. Eight housekeeping gene fragments
were sequenced from each of 102 S. mutans isolates collected from the four serotypes in Japan and Finland.
Between 14 and 23 alleles per locus were identified, allowing us theoretically to distinguish more than 1.2 �
1010 sequence types. We identified 92 sequence types in these 102 isolates, indicating that S. mutans contains
a diverse population. Whereas serotype c strains were widely distributed in the dendrogram, serotype e, f, and
k strains were differentiated into clonal complexes. Therefore, we conclude that the ancestral strain of S. mutans
was serotype c. No geographic specificity was identified. However, the distribution of the collagen-binding
protein gene (cnm) and direct evidence of mother-to-child transmission were clearly evident. In conclusion, the
superior discriminatory capacity of this MLST scheme for S. mutans may have important practical
implications.

Streptococcus mutans is the major pathogen of dental caries,
a biofilm-dependent infectious disease. These organisms pre-
vail in the complex microcommunity of the oral biofilm in the
presence of sucrose, under the extremely low pHs responsible
for tooth demineralization. This organism is also a possible
causative agent of infective endocarditis (9). S. mutans has
been classified into four serotypes (c, e, f, and k) based on the
chemical composition of its cell surface rhamnose-glucose
polymers. The genes involved in the synthesis of serotype-
specific polymers have been cloned and sequenced. Four rml
genes (rmlA-rmlD) are related to the synthesis of dTDP-L-
rhamnose (37, 38), and gluA is involved in the production of
the immediate precursor of the glucose side chain (42). The
six-gene operon (rgpA-rgpF) and rgpG, which are required for
the synthesis of rhamnose-glucose polymers, have also been
cloned and sequenced (41, 43). Serotype-specific genes just
downstream from the rgpA-rgpF operon have also been se-
quenced, and this region is highly diverse among these sero-
types (33). Therefore, the strains of each serotype of S. mutans
are thought to have evolved and spread independently.

In a previous study, we showed that some blood isolates of S.
mutans that cannot be classified into the c, e, or f serotype have
negligible amounts of glucose side chains, despite the presence
of the rhamnose backbone in serotype-specific polysaccharides
(21). We designated the novel serotype as serotype “k” and
showed that serotype k strains are less susceptible to phagocy-
tosis by human polymorphonuclear leukocytes. Most oral iso-
lates are of serotype c (approximately 70% to 80%), followed
by serotype e (approximately 20%) and serotype f (less than
5%) isolates. Serotype k was defined in 2004, and its distribu-
tion frequency in the oral cavity is estimated to be 2% to 5%
(21, 22). S. mutans strains of serotype k were isolated from the
blood of patients in the early 1990s. However, no serotype k
strains were identified from 1,326 stock strains isolated be-
tween 1982 and 1990. These results suggest that serotype k
strains have acquired or lost some genetic elements in recent
years. However, no information is available about the evolu-
tion of this unique serotype.

Although serotyping has been widely used to differentiate S.
mutans strains, this method has limited power to discriminate
the genetic relationships of strains within the same serotype.
Several genotypic methodologies have been used to subtype S.
mutans, including multilocus enzyme electrophoresis, ribotyp-
ing, and random amplification of polymorphic DNA (8, 16, 28).
Another discriminatory method for the subtyping of S. mutans
is pulsed-field gel electrophoresis (19). However, these meth-
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ods differ in their discriminatory powers and reproducibilities.
In general, DNA-based typing approaches display better dis-
criminatory power than do phenotypic approaches in investi-
gating S. mutans infections. In this study, we designed a mul-
tilocus sequence typing (MLST) method, using housekeeping
loci, to evaluate the evolution of the three classical serotypes
and the newly identified serotype k from epidemiological sam-
ples.

MATERIALS AND METHODS

Bacterial isolates. A total of 102 S. mutans strains were examined in this study
(Table 1). Strains MT8148 (serotype c) (26) and UA159 (c) (1) were used as the
standard laboratory strains. Eighty-one clinical isolates of S. mutans were ob-
tained from the Pedodontics Clinic of Osaka University Dental Hospital, Suita,
Osaka, Japan, with the informed consent of patients obtained according to the
protocol approved by the Ethics Committee of Osaka University Dental Hospi-
tal. Four isolates from the blood of patients with bacteremia after tooth extrac-
tion (TW295 [k]) or with infective endocarditis (TW871 [k], TW964 [f], and
TW1378 [e]) were included (6). Blood and oral isolates from a patient with
infective endocarditis (V1 [c] and P1 [c], respectively) (24) and another oral
isolate collected in 2005 from a patient with an aortic aneurysm (strain OR22P1
[k]) were also included. We also examined seven blood isolates from Finnish
patients with bacteremia or infective endocarditis and five oral strains isolated
from Finnish subjects. All the strains were confirmed to be S. mutans by con-
ventional physiological tests, including rough colony morphology on mitis-sali-
varius agar (Difco Laboratories, Detroit, MI), bacitracin resistance, and fermen-
tation of sorbitol, mannitol, raffinose, or melibiose (1% each) in a phenol red
broth base (Difco).

Sucrose-dependent adhesion to glass surfaces. Sucrose-dependent cellular
adhesion to glass surfaces was analyzed using a procedure described previously
(12). Briefly, the test strains were grown at 37°C for 18 h at an angle of 30° in
brain heart infusion broth (Difco) containing 1% sucrose. After incubation, the
culture tubes were vigorously vortexed for 3 s, and the nonadhesive cells were
transferred to fresh tubes. The cells remaining on the glass surfaces (adhesive
cells) were removed using a rubber scraper and suspended in 3 ml of water. Both
the adhesive and the nonadhesive cells were dispersed by ultrasonication, and
their masses were determined from their optical densities at 550 nm (OD550).
“Total cells” was defined as the OD550 of the adhesive cells plus the nonadhesive
cells, and “percentage adherence” as 100 � (OD550 of the adhesive cells)/(OD550

of the total cells). All assays were performed three times, and the means and
standard deviations were calculated. Statistical analysis was performed using
Prism4 software (version 4.0c; GraphPad Software, Inc., San Diego, CA).

Housekeeping loci used for MLST. Eight housekeeping gene loci were used in
this study. The following sequences were obtained from the genome sequence of
S. mutans UA159 (NC_004350): tkt, which encodes transketolase (30); glnA,

which encodes glutamine synthetase subunit 1a (30); gltA, which encodes gluta-
mate synthase (23); glk, which encodes glucose kinase (23); aroE, which encodes
shikimate 5-dehydrogenase (15); gyrA, which encodes DNA gyrase subunit A (7);
murI, which encodes glutamate racemase (31); and lepC, which encodes signal
peptidase I (39) (Table 1).

DNA isolation and sequencing. Chromosomal DNA was prepared from all
isolates as described previously (5). Internal fragments of the MLST loci were
PCR amplified (AmpliTaq Gold, 10 � PCR buffer, and 2 mM GeneAmp de-
oxynucleotide triphosphate [dNTP] mix; Applied Biosystems) with the following
cycling parameters: an initial denaturation at 94°C for 5 min and then 30 cycles
consisting of 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s, with a final extension
at 72°C for 7 min. The amplified fragments were visualized after agarose gel
electrophoresis on 1.5% agarose in the presence of 1 �g/ml ethidium bromide.
They were then extracted from the agarose gel and cloned into the pGEM-T
Easy vector (Promega). These plasmids were sequenced on both strands using
vector-specific primers and BigDye Terminator version 3.1 (Applied Biosystems)
by use of an ABI Prism 3110 genetic analyzer. In-frame internal fragments of the
genes were selected for use in the MLST scheme.

Confirmation of serotypes. Serotyping was performed with the immunodiffu-
sion method using rabbit antisera specific for serotypes c, e, f, and k, and with
PCR methods using serotype-specific sets of primers, as described previously (22,
33). To determine serotypes c, e, and f, PCR amplification (Takara ExTaq, 10 �
buffer, and 2.5 mM dNTPs; Takara) was performed with the following cycling
parameters: initial denaturation at 96°C for 2 min and then 25 PCR cycles of 15 s
of denaturation at 96°C, 30 s of annealing at 61°C, and 1 min of extension at
72°C. To identify serotype k, PCR amplification (AmpliTaq Gold, 10 � PCR
buffer, and 2 mM GeneAmp dNTP mix; Applied Biosystems) was performed
with the following cycling parameters: an initial denaturation at 94°C for 5 min
and then 30 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s, with a final
extension at 72°C for 7 min. The amplified fragments were separated by agarose
gel electrophoresis on 1.5% agarose.

Alleles and ST assignments. For each locus, distinct allele sequences were
assigned arbitrary allele numbers, with no weighting given to the degree of
sequence divergence among the alleles. For each isolate, the alleles at each of the
eight loci, defining the allelic profile or sequence type (ST), were analyzed with
the nonredundant databases (http://linux.mlst.net/nrdb/). The STs were assigned
arbitrary numbers in the order of their description. STs were grouped into
lineages or clonal complexes with the program eBURST version 3, written and
developed by E. Feil (http://eburst.mlst.net/), and the START version 2 package
of programs, developed by K. Jolley (http://pubmlst.org/software/analysis/start2/)
(11). Two or more independent isolates that shared identical alleles at six or
more loci were defined as the members of a lineage. Each lineage was called a
“group,” designated according to the ST identified as the putative ancestral type
by use of eBURST.

Computational analyses. The degree of clonality within the data set was
estimated by calculating the index of association (IA) (34) between all of the STs
in the data set by use of LIAN, version 3.5, written by B. Haubold and R. R.

TABLE 1. S. mutans strains used in this study

Strain

No. of isolates by
indicated serotype

Total
no. of

isolates

Yr(s) of
isolation

No. from
indicated

source type Origin Description (reference or source)

c e f k Oral Blood

UA159 1 0 0 0 1 1980s 1 0 United States Reference strain (1)
MT8148 1 0 0 0 1 1980s 1 0 Japan Reference strain (25)
MT4000 series 10 10 3 0 23 1982–1990 23 0 Japan Clinical isolates from children (this study)
NN2000 series 8 8 7 5 28 2002 28 0 Japan Clinical isolates from 25 children and 3 adults (20)
LJ series 16 10 3 1 30 2006 30 0 Japan Clinical isolates from 18 children and 6 mother-

child pairs (this study)a

TW series 0 1 1 2 4 1990–1993 0 4 Japan Clinical isolates from 1 bacteremia patient and 3
IE patientsb (5)

V1/P1 2 0 0 0 2 2005 1 1 Japan Clinical isolates from IE patientsb (23)
OR22P1 0 0 0 1 1 2005 1 0 Japan Clinical isolate from an aortic aneurysm patient

(this study)
SA series 5 2 2 3 12 1990s 5 7 Finland Clinical isolates from 5 children and 7 IE patientsb

(this study)

a Clinical isolates LJ3 and LJ4, LJ11 and LJ12, LJ16 and LJ17, LJ24 and LJ25, LJ26 and LJ27, and LJ30 and LJ31 were from mother-child pairs.
b IE, infective endocarditis.
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Hudson (http://adenine.biz.fh-weihenstephan.de/cgi-bin/lian/lian.cgi.pl) (10). We de-
termined the number of polymorphic nucleotide sites and calculated the dN/dS ratio
(where dN values represent nonsynonymous base substitutions and dS values
represent synonymous base substitutions). We also performed phylogenic anal-
yses of both individual genes and concatenated 3351-bp sequences by use of the
DNAML, SeqBoot, and drawtree programs in the PHYLIP software package,
written by J. Felsenstein (version 3.66; http://evolution.genetics.washington.edu
/phylip.html), with the unweighted pair group method using arithmetic means.

Analysis of cnm genes of S. mutans strains. The prevalence of the cnm gene
was evaluated by Southern blot analysis. Total genomic DNA from each strain
was digested with HindIII (New England Biolabs, Beverly, MA). The DNA
fragments were separated by 0.7% agarose gel electrophoresis and transferred to
a nylon membrane (Hybond-N; Amersham Pharmacia Biotech). A 1,617-bp cnm
gene fragment containing the whole open reading frame was amplified by PCR
from the genomic DNA of S. mutans NN2072 with the primers cnm-F (5�-ATG
AAAAGAAAAGGTTTACGAAGAC-3�) and cnm-R (5�-TCAGCTATGATA
TTTACGGTAAAC-3�), designed based on the sequence of strain Z1 (GenBank
accession no. AB102689) (29). The gene fragment was then labeled using a
digoxigenin High-Prime DNA labeling and detection starter kit (Roche) accord-
ing to the manufacturer’s instructions. The blotted membrane was prehybridized
and then hybridized according to the protocol described by the manufacturer.
After hybridization, the membrane was washed twice in 2� SSC (1� SSC is 0.15
M NaCl plus 0.015 M sodium citrate) containing 0.1% sodium dodecyl sulfate at
room temperature and then washed twice in 0.5� SSC containing 0.1% sodium
dodecyl sulfate for 15 min at 65°C. The washed membrane was visualized with
the immunological method described by the manufacturer (Roche).

RESULTS

Development of an MLST scheme for S. mutans. Chromo-
somal DNA was obtained from 102 isolates. The eight house-
keeping gene loci were amplified from 102 strains. The se-
quences of the eight loci were determined and allelic profiles
were assigned. The alleles defined for the MLST scheme were
based on sequences of between 389 (gltA) and 462 (glnA)
nucleotides. Between 14 (tkt) and 23 (gltA and lepC) alleles per
locus were identified. The proportion of variable nucleotide
sites present in the selected housekeeping genes ranged from
3.24% (glnA) to 5.43% (gltA) (Table 2). The proportion of
nucleotide changes that altered the amino acid sequence (dN)
and the proportion of silent changes (dS) were calculated for
each gene, and the dN/dS ratios for all eight loci were calcu-
lated. All ratios were substantially less than 1 (Table 2). For
the 102 S. mutans isolates, the mean number of alleles per
locus was about 18, providing the theoretical potential to dis-
tinguish more than 1.2 � 1010 different allelic types. We also
compared a phylogenetic tree based on individual sequences
with a phylogenetic tree based on the concatenated sequences
of all eight alleles. However, no phylogenies constructed with
these two data sets were incompatible (data not shown).
Therefore, our MLST scheme for S. mutans showed a high
discriminatory capacity.

Relatedness of S. mutans isolates. Figure 1 shows a dendro-
gram constructed from the matrix of pairwise allelic differences
between the STs of all 102 isolates. Even though the genetic
variation at the MLST loci is relatively low (average, 4.2%
nucleotide sites), these isolates were resolved into 92 STs, 85 of
which (92.4%) were identified only once, indicating that the S.
mutans population displays diversification with little genetic
variation. Other STs contained between two and three mem-
bers. The assignment of STs to lineages with BURST revealed
that 36 STs were both unique and unrelated to any other STs,
whereas the remaining 65 were assigned to 13 lineages (Fig. 1).
Group 2 was the largest lineage and contained 24 isolates
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FIG. 1. Dendrogram of 102 isolates of S. mutans based on an MLST scheme with cluster analysis by the unweighted pair group method using
arithmetic means. Clonal complex groups, STs, serotypes, and distribution of the collagen-binding protein gene (cnm) were determined as
described in Materials and Methods.
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representing 19 STs. The remaining 12 groups contained from
two to six member STs.

We also tried to determine the chronological relationships
of the serotypes. However, no significant differences were ob-
served in the distributions of the serotypes. Moreover, no geo-
graphical relationships were identified among the isolates.

Evidence of recombination. The extent of recombination
within the S. mutans population was assessed by determining
the standardized IA (34) with LIAN. The IA for the complete
data set was 0.0931 when randomized data sets (1,000 trials)
were used. This value is significantly greater than zero, which is
the value expected for a population in linkage equilibrium.
However, in populations in which recombination is sufficient to
randomize the alleles at different loci over long time periods,
the appearance of multiple isolates with similar genotypes can
result from the recent expansion of clones. Therefore, the
SplitsTree program was used to detect recombination among
the various STs. Allelic profile data were converted into dis-
tance matrix values by use of START, and the resulting nexus
file was analyzed with the split decomposition method. Splits-
Tree analysis of the 102 S. mutans strains yielded a very low fit
value (fit � 22.2), which may have resulted from the program’s
inability to analyze this large amount of information (14). We
also analyzed several small subsets of randomly selected
strains, which considerably improved the fit values. One exam-
ple of a SplitsTree analysis displaying 10 parallelograms and a
high fit value of ca. 55 was based on 18 randomly selected S.
mutans isolates (data not shown).

Relationships between STs and serotypes. We then deter-
mined the serotypes of all the isolates by immunodiffusion and
PCR-based typing (Table 3). Serotype c was dominant (43
isolates), followed by e (31 isolates), f (16 isolates), and k (12
isolates). In general, the serotypes appeared to be associated
with the overall genotype defined by the STs, and only ST2
contained two serotypes (c and f). As stated above, closely
related STs constituted clonal complexes. However, groups 1,
2, 3, and 4 contained isolates of more than one serotype,
whereas the other groups contained only one serotype. Sero-
type c, the major serotype of S. mutans clinical isolates, was
widely distributed among the clonal complex groups, such as in
groups 1, 2, 3, 4, 6, 7, 8, 10, and 12, and in many singletons,
indicating that serotype c is the ancestral serotype of S. mutans.
Group 2 contained 15 of the 31 serotype e isolates (ST3, 5, 6,
22, 42, 71, 72, 73, 74, 75, 77, 83, and 84), and groups 3 and 4
contained three and six serotype e isolates, respectively. Sero-
type f isolates were found mainly in three groups (groups 5, 9,
and 11), and approximately half the serotype f isolates oc-
curred in these groups. Another three STs (ST48, 57, and 91)
were not categorized within the same clonal complex but had
closely related sequence homologies (Fig. 1). Only three STs
(ST2, 21, and 85) that were serotype f were located separately
from the other serotype f groups. Serotype k, newly identified
in the last decade, was distributed among closely related STs
(ST16, 36, 38, 66, 67, 68, and 79). These results indicate that
the ancestral strain of S. mutans was serotype c and that the
other serotypes have branched from the serotype c groups
continuously during evolution up until the present.

Association between lineages and diseases. Sucrose-depen-
dent adhesion to glass surfaces is an important feature in the
cariogenicity of S. mutans. However, the serotype-specific ad-

hesion mechanism has still not been investigated. Therefore,
we determined the in vitro adhesion capacities of S. mutans
isolates. Serotype c isolates showed a slightly increased rate
(84.01% � 11.81%), and serotype k isolates showed a low rate
(78.01% � 6.94%) compared with those of the other serotype
strains. Serotypes e and f showed moderate rates of 81.49% �
14.75% and 82.34% � 6.39%, respectively. However, there was
no statistically significant difference among the isolates. This
observation indicates that the phylogenetic differences deter-
mined with the eight housekeeping gene loci do not reflect the
adhesion capacities of the S. mutans isolates. Three clinical
isolates (MT4078, serotype c; MT4293, serotype e; and V1,
serotype c) showed significantly lower adhesion than did the
other isolates. However, we identified no relationship between
serotype, phylogenetic position, regional specificity, and years
of isolation.

We next determined the relationship between serotype and
systemic infection, because S. mutans frequently causes bacte-
remia and infective endocarditis. However, the blood-derived
isolates were widely distributed between the various STs and
clonal complex groups (Fig. 1), and no significant relationship
between STs and the blood-derived isolates was observed.
Therefore, we conclude that the S. mutans blood isolates are
not a specific strain and that each isolate has the potential to
induce systemic infections such as bacteremia or infective en-
docarditis.

Strain-specific collagen-binding adhesin (encoded by cnm) is
a recently identified wall-anchored protein. However, its prev-
alence among S. mutans isolates has not been determined. To
clarify the prevalence of the cnm gene, we analyzed the distri-
bution of cnm-positive isolates by PCR and Southern blot
analysis. Of the 102 strains examined, 22 were cnm positive
(21.6%; see also data in Fig. 1). The cnm-positive isolates were
distributed in ST85; in ST45 and ST46 (group 11); in ST40; in
ST14, 15, and 86 (group 5); in ST55; in ST34, 37, and 35 (group
9); in ST69; in ST26 and 27 (group 7); in ST57; in ST48; in
ST80; in ST51; in ST88; in ST87; and in ST79 (Fig. 1). The
predominant cnm-positive isolates were of serotype f (13 cnm
positive of 18 total [81.3%]), followed by serotype k (5 cnm-
positive of 12 total [41.7%]). Three isolates of serotype c (3
[ST26, 27, and 51] of 43 total [7.0%]) and 1 isolate of serotype
e (1 [ST40] of 31 total [3.2%]) had the cnm gene. The preva-
lence of cnm gene in each serotype is statistically significant
(between serotype c and serotype f, a P value of �0.0001;
between serotypes c and k, a P value of 0.087; between sero-
types e and f, a P value of �0.0001; between serotypes e and k,
a P value of 0.0087; and between serotypes e and k, a P value
of 0.0042 [all by Fisher’s exact probability test]). These isolates
were closely related to the cnm-positive serotype f and k strains
on phylogenetic analysis. Interestingly, the distribution of cnm-
positive strains was limited to closely related groups. These
observations indicate that some clinical isolates have acquired
the cnm gene, probably by horizontal gene transfer, during
evolution.

Streptococcus mutans transmission from mother to child. In
the six mother-child pairs of S. mutans isolates (Table 4), the
STs of two pairs (LJ11 and 12 and LJ30 and 31) were com-
pletely identical, indicating that these S. mutans isolates were
vertically transmitted from mother to child. Of the other four
pairs, the LJ3-LJ4 and LJ16-LJ17 pairs had three and four
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TABLE 3. Allelic profiles of isolates belonging to the 92 STs identified in this study

Strain Serotype ST
Allelic assignment (arbitrary allele no.)

tkt glnA gltA glk aroE murI lepC gyrA

UA159 c 1 1 1 1 1 1 1 1 1
MT8148 c 63 4 1 1 3 2 3 1 1
MT4065 c 64 4 1 1 3 2 3 1 14
MT4071 c 92 14 2 4 1 2 3 1 1
MT4076 c 2 1 1 1 13 1 1 1 1
MT4078 c 20 1 5 9 1 4 3 11 9
MT4083 c 26 1 9 1 1 2 5 3 10
MT4087 c 29 1 15 15 3 4 2 19 1
MT4093 c 24 1 8 9 1 4 2 20 1
MT4112 c 61 3 14 1 17 20 15 21 1
MT4118 c 65 4 1 1 18 2 3 1 1
MT4164 c 23 1 8 9 1 4 2 11 9
MT4117 e 81 6 2 7 3 2 7 1 1
MT4119 e 59 3 10 15 3 21 2 1 1
MT4217 e 6 1 1 1 19 2 4 7 3
MT4245 e 72 6 1 1 3 2 4 1 3
MT4274 e 30 1 16 23 6 2 4 22 15
MT4278 e 84 6 5 15 3 2 4 1 3
MT4279 e 83 6 5 9 3 2 4 1 3
MT4293 e 73 6 1 1 3 14 4 1 16
MT4368 e 10 1 2 7 3 2 7 1 1
MT4369 e 11 1 2 7 3 2 7 1 17
MT4251 f 85 7 2 11 3 2 4 1 3
MT4333 f 46 3 2 5 1 2 3 23 1
MT4348 f 15 1 3 8 1 6 10 3 1
NN2098 c 31 2 1 1 2 2 2 1 2
NN2099 c 44 3 2 2 3 3 3 2 1
NN2092 c 9 1 2 1 3 2 4 1 3
NN2093 c 54 3 3 3 1 4 3 3 1
NN2025 c 70 5 4 1 4 5 5 4 4
NN2004 c 33 2 2 4 5 4 6 1 1
NN2085 c 39 2 5 5 6 2 3 3 1
NN2087 e 56 3 6 6 4 2 5 5 4
NN2089 e 42 3 1 1 1 2 4 1 3
NN2037 e 10 1 2 7 3 2 7 1 1
NN2044 e 22 1 7 1 3 2 3 1 4
NN2054 e 19 1 5 7 3 2 7 1 1
NN2076 e 75 6 1 1 3 2 8 1 1
NN2042 e 10 1 2 7 3 2 7 1 1
NN2053 e 76 6 1 6 4 5 5 1 4
NN2072 f 69 4 3 8 3 2 5 1 1
NN2165 f 57 3 8 1 1 6 3 3 1
NN2007 f 35 2 3 8 1 2 9 1 1
NN2117 f 48 3 2 9 1 7 4 6 1
NN2138-2 f 45 3 2 5 1 2 3 7 1
NN2168M-5 c 49 3 2 10 3 8 3 5 1
NN2121 f 85 7 2 11 3 2 4 1 3
NN2431M-2 f 86 8 3 8 1 6 10 1 1
NN2011 k 47 3 2 8 7 10 5 3 1
NN2111 k 67 4 2 12 1 7 5 8 6
NN2323M-1 k 66 4 2 12 1 4 5 8 6
NN2193-1 k 16 1 3 13 8 11 2 9 7
NN2105 k 68 4 2 12 1 4 5 10 6
LJ1 c 17 1 3 15 1 2 3 12 1
LJ2 e 40 2 9 5 1 4 3 7 1
LJ3 e 5 1 1 1 3 2 4 1 3
LJ4 e 7 1 1 6 4 5 5 1 8
LJ7 f 14 1 3 8 1 4 10 3 1
LJ11 c 25 1 8 14 1 4 2 11 9
LJ12 c 25 1 8 14 1 4 2 11 9
LJ13 c 58 3 10 15 4 13 11 13 1
LJ14 c 52 3 2 15 3 1 11 1 3
LJ16 c 43 3 2 1 3 8 3 5 1
LJ17 c 63 4 1 1 3 2 3 1 1
LJ18 e 77 6 1 16 3 2 4 1 3
LJ19 e 71 6 1 1 1 2 4 1 3

Continued on following page
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matches, respectively, in their ST profiles. However, on the
MLST-based dendrogram and sequence-based phylogenetic
tree, these two pairs were grouped onto different branches.
The LJ24-LJ25 and LJ26-LJ27 pairs had only one allele match,
and the LJ24-LJ25 members showed different serotypes. Al-
though only a limited number of mother-child pairs were an-
alyzed in this study, the MLST method allowed the strict dis-
crimination of the strains from both individuals in each
mother-child pair.

DISCUSSION

In developing the MLST in this study, target genes were
selected based on the complete genome sequence of S. mutans
UA159 (1) and the ongoing complete genome sequencing of S.
mutans NN2025 in our laboratories, on the genomic informa-
tion from other bacteria, and on the published MLST schemes
for other streptococci, such as S. pyogenes (4), S. uberis (44), S.
suis (13), and S. pneumoniae (3), together with their locations
in the genome. Finally, eight housekeeping genes were selected
for this study. The eight loci were not subject to positive se-
lection, as demonstrated by the dN/dS ratio for each locus,
which was substantially less than 1 (Table 2). The mean num-
ber of alleles identified per locus was 18.5, suggesting that S.

mutans represents a genetically diverse species. The house-
keeping genes tkt (transketolase), glnA (glutamine synthetase
1a subunit), gyrA (DNA gyrase subunit A), murI (glutamate
racemase), and lepC (signal peptidase I) were chosen because
these genes are conserved across the genus Streptococcus and
other genera. We also included three other genes, aroE (shiki-
mate 5-dehydrogenase), glk (glucose kinase), and gltA (gluta-
mate synthase), whose products are housekeeping proteins
with sequence homologies that are specific to S. mutans strains.

Seven genes have usually been used in recent MLST
schemes, because it is important that the selection of the genes
to be sequenced in an MLST scheme developed for a partic-
ular bacterial species should be optimized to save time and cost
(40). However, the discrimination of each serotype, especially
serotypes f and k, was not definitive in our MLST when seven
genes were used in the analysis of S. mutans. In addition, the
combined analysis of housekeeping genes and some virulence
genes has been also used to identify virulent or pandemic
clones (35, 40). In this study, we used eight housekeeping loci
because the virulence genes of S. mutans are not as genetically
diverse as those of other organisms. For example, glucosyl-
transferases synthesize water-soluble and -insoluble glucans
from a sucrose substrate, and these activities are important in

TABLE 3—Continued

Strain Serotype ST
Allelic assignment

tkt glnA gltA glk aroE murI lepC gyrA

LJ20 c 27 1 9 1 1 2 12 3 10
LJ22 c 82 6 4 1 4 5 5 1 4
LJ23 k 88 10 2 5 7 6 5 11 1
LJ24 f 34 2 3 8 1 2 5 3 1
LJ25 c 89 11 11 9 9 3 3 14 1
LJ26 c 51 3 2 10 10 2 5 3 1
LJ27 c 90 12 2 1 11 14 13 15 11
LJ30 c 8 1 1 8 3 1 14 1 1
LJ31 c 8 1 1 8 3 1 14 1 1
LJ32 f 37 2 3 17 1 2 5 3 1
LJ15 c 62 4 1 1 2 15 3 1 1
LJ29 c 12 1 2 7 3 16 7 1 1
LJ34 e 3 1 1 1 3 2 3 1 3
LJ36 e 72 6 1 1 3 2 4 1 3
LJ50 e 78 6 1 19 4 5 5 1 4
LJ59 e 72 6 1 1 3 2 4 1 3
LJ64 e 74 6 1 1 3 2 4 4 3
SA22 f 21 1 5 9 12 17 3 16 1
SA31 k 36 2 3 14 8 11 2 9 12
SA51 f 2 1 1 1 13 1 1 1 1
SA53 k 55 3 3 8 1 1 3 1 1
SA72 k 38 2 3 18 8 11 2 17 3
SA12 c 50 3 2 10 3 8 3 5 13
SA13 c 18 1 3 20 4 5 5 1 4
SA14 c 53 3 2 15 14 1 11 1 12
SA15 e 41 2 12 5 15 2 3 18 1
SA16 e 28 1 13 1 1 18 3 3 1
SA17 c 60 3 14 1 16 2 2 19 1
SA18 c 32 2 2 4 5 4 5 1 4
TW295 k 80 6 2 5 1 9 4 1 1
TW871 k 79 6 2 1 1 9 5 7 5
TW964 f 91 13 5 21 1 6 4 1 1
TW1378 e 13 1 2 22 1 19 3 13 1
V1 c 63 4 1 1 3 2 3 1 1
P1 c 4 1 1 1 13 7 3 11 1
OR22P1 k 87 9 8 14 1 12 4 11 1
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the colonization and biofilm formation of S. mutans (27). Chia
et al. (2) reported the existence of DNA polymorphisms in the
5� regions of the gtfB and gtfC genes. However, only four or five
variants have been observed in this region (2). This observation
has been confirmed by use of restriction fragment length poly-
morphisms of the gtfB gene (36). Therefore, these putative
virulence genes of S. mutans are not suitable for the analysis of
the evolution or population biology of the species because
their heterogeneity is low. The mean number of alleles iden-
tified per locus was 18.5, providing the theoretical potential to
distinguish more than 1.2 � 1010 different genotypes. In fact, as
shown in Fig. 1 and Table 3, our MLST method divided the 102
strains into 92 STs, indicating that this MLST scheme has high
discriminatory power.

The cell wall antigens of S. mutans are rhamnose-glucose
polysaccharides, which are composed of �1,2- and �1,3-linked
rhamnan backbones and glucose side chains. Bacterial cell wall
polysaccharides decorate the cell surface and often play an
important role in the colonization of the bacterial ecological
niche. Each serotype-specific polysaccharide has a unique link-
age to its glucose side chains. Serotype c has an �1,2 linkage,
serotype e has a 	1,2 linkage, and serotype f has an �1,3
linkage (17). Serotype k strains have a unique “untypeable”
phenotype in terms of known serotype antibodies because they
lack glucose side chains linked to their rhamnose backbones
(21). The genes related to serotype specificity have been de-
termined, and each serotype has a specific and heterogenic
region downstream from the conserved rgpA-rgpF operon (33).
On the basis of these specific regions, Shibata et al. suggested
that none of the three serotypes could be defined as the an-
cestral strain (33). However, in our MLST analysis, most of the
serotype e and serotype f strains occur on their own branches
on the dendrogram. Most serotype e strains are included in
clonal complex group 2, and the root of this branch derives
from serotype c (Fig. 1). The ST85 isolate in this group is
serotype f, but the restriction fragment length pattern of the
rgpA-rgpF region in the ST85 isolate seems to be that of sero-

type c (data not shown). Why these strains appear phenotyp-
ically serotype f rather than serotype c is now under inves-
tigation by complete nucleotide sequence analysis. The distri-
bution of serotype f isolates is also restricted to limited
branches derived from serotype c. These observations suggest
that a serotype c strain, the dominant serotype among S. mu-
tans isolates, is the ancestral phenotype of this organism and
that serotype e and f strains acquired their strain-specific genes
during evolution. It is still unclear whether these phenotypic
changes are due to genetic transfer or genetic exchange.
Therefore, these issues require further analysis.

Serotype k, recently identified as a new serotype of S. mu-
tans, also has an interesting distribution in our MLST analysis.
All genes for the biosynthesis of serotype-specific polysaccha-
rides are highly conserved relative to those of serotype c, and
only the mRNA expression of rgpE is diminished in serotype k
strains (25). Therefore, we hypothesized that serotype k might
be derived from serotype c. As we expected, many serotype k
isolates were derived from the serotype c branch (Fig. 1).
However, some serotype k strains seem to have been derived
from serotype f (ST55 and ST80). Polysaccharide synthesis is a
sequential reaction involving several gene products. Therefore,
a defect in a gene or a loss of function of a gene product
related to the biosynthesis of polysaccharides results in the
formation of a serotype k strain. In fact, a gluA-destructive
mutant of a serotype c strain has the “serotype k” phenotype
(21). Therefore, it is reasonable to infer that S. mutans strains
that are phenotypically “serotype k” have arisen from the ge-
netic dysfunction of serotype c or f strains in this era. It is
possible that all S. mutans strains may have the potential to
become serotype k in the future.

In this study, we compared the distribution and lineage dif-
ferences of Japanese isolates with those of Finnish isolates
because Japan is geographically and ethnically distinct from
Finland. However, we found no regional bias in the distribu-
tion of the S. mutans isolates (Fig. 1). Several lines of epide-
miological evidence indicate that serotype c is predominant

TABLE 4. Mother-child transmission of S. mutans by MLST analysisa

Strain Serotype ST
Allelic assignment

Patient age

Concatenated
sequence
homology

(%)tkt glnA gltA glk aroE murI lepC gyrA

LJ3 e 5 1 1 1 3 2 4 1 3 37 yr 99.4
LJ4 e 7 1 1 6 4 5 5 1 8 4 yr 9 mo

LJ11 c 25 1 8 14 1 4 2 11 9 38 yr 100
LJ12 c 25 1 8 14 1 4 2 11 9 7 yr 3 mo

LJ16 c 43 3 2 1 3 8 3 5 1 33 yr 99.6
LJ17 c 63 4 1 1 3 2 3 1 1 3 yr 7 mo

LJ24 f 34 2 3 8 1 2 5 3 1 31 yr 99.1
LJ25 c 89 11 11 9 9 3 3 14 1 5 yr 4 mo

LJ26 c 51 3 2 10 10 2 5 3 1 37 yr 99.2
LJ27 c 90 12 2 1 11 14 13 15 11 9 yr 11 mo

LJ30 c 8 1 1 8 3 1 14 1 1 35 yr 100
LJ31 c 8 1 1 8 3 1 14 1 1 2 yr 2 mo

a For each pair of rows, the top row gives mother data and the bottom row gives child data.
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worldwide (70% to 80%), with serotype e the next commonest
(10% to 15%) and serotype f occurring rarely (1% to 5%) (9).
On the basis of these findings, we speculate that the serological
differentiation of S. mutans occurred earlier than we had pre-
viously inferred. To address this question further, we are con-
tinuing to analyze worldwide serotype distributions using our
MLST scheme.

Oral bacteria are considered to cause transient bacteremia,
countered by professional dental treatment and daily oral care
practices such as tooth brushing and flossing (32). However,
the incidence of infective endocarditis estimated by a review of
reports published between 1993 and 2003 was only 3.6 per
100,000 head of population per year (20). These observations
suggest that some infective-endocarditis-specific or virulent
strains exist and that these strains necessarily induce systemic
infections. However, the specific distribution of S. mutans
strains related to systemic infections was not determined in our
MLST analysis.

In contrast, the distribution of the collagen-binding protein
gene (cnm) was clearly predominant in the clonal complex
groups of serotype f strains (Fig. 1). The gene product of cnm
was first identified in the cold-agglutination phenotype of S.
mutans, and thereafter the binding of collagen-binding adhesin
to collagen and laminin was reported (29). The binding of
collagen-binding adhesin to specific extracellular matrix mole-
cules may be important for the initial bacterial attachment to
blood vessels. However, the distribution of cnm-positive iso-
lates does not exactly match that of isolates derived from
bacteremia or infective endocarditis patients, so the contribu-
tion of collagen-binding adhesin to the progression of systemic
infections is not clearly explained.

The vertical transmission of S. mutans from mother to
child is thought to be the major route for early acquisition
(16). In contrast, the detection of genotypes in children that
are not found in their mothers or other family members
indicates that S. mutans may also be acquired from other
sources. In our MLST analysis, two of six mother-child pairs
showed complete identity of ST profiles for the mother and
the child, whereas the other pairs showed differing ST pro-
files (Table 4). This result indicates that our MLST scheme
is useful for epidemiological studies and is suitable for the
long-term monitoring of S. mutans transmission. Mattos-
Graner et al. reported at least two to five different genotypes
in 30% of the children tested (18). In this study, we used
only one isolate each from the mother and the child. Further
prospective studies involving greater numbers of S. mutans
isolates are required to explore the frequencies of vertical
and horizontal transmission.

In conclusion, we have devised the first clear typing system
for S. mutans. In this study, we have provided new insight into
the lineages of the four serotypes, their regional specificities,
and the distribution of a newly identified virulence gene and
have demonstrated the applicability of the scheme to epidemi-
ological studies. The superior discriminatory capacity of
MLST, compared with that of classical serotyping or DNA-
based genotyping methods, may have important practical im-
plications. We hope that this MLST scheme will now be ex-
panded to include isolates from other countries.
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