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Streptococcus mutans organisms are occasionally isolated from the blood of patients with infective endocar-
ditis, though the mechanisms of invasion and survival remain to be elucidated. Two of four blood isolates from
patients with bacteremia or infective endocarditis (strains TW295 and TW871) were serologically untypeable
by immunodiffusion testing, which was due to a lack of the glucose side chain of the serotype-specific
polysaccharide antigen of S. mutans. Inmunodiffusion analyses using antisera against these strains demon-
strated that 2 of 100 isolates from 100 subjects showed a positive reaction, while further analysis of 2,500
isolates from 50 subjects revealed that all 50 isolates from a single subject were not reactive with anti-c, -e, and
-f antisera, though they were reactive with anti-TW295 and -TW871 antisera. The oral isolates showed
biological properties similar to those of the reference S. mutans strain MT8148, including high levels of
sucrose-dependent adhesion and cellular hydrophobicity, along with expression of glucosyltransferases and a
protein antigen, PA. We designated these organisms serotype k. A glucose side chain-defective mutant strain
was then constructed by insertional inactivation of the glud gene of strain MT8148, which showed biological
properties similar to those of serotype k of S. mutans. Serotype k oral isolates were less susceptible to
phagocytosis, as were the glud-inactivated mutant of strain MT8148 and blood isolates. These results indicate
that S. mutans serotype k strains are present in the oral cavity in humans and may be able to survive longer

in blood owing to their low susceptibility to phagocytosis.

Based on differences in their compositions and the linkages
of cell wall polysaccharides, mutans streptococci are classified
into eight serotypes as follows; Streptococcus mutans (serotypes
¢, e, and f), Streptococcus sobrinus (serotypes d and g), Strep-
tococcus cricetus (serotype a), Streptococcus rattus (serotype b),
Streptococcus ferus (serotype c), Streptococcus macacae (sero-
type c), and Streptococcus downei (serotype h) (3). Among
these, S. mutans is known to be a major causative bacterium of
dental caries in humans and is occasionally isolated from the
blood of patients with infective endocarditis (19, 20). In a
previous study, four streptococcal strains isolated from pa-
tients with infective endocarditis or bacteremia following a
tooth extraction procedure were specified as S. mutans based
on their biological properties and 16S rRNA alignments (4).
However, two of these strains (TW295 and TWS871) were
shown to be serologically untypeable, while the others be-
longed to serotype e or f.

The serotype-specific polysaccharides of S. mutans are com-
posed of rhamnose-glucose polymers, with a backbone of
rhamnose and side chains of a- or B-linked glucosidic residues
(9). The serologically untypeable properties of strains TW295
and TW871 have been shown to be derived from the lack of a
glucose side chain in the serotype-specific polysaccharide (4).
Furthermore, the polysaccharides of these blood isolates show
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similarities to those of the mutant strain with inactivation of
the gluA gene, which encodes the enzyme that catalyzes the
production of the immediate precursor of the glucose side
chain donor, in that they all have low glucose contents (21).

The serologically untypeable strains were shown to have
hydrophobicity and sucrose-dependent adhesion levels as high
as those of the oral isolates (4) and were less susceptible to
phagocytosis in a preliminary study. These findings imply that
S. mutans organisms without a glucose side chain of serotype
c-, e-, or f-specific polysaccharide may be present in the oral
cavity in humans because of their high cellular hydrophobicity
and sucrose-dependent adherence levels. Furthermore, they
may be able to survive in blood longer owing to their low
susceptibility to phagocytosis during the invasion of blood. In
the present study, we surveyed the occurrence of S. mutans
organisms from human oral cavities that had serological prop-
erties similar to those of untypeable blood isolates.

MATERIALS AND METHODS

S. mutans strains. Blood isolates TW295 (untypeable), TW871 (untypeable),
TWI64 (f), and TW1378 (e) (4) and the orally isolated strains MT8148 (c),
MT4245 (e), and MT4251 (f) were selected from the stock culture collection in
our laboratory (14). Features of these strains are presented in Table 1.

Generation of antisera against untypeable S. mutans cells. Antisera to sero-
types c, e, and f of S. mutans were taken from our laboratory stock (12), while
antisera to the untypeable strains TW295 and TW871 were generated as follows.
Whole cells of each strain were suspended in phosphate-buffered saline (PBS)
and repeatedly injected intravenously into rabbits for five consecutive days (dry
weight, 5 mg per day). One week after the final injection, immunization was
repeated for another 2 weeks, five times each week. Blood was then taken from
the auricular vein, and the antibody titer was checked using an immunodiffusion
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TABLE 1. Bacterial strains used in the present study

Strain Serotype Features Reference
TW295 k Blood isolate from a 59-year-old male with bacteremia following 4
a tooth extraction procedure
TWS871 k Blood isolate from a 45-year-old female with infective 4
endocarditis complicated by subarachnoid hemorrhage
TW964 f Blood isolate from a 72-year-old male with infective endocarditis 4
TW1378 e Blood isolate from a 59-year-old male with infective endocarditis 4
MT8148 c Oral isolate from a healthy child 14
MT4245 e Oral isolate from a healthy child 14
MT4251 f Oral isolate from a healthy child 14
NN2001 c Oral isolate from a healthy 6-year-old boy This study
NN2002 e Oral isolate from a healthy 9-year-old boy This study
NN2003 f Oral isolate from a healthy 7-year-old girl This study
MT8148GD k GD mutant strain of MT8148 This study
FT1 (NN2011) k Oral isolate from a healthy 3-year-old girl This study
SU1 (NN2029) k Oral isolate from a healthy 10-year-old girl This study
YK1 k Oral isolate from a 6-year-old girl with Down’s syndrome This study

method with the Rantz-Randall (RR) polysaccharide antigen (5) to TW295 or
TWS71.

Construction of GD mutant strain. A glucose side chain-defective (GD) mu-
tant strain of MT8148 was constructed by insertional inactivation of the gluA
gene. The gluA gene and its flanking region were amplified by PCR using
AmpliTaq Gold polymerase (Applied Biosystems, Foster City, Calif.) with prim-
ers constructed on the basis of the gluAd sequence from S. mutans strain Xc (21)
(GenBank accession no. AB001562) and the S. mutans genomic database pub-
lished by Oklahoma University (1) (GenBank accession no. AE014133). The
amplified fragment was then cloned into a pST Blue-1 vector (Promega, Madi-
son, Wis.) to generate pRN101. The middle of the open reading frame of gluA
in pRN101 was cleaved by Stul and then ligated with the erythromycin resistance
gene (erm) from the recombinant plasmid pKN100 carrying an 830-bp fragment
of erm from pVAS838 (10) to yield pRN102. After linearization by digestion at the
unique restriction enzyme site of NotI, the plasmid was introduced into S. rmutans
MT8148 by the method of Tobian and Macrina (18). The transformants were
screened on mitis salivarius (MS) agar (Difco Laboratories, Detroit, Mich.)
plates containing erythromycin (10 pwg/ml). The appropriate insertional inactiva-
tion of the mutant MT8148GD was confirmed by PCR amplification of the gluA
gene and the immunodiffusion method.

Clinical specimens. One thousand three hundred twenty-six S. mutans strains
isolated from 571 children between 1982 and 1990 (the MT4000 and MT10000
series of isolates) were selected from our laboratory stock. In addition, strains
from 100 subjects (3 to 17 years of age; average, 8.9 years) who visited the
Pedodontics Clinic of Osaka University Dental Hospital, Suita, Osaka, Japan,
from June to August 2002 were randomly selected (the NN2000 series of iso-
lates). These subjects included 88 healthy children, along with 5 patients with
cleft lip and palate, 3 with ventricular septal defect, 2 with amelogenesis imper-
fecta, 1 with spondyloschisis, and 1 autistic patient. Collection of clinical speci-
mens was carried out in accordance with the Osaka University Health Guideline
for Studies Involving Human Subjects. Plaque samples were collected in sterile
PBS, diluted, and streaked onto MS agar plates containing bacitracin (0.2 U/ml;
Sigma Chemical Co., St. Louis, Mo.) and 15% (wt/vol) sucrose. One colony from
each subject was chosen on the basis of colony morphology and defined as S.
mutans as described previously (4). Serotyping was done by the immunodiffusion
method as described above, using rabbit antisera specific for serotypes c, e, and
f(12). In addition, 50 colonies were isolated from each subject with a serologi-
cally untypeable strain.

Two thousand five hundred clinical isolates of S. mutans were obtained from
another group of 50 subjects (3 to 19 years of age; average, 7.8 years) who came
to the Pedodontics Clinic of Osaka University Dental Hospital in early 2003.
These included 45 healthy children and 5 patients with general or oral health
problems, i.e., Down’s syndrome, congenital heart disorder, cleft lip and palate,
amelogenesis imperfecta, and oligodontia.

Characterization of untypeable S. mutans. The sucrose-dependent adhesion
and cellular hydrophobicity of the untypeable clinical isolates were evaluated as
described by Hamada et al. (6) and Rosenberg et al. (17), respectively. The
expression of cell-associated (CA) or cell-free (CF) glucosyltransferases (GTFs)

and the surface protein antigen (PA) were analyzed using Western blot analysis
with antibodies specific to GTF and PA (4). Genomic DNA was extracted from
the test organisms, and 16S rRNA was sequenced and compared with that of the
reference strain NCTC10449 (2) (GenBank accession no. X58303 and S70358).

Phagocytosis assay. The organisms were cultured in brain heart infusion broth
(Difco) for 18 h at 37°C. After the bacterial cells were washed, cell concentra-
tions were adjusted with PBS to 1.0 X 10® CFU/ml. Human peripheral blood
(500 wl) was collected from a healthy volunteer and incubated with 500 wl (5.0
% 107 CFU) of the tested bacteria for 10 min at 37°C. Interactions between
polymorphonuclear leukocytes (PMNs) and bacteria were observed with a light
microscope (magnification, X100; Olympus Optical, Tokyo, Japan) following
Giemsa staining (Wako Pure Chemical Industries, Osaka, Japan). The rate of
phagocytosis was expressed as the mean ratio of phagocytosed PMNs per 100
PMNs, with 500 PMNs examined. In addition, changes in the rate of phagocytosis
in strains MT8148, MT8148GD, FT1, and TW295 were observed at 15, 30, 60, 90,
and 120 min.

Statistical analysis. Intergroup differences in various factors were estimated
by a statistical analysis of variance for factorial models. Fisher’s protected least-
significant-difference test was used to compare individual groups.

RESULTS

Serotype distribution of past and recent strains. It was
found that the antisera to TW295 and TW871 reacted specif-
ically with RR extracts of TW295 and TW871, respectively, but
not with those from serotype c, e, or f organisms (Fig. 1A and
B). Furthermore, the precipitation bands were fused to each
other. Our laboratory records indicate that all 1,326 of the
strains from 571 children (the MT series) isolated between
1982 and 1990 were serologically classified as c, e, or f with no
untypeable isolates found. On the other hand, 78, 17, and 3 of
the recent 100 isolates (the NN2000 series) from 100 subjects
were classified as serotypes c, e, and f, respectively, whereas the
remaining 2 strains, FT1 (NN2011) and SU1 (NN2029), were
found not to react with c-, e-, or f-specific antiserum (Table 2),
though both showed rough colonies on MS agar plates; positive
bacitracin resistance; y hemolysis on blood agar; a positive
fermentation profile for mannitol, sorbitol, raffinose, and
melibiose; and a negative dextran agglutination, which are
characteristics of S. mutans. Moreover, they also expressed PA
and three types of GTFs (Fig. 2). Strains FT1 and SU1 showed
high levels of sucrose-dependent adhesion and cellular hydro-
phobicity (data not shown), and their 16S rRNA gene se-
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FIG. 1. Immunodiffusion between RR extracts and rabbit serotype-specific antisera. (A) Well 1 contained RR extract from strain TW295. The
outer wells contained antisera to strain TW295 (well 2) and TW871 (well 3), along with antisera specific to serotypes ¢ (well 4), e (well 5), and f
(well 6). (B) Well 7 contained antiserum to strain TW871. The outer wells contained RR extracts from strains TW295 (well 8), TW871 (well 9),
MT4251 (f; well 10), MT4245 (e; well 11), and MT8148 (c; well 12). (C) Well 13 contained RR extract from strain FT1. The outer wells contained
antisera specific to strain TW871 (well 14), serotype ¢ (well 15), serotype e (well 16), and serotype f (well 17). (D) Well 18 contained antiserum
specific to serotype c¢. The outer wells contained RR extracts from strains MT8148 (well 19) and MT8148GD (well 20). (E) Well 21 contained
antiserum to strain TW871. The outer wells contained RR extracts from strains TW295 (well 22), TW871 (well 23), FT1 (well 24), SU1 (well 25),

YKI1 (well 26), and MT8148GD (well 27).

quences were identical to that of strain NCTC10449. In addi-
tion, the RR extracts of strain FT1 produced precipitation
bands with antisera to strain TW871 (Fig. 1C) and TW295
(data not shown), which also fused to a precipitation band of
the RR extract of TW871 with antiserum to TW871 (Fig. 1E).
Furthermore, 50 strains from each subject with strain FT1 or
SU1 were not reactive with c-, e-, or f-specific antiserum but
were reactive with the antiserum to TW871. Based on these
findings, we propose that these S. mutans strains be designated
a new serotype, k.

Serotype distribution of 2,500 strains from 50 subjects. Ta-
ble 3 shows the serotype distribution of 2,500 recent isolates of
S. mutans, of which 2,450 were classified as c, e, or f type. On
the other hand, the RR extracts of the other 50 strains (YKI1
through YK50) from a single subject (a girl with Down’s syn-
drome) produced a precipitation band with antiserum to
TW871, which also fused to the precipitation bands of RR
extracts of TW295, TW871, FT1, and SU1 (Fig. 1E). All of
these strains were considered to be serotype k. Table 4 shows
the serotype distribution patterns in individual subjects, most
of whom were found to possess serotype c of S. mutans alone,
followed by serotype e alone, while 5 of the 50 subjects pos-
sessed multiple serotypes.

Biological and serological characterization of a glu4-inacti-
vated mutant. A gluA-inactivated mutant strain, MT8148GD,
showed typical biological features of S. mutans, including
rough colonies on MS agar, positive profiles of sugar fermen-
tation, expression of GTFs and PA, and high levels of sucrose-
dependent adhesion and cellular hydrophobicity. The RR ex-
tract of MT8148GD produced a precipitation band with the

TABLE 2. Serotype distribution in two series of clinical oral
isolates of S. mutans

No. of isolates

Serotype MT series taken between 1982 NN2000 series taken in
and 1990 (n = 1,326) 2002 (n = 100)
c 1,131 78
e 163 17
f 32 3
k 0 2

antiserum to TW871 but not with serotype c-specific antiserum
(Fig. 1D) and fused to precipitation bands of TW295, TW871,
FT1, SU1, and YK1 (Fig. 1E).

Phagocytosis assay. The phagocytic capabilities of these
strains following 10 min of incubation are presented in Fig. 3A.
The phagocytosis rate of strain MT8148GD was 22.0% =
2.4%, which was significantly lower than that of the parent
strain, MT8148 (68.4% * 4.1%) (P < 0.001). Furthermore,
oral isolates of NN2001 (c), NN2002 (e), and NN2003 (f)
showed phagocytosis rates similar to that of MT8148, while the
serotype k oral strains FT1, SU1, and YKI also showed lower
phagocytosis rates than MT8148 (P < 0.001). In addition, the
phagocytosis rates of all four blood isolates were significantly
lower than those of the oral isolates (P < 0.001), while those of
MT8148GD, FT1, and TW295 were significantly lower than
that of MT8148 until 60 min of incubation (P < 0.001), and the
rate of TW295 was also significantly lower than that of MT8148
after 90 min of incubation (P < 0.001) (Fig. 3B).

DISCUSSION

The RR extracts of two blood isolates (TW295 and TW871),
152 oral isolates (FT1 through FT51, SU1 through SUS51, and
YK1 through YKS50), and a gluA-inactivated strain
(MT8148GD) produced precipitation bands with antiserum to
TW295 or TW871 (Fig. 1E). These isolates were shown to
possess biological properties typical of S. mutans, including
high levels of sucrose-dependent adhesion and hydrophobicity
and GTFs, while the culture supernatants contained a 190-kDa
PA that produced precipitation bands with antiserum to PA of
MT8148 (data not shown). On the other hand, the serological
properties of these strains were different from those of the
known S. mutans serotypes (c, e, and f), and based on our
findings, we propose a new S. mutans serotype, k.

The isolation frequencies of S. mutans serotypes ¢, e, and f in
the present study were closely similar to those reported in a
Danish study (16). In that report, 1 of 76 mutans streptococci
from human dental-plaque samples and 7 of 70 from human
carious lesions could not be serologically classified as serotype
a through g. A biochemical analysis revealed that these untype-
able strains belonged to S. mutans, while there was no descrip-
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FIG. 2. Western immunoblot detection of PA, CA-GTF, and CF-GTF expression in S. mutans. Whole cells (A and B) or culture supernatant
concentrated by ammonium sulfate precipitation (C) were separated by SDS-7% polyacrylamide gel electrophoresis. The transferred protein
bands on a polyvinylidene difluoride membrane were reacted with rabbit antibodies against PA (A), CA-GTF (B), or CF-GTF (C) of S. mutans.
Lanes 1, strain MT8148; lanes 2, strain FT1; lanes 3, strain SU1; lanes 4, strain YKI.

tion of the structures of the serotype-specific polysaccharide.
In another study, all 1,047 S. mutans or S. sobrinus isolates
taken from human dental plaque, carious dentine, or feces
samples could be classified as serotype c, e, f, d, or g (5).
Furthermore, in a recent study conducted in another area of
Japan, 144 strains of S. mutans or S. sobrinus from dental
plaque were classified as serotype c, e, d, or g, and there were
no serotype f strains or untypeable strains detected (8). On the
other hand, 9 out of 103 subjects were reported to harbor
serologically untypeable S. mutans in Japan recently, although
a precise description of the properties of the serotype-specific
polysaccharide was not provided (7). Taking these data to-
gether, we speculated that serotype k organisms have appeared
in Japan only recently.

In the present study, S. mutans strains with this new serotype
were found in plaque samples from three children, with a total
of 152 classified as serotype k. The origin of these clinical
isolates has not yet been identified, but serotype k strains
comprised the majority of the S. mutans strains found in den-
tal-plaque samples from those three subjects, and all showed
high levels of cellular hydrophobicity and sucrose-dependent
adherence, as well as lower rates of phagocytosis. These find-
ings suggest that serotype k strains of S. mutans are present in
the oral cavity in humans because of their high hydrophobicity
and sucrose-dependent adhesion, along with the expression of
GTFs and PA, and may be able to survive in blood due to their
lower phagocytotic capabilities. Therefore, special care must
be taken with children with heart disorders. In particular, it

TABLE 3. Serotype distribution of 2,500 S. mutans isolates
obtained from 50 subjects

Serotype No. of isolates No. of subjects
c 1,769 38
e 551 13
f 130 4
k 50 1

may be more risky for Down’s syndrome patients with S. mu-
tans serotype k strains in the oral cavity, as they have been
reported to have a possible congenital basis for disorders of
PMN functions (13) and are also known to be susceptible to
ventricular septal defect (11). As detection of the new serotype
k in these patients may indicate an increased risk, a clinical
approach, such as prescription of antibiotics prior to dental
treatment, may be required and should be kept in mind.
Infective endocarditis is known to be initiated by an invasion
of pathogenic bacteria into the bloodstream; however, the
mechanisms of invasion and survival of S. mutans in blood have
not been clarified. In the present study, we found that the
phagocytosis rate of the GD isogenic mutant strain was lower
than that of the parent strain (Fig. 3). In addition, the serotype
k oral and blood isolates presented similar capabilities. To-
gether, these findings suggest that serotype k strains, which are
considered to lack a glucose side chain in the serotype-specific
polysaccharide, may be possible pathogenic bacteremia strains.
On the other hand, the blood isolates TW964 (¢) and TW1378
(f) were less susceptible to phagocytosis than the oral isolates
NN2002 (e) and NN2003 (f), though it has been shown that
TW964 lacks a glucan-binding protein A (15) whereas no such

TABLE 4. Individual serotype distribution among 50 subjects

No. of
subjects

Serotype

K s 1
Multiple
C AN € 3
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FIG. 3. Phagocytosis rates of oral and blood isolates of S. mutans.
The results show the mean * standard deviation from five experi-
ments. (A) The phagocytosis rates of the 12 strains were examined
following 10 min of incubation. (B) Changes in the phagocytosis rates
of strains MT8148 (@), MT8148GD (O), FT1 (A), and TW295(m) at
15, 30, 60, 90, and 120 min of incubation. There were statistically
significant differences between MT8148 (serotype ¢) and the other
strains, as determined by Fisher’s protected least-significant-difference
analysis (*, P < 0.001).

alteration of TW1378 has been found. Thus, there may be an
alteration of cell surface structures other than the serotype-
specific polysaccharide that has an effect on phagocytic ability.
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