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Streptococcus mutans, a pathogen responsible for dental caries, is occasionally isolated from the blood of patients with bactere-
mia and infective endocarditis (IE). Our previous study demonstrated that serotype k-specific bacterial DNA is frequently de-
tected in S. mutans-positive heart valve specimens extirpated from IE patients. However, the reason for this frequent detection
remains unknown. In the present study, we analyzed the virulence of IE from S. mutans strains, focusing on the characterization
of serotype k strains, most of which are positive for the 120-kDa cell surface collagen-binding protein Cbm and negative for the
190-kDa protein antigen (PA) known as SpaP, P1, antigen I/II, and other designations. Fibrinogen-binding assays were per-
formed with 85 clinical strains classified by Cbm and PA expression levels. The Cbm�/PA� group strains had significantly
higher fibrinogen-binding rates than the other groups. Analysis of platelet aggregation revealed that SA31, a Cbm�/PA� strain,
induced an increased level of aggregation in the presence of fibrinogen, while negligible aggregation was induced by the Cbm-
defective isogenic mutant SA31CBD. A rat IE model with an artificial impairment of the aortic valve created using a catheter
showed that extirpated heart valves in the SA31 group displayed a prominent vegetation mass not seen in those in the SA31CBD
group. These findings could explain why Cbm�/PA� strains are highly virulent and are related to the development of IE, and the
findings could also explain the frequent detection of serotype k DNA in S. mutans-positive heart valve clinical specimens.

Infective endocarditis (IE) is a life-threatening disease for which
Staphylococcus aureus and viridans group streptococci are rec-

ognized as major etiological agents (1). In cases of IE related to
viridans streptococci, mitis group species, such as Streptococcus
sanguinis, are frequently isolated (1). Oral bacteria are thought to
invade the bloodstream following invasive dental treatments, such
as tooth extraction and periodontal surgery. However, recent
studies suggest that bacteremia occurs even during daily routine
tooth brushing and dental flossing procedures (2). In general, per-
sons at risk for IE are considered to be those who have predispos-
ing heart disorders. This is because one of the important steps in
pathogenesis is the formation of vegetation on the endothelium,
which is composed of pathogenic bacteria, fibrin, and platelets (1).

Streptococcus mutans is a major pathogenic cause of dental car-
ies and is also believed to be involved in IE (3). S. mutans strains
are classified into four serotypes, c, e, f, and k, based on the chem-
ical composition of their cell surface rhamnose-glucose polymers
(4, 5). Serotype c is the major type in oral isolates from healthy
subjects, with a distribution frequency of approximately 70 to
75%, followed by serotype e (frequency of approximately 20%).
The distribution frequencies for serotypes f and k are lower than
5% (5–9).

Complete genome sequences of S. mutans have been reported
for four strains, UA159, NN2025, LJ23, and GS-5 (10–13). Anal-
ysis of the complete sequence from UA159 showed that the six
genes encoding LPXTG-anchored proteins are pac, fruA, dexA,
gbpC, wapA, and wapE (10), all of which have also been identified
in strains NN2025, LJ23, and GS-5 (11–13). The approximately
190-kDa protein antigen (PA) encoded by pac, which is also
known as SpaP, P1, and other designations, is expressed in ex-
tremely small amounts in serotype k strains compared with the
levels found in strains commonly present in the oral cavity. Low

expression levels of PA may lead to decreased susceptibility to
phagocytosis by polymorphonuclear leukocytes (14, 15). The ap-
proximately 120-kDa Cnm protein, which is related to collagen-
binding activity, has been characterized as a novel LPXTG-an-
chored protein (16). The cnm gene encoding Cnm is present in 10
to 20% of oral strains, with prominent detection in serotype f
strains (17). Recently, we found another collagen-binding protein
(CBP) in S. mutans, Cbm, and its gene, cbm, was isolated and
sequenced (18). The distribution of Cbm in oral strains is less than
3%, with predominant identification in serotype k strains (18). In
addition, all clinical isolates of S. mutans with CBPs have been
reported to possess either Cnm or Cbm (18).

Platelet aggregation occurring after pathogenic bacterial infec-
tion is considered one of the most important factors in the patho-
genesis of IE. As for S. mutans, cell surface serotype-specific poly-
saccharides and PA have been reported to be related to platelet
aggregation (19, 20). In addition, the mechanisms by which other
endocarditis-associated bacterial species induce platelet aggrega-
tion have also been investigated (21–23), and these studies showed
that the extracellular matrix-binding proteins of these bacteria are
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considered potential platelet aggregation factors. However, there
are no reports regarding whether the extracellular matrix-binding
proteins of S. mutans mediate platelet aggregation.

S. mutans DNA has been identified in cardiovascular speci-
mens by molecular biological analyses (24, 25). In addition, a high
frequency of serotype k strains has been identified in S. mutans-
positive extirpated heart valve specimens from IE patients (26).
Furthermore, our recent study showed that the detection rate of
cbm in S. mutans-positive IE cases was significantly higher than
that in S. mutans-positive cases with valvular diseases other than
IE (27). In the present study, we analyzed the fibrinogen-binding
affinity of S. mutans, which is a virulence factor for IE, focusing on
Cbm as one of the novel LPXTG-anchored proteins in S. mutans
commonly found in serotype k strains.

MATERIALS AND METHODS
S. mutans strains. All strains used in the present study were confirmed to
be S. mutans based on their biochemical properties and observation of
rough colony morphology on mitis-salivarius agar (Difco Laboratories,
Detroit, MI) plates containing bacitracin (0.2 U/ml; Sigma Chemical Co.,
St. Louis, MO) and 15% (wt/vol) sucrose (MSB agar). For culturing iso-
genic mutant strains and SA31comp (18), brain heart infusion broth
(Difco Laboratories) was used, with erythromycin and kanamycin added
to a final concentration of 10 �g/ml and 500 �g/ml, respectively. Western
blotting using antisera against Cnm and Cbm was performed to confirm
expression of these proteins, as previously described (18). Western blot
analysis using anti-PA antiserum was also performed using a previously
described method (14) and resulted in classification based on expression
of PA: PA�, PA� (type N), and lower-molecular-weight PA (type L). In
addition, secretion of PA into the extracellular milieu (28) was also ana-
lyzed with bacterial supernatants. Furthermore, the promoter regions of
the genes encoding PA in the strains with weak expression of PA (29) were
confirmed by sequence analyses using the primer set PA-F (5=-AAG TGT
GGA GTT TGT GCT CG-3=) and PA-R (5=-CAT AAA TCC TCC AAA
TCT GA-3=), which was designed to correspond to those regions.

Fibrinogen-binding assay. The fibrinogen-binding properties of the
S. mutans strains were evaluated according to methods described previ-
ously (30), with some modifications. Ninety-six-well tissue culture plates
(Becton Dickinson, Franklin Lakes, NJ) were coated with fibrinogen (Sig-
ma-Aldrich Co.) prepared in carbonate-bicarbonate buffer (0.05 M
Na2CO3; pH 9.6) and incubated overnight at 4°C. The plates were then
washed three times with phosphate-buffered saline (PBS) and blocked for
1.5 h with bovine serum albumin (BSA; Sigma-Aldrich Co.) in PBS at
37°C. Cells from overnight cultures of S. mutans grown in brain heart
infusion broth were collected by centrifugation, and bacteria were washed
and diluted with PBS and added to the wells (2 � 109 CFU per well). After
3 h of incubation at 37°C, adherent cells were washed three times with PBS
and fixed with 100 �l of 25% formaldehyde at room temperature for 30
min. After another three washes with PBS, adherent cells were stained
with 100 �l of 0.05% crystal violet (Wako Chemical Industries, Osaka,
Japan) in water for 1 min and washed three times with PBS, and the dye
was dissolved by adding 7% acetic acid (100 �l) before determining the
optical density at 595 nm (OD595) values. Results are expressed as OD595

values following subtraction of OD595 values for BSA-coated wells. The
results for each strain are expressed as a percentage, relative to the binding
affinity of SA31, which was defined as 100%. Data are expressed as the
mean � standard deviation of three independent experiments with three
wells for each sample.

Binding of recombinant protein to fibrinogen. Recombinant PA,
Cnm, and Cbm were generated in our previous study (18, 31). The bind-
ing abilities of recombinant proteins to fibrinogen were evaluated accord-
ing to the procedure described previously (32), with some modifications.
Briefly, 96-well tissue culture plates (Becton Dickinson) were coated with
fibrinogen prepared in carbonate-bicarbonate buffer (0.05 M Na2CO3,

pH 9.6) and incubated overnight at 4°C. The plates were then washed
three times with PBS and blocked for 1.5 h with BSA in PBS at 37°C. After
the plates were washed with PBS-Tween (PBST), 100-�l aliquots of re-
combinant PA, Cnm, and Cbm (1 �g to 100 �g of protein) were added to
the wells and incubated for 3 h at 37°C. Bound proteins were detected with
an anti– glutathione S-transferase (GST) conjugate (GE Healthcare, Upp-
sala, Sweden). Relative binding was determined by monitoring OD450

values immediately after the addition of 3,3=5,5=-tetramethylbenzidine
and H2O2.

Fibrinogen aggregation assay. The fibrinogen aggregation assay was
performed as follows. Cultures of S. mutans strains at the stationary
growth phase were collected by centrifugation at 3,000 � g for 10 min. The
cultures were washed and resuspended in PBS to reach an optical density
(OD600) of approximately 0.6. The bacterial suspension was incubated at
37°C for 48 h with or without 2.5 mg/ml fibrinogen (Sigma-Aldrich Co.,
St. Louis, MO). Changes in bacterial aggregation were then evaluated by
recording the OD600 at different time intervals, including 3, 6, 12, 24, and
48 h after incubation. Because OD600 values reached a plateau at 24 h,
those of clinical strains were analyzed using a standard incubation time of
24 h. The rate of fibrinogen aggregation was calculated as follows:
{[(OD600 at the examined time points without fibrinogen) – (OD600 at the
examined time point with fibrinogen)]/(OD600 at the initial time)} � 100.

Platelet aggregation assay in the presence of fibrinogen. The platelet
aggregation assay was carried out using human whole blood and an im-
pedance method with an aggregometer (whole-blood aggregometer
C540; Baxter Ltd., Tokyo, Japan) according to a procedure described pre-
viously (33) with some modifications. Human whole blood was prepared
from two healthy volunteers, and Cbm�/PA� strains, such as SA31,
NN2193-1, TLJ11, and a Cbm-defective mutant strain of SA31
(SA31CBD) (final concentration, 107 cells/ml) were immediately added at
room temperature. Collagen (4 �g) was added 5 min after incubation
with the tested strains, and the maximum impedance value during the
20-min observation period was measured using an aggregometer. Maxi-
mum platelet aggregation rates and the prolongation of the lag time to
platelet aggregation were evaluated using platelet-rich plasma. Three in-
dependent experiments were carried out for each tested strain. In addi-
tion, the interaction of each mixture was observed by scanning electron
microscopy (SEM) as follows. Samples were fixed with 2% osmium te-
troxide and 1% glutaraldehyde, dehydrated with ethanol, and then dried
with t-butyl alcohol by the freeze-drying method. The dried samples were
mounted on the stage and coated with osmium for conductive processing
and then observed with by SEM (Hitachi S-4800).

Galleria mellonella virulence assay. The G. mellonella virulence assay
was performed using a method described previously (34) with some mod-
ifications. Insects in the final-instar larval stage were purchased (Funako-
shi Corporation, Tokyo, Japan) and stored at 4°C in the dark. A total of 60
larvae with body weights in the range of 200 to 300 mg were randomly
divided into four groups (15 larvae per group). The larvae were inoculated
on the dorsal surface with 50 �l of bacterial suspension containing 1 � 106

CFU of S. mutans. After injection, larvae were incubated at 37°C for 72 h.
Larvae were checked every 12 h and were considered dead if they did not
move in response to touch.

Evaluation of virulence for IE in a rat model. Animal experiments
were approved by the institutional animal care and use committee of
Osaka University Graduate School of Dentistry. Animals were maintained
and handled in accordance with guidelines for animal research. In brief,
29 Sprague-Dawley male rats (250 to 300 g of body weight each) were
anesthetized with a mixture of xylazine and midazolam (0.1 ml/100 g). A
sterile polyethylene catheter with a guide wire was surgically placed across
the aortic valve of each animal via the right carotid artery, and the tip was
positioned and placed at the aortic valve in the left ventricle. Bacterial
suspensions (108 cells per body) in PBS were intravenously administered
through the jugular vein. Seven days after bacterial infection, the hearts
were extirpated after the rats were sacrificed by an overdose of anesthesia.
The extirpated aortic valves were sectioned transversely, and Gram stain-
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ing was performed. Differences in virulence were evaluated by comparing
the amount of bacterial colonization on heart valves in histopathological
sections. In addition, hematoxylin-eosin and Masson’s trichrome staining
of tissue sections were performed. Evaluation of pathological features was
performed using these sections. Pathological features, including infiltra-
tion of inflammatory cells, hypertrophy of the endocardium and annulus,
acceleration of fibrosis, and the presence of fibrin-like deposition and a
bacterial mass were determined. Histopathological observations were
evaluated with scoring as follows: 0 (none), 1 (mild), 2 (moderate), and 3
(severe). All scoring evaluations were performed in a double-blinded
fashion by a pathologist who works at Applied Medical Research, Osaka,
Japan. Additionally, blood samples were obtained from the abdominal
aorta, plated onto MSB agar plates, and incubated for 37°C for 48 h.

An additional 24 rats were divided into four groups (SA31, SA31CBD,
SA31comp, and PBS groups), and the same procedures described above
were performed. On day 4 after infection, the rats were euthanized, and
heart valve specimens, which included from vascular tissue of an aorta
aperture and the pleated part of the valvular border region to white tissue
of the valve cusp region called the right coronary cusp (RCC) and left
coronary cusp (LCC), were extirpated. The wet weight of each specimen
was measured. Additionally, heart valve specimens, after being aseptically
cut into small pieces, were plated onto MSB agar plates and incubated for
37°C for 48 h.

Statistical analyses. Statistical analyses were carried out using Prism 4
(GraphPad Software, Inc., La Jolla, CA). Fibrinogen aggregation and
binding rates were analyzed with the Student t test. Regression analysis
was performed to compare the correlation of the rate of fibrinogen aggre-
gation and fibrinogen binding. Survival rates in the wax moth larvae vir-
ulence assay in each group were evaluated with a Kaplan-Meier plot,
which was analyzed by a log-rank test. Additionally, the parameters of
histopathological evaluation of extirpated heart tissues from IE model rats
and the wet weights of heart valve specimens with vegetation formation
were compared by using Bonferroni’s method after analysis of variance.
The results were considered significantly different when P was �0.05.

RESULTS
Distribution of strains expressing CBP and PA. A total of 85 S.
mutans clinical strains were selected from our laboratory stock (15
positive for Cbm, 30 positive for Cnm, and 40 negative for both
Cnm and Cbm) (5, 9, 15, 18, 35–40). These strains were further
classified based on PA expression; PA�, PA� (type N), lower-
molecular-weight PA (type L), and PA secretion to the extracellu-
lar milieu. No strain with lower-molecular-weight PA (type L) or
PA secretion to the extracellular milieu was identified. In addition,
a 20-bp deletion in the promoter region was observed in 7 of 20
strains that were PA�. Multiple alignments of the 20-bp deletion
in the promoter region of the 20 strains are shown in Fig. S1 in the
supplemental material. Based on the expression levels of CBP and
PA, these S. mutans strains were classified into the following
groups: Cbm�/PA�, Cbm�/PA�, Cnm�/PA�, Cnm�/PA�,
CBP�/PA�, and CBP�/PA�. With regard to CBP-positive strains,
frequencies of negative expression of PA among Cbm- and Cnm-
positive strains were 66.7% and 33.3%, respectively. However, all
CBP-negative strains were confirmed to be positive for expression
of PA. Table 1 shows the prevalence of strains with each serotype
classification in each group. All Cbm�/PA� and Cnm�/PA�

group strains were classified into serotypes f and k. In the Cbm�/
PA� group, 90% of strains belonged to serotype k, whereas only
one serotype k strain was found in the Cbm�/PA� group. In the
Cnm�/PA� group, seven and three strains were classified into
serotypes f and k, respectively, whereas all serotypes, except for
serotype k, were identified in the CBP�/PA� group.

Fibrinogen-binding properties. The strains listed in Tables S1

and S2 in the supplemental material were analyzed to evaluate the
fibrinogen-binding abilities of S. mutans strains, focusing on their
CBP and PA expression. The average fibrinogen-binding rate for
the Cbm�/PA� group was the highest (133.6%), followed by the
rate in the Cnm�/PA� group (57.2%) (Fig. 1A). However, the
fibrinogen-binding rates for all strains classified into the Cbm�/
PA�, Cnm�/PA�, and CBP�/PA� groups were negligible. In ad-
dition, the Cbm-positive and Cnm-positive strains showed signif-
icant fibrinogen-binding activities, which completely disappeared
in the isogenic Cbm-defective and Cnm-defective mutant strains
(Fig. 1B). However, the complemented mutant strain SA31comp
recovered this ability (Fig. 1C).

Binding of recombinant protein to fibrinogen. Recombinant
Cbm was able to bind to fibrinogen at a level significantly higher
than that for recombinant PA or Cnm (Fig. 2A). Recombinant
Cbm was able to inhibit fibrinogen binding of SA31 in a dose-
dependent manner, and this inhibition was greater than that with
recombinant Cnm (P � 0.05) (Fig. 2B).

Fibrinogen aggregation properties. The strains listed in Ta-
bles S1 and S2 in the supplemental material were used to evaluate
the fibrinogen aggregation properties of S. mutans strains, focus-
ing on expression of CBPs and PA. The fibrinogen aggregation
rate of SA31 (Cbm�/PA�) was elevated in a time-dependent man-
ner and reached a plateau at 24 h. However, strains NN2094
(Cbm�/PA�), NN2007 (Cnm�/PA�), NN2117 (Cnm�/PA�),
and MT8148 (CBP�/PA�) exhibited negligible aggregation activ-
ity (see Fig. S2A in the supplemental material). Based on the initial
findings, we analyzed the fibrinogen aggregation activities of the
85 clinical strains, using a standard incubation time of 24 h. Fi-
brinogen aggregation was induced only by the Cbm�/PA� group
strains, with the exception of one strain that was classified as
Cnm�/PA� (see Fig. S2B). Additionally, fibrinogen aggregation
analyses showed that Cbm-defective mutant strains lacked the
ability to aggregate fibrinogen, whereas the complemented mu-
tant strain SA31comp recovered this property (see Fig. S2C and
D). Regression analysis showed that the rates of fibrinogen aggre-
gation and fibrinogen binding were significantly positively corre-
lated (P � 0.01) (see Fig. S2E).

Platelet aggregation properties. Platelet aggregation caused
by pathogenic bacteria is a crucial factor for vegetation formation
(1). Therefore, collagen-induced platelet aggregation caused by
SA31 in the presence of fibrinogen was analyzed. The addition of
SA31 did not induce platelet aggregation without fibrinogen (Fig.
3A). CBP-positive S. mutans strains, such as SA31, inhibited the
platelet aggregation without fibrinogen because both CBP-posi-
tive strains and platelets possess anionic surfaces, which was dem-
onstrated in our previous study (41). On the other hand, the ad-
dition of fibrinogen resulted in an elevated intensity of platelet

TABLE 1 Categorization and serotype distribution of S. mutans strains
used in this study

Phenotype (n)

No. (%) of strains with serotype

c e f k

Cbm�/PA� (10) 0 (0) 0 (0) 1 (10.0) 9 (90.0)
Cbm�/PA� (5) 1 (20.0) 3 (60.0) 0 (0) 1 (20.0)
Cnm�/PA� (10) 0 (0) 0 (0) 7 (70.0) 3 (30.0)
Cnm�/PA� (20) 11 (55.0) 2 (10.0) 5 (25.0) 2 (10.0)
CBPs�/PA� (40) 34 (85.0) 5 (12.5) 1 (2.5) 0 (0)
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aggregation (Fig. 3A), because Cbm can mediate platelet binding
via its interaction with fibrinogen. With regard to the Cbm-defec-
tive isogenic mutant SA31CBD, without either collagen- or fibrin-
ogen-binding properties, there were no significant differences in
platelet aggregation intensity whether this strain was added alone
or with fibrinogen (Fig. 3A). The contribution of S. mutans strains
to platelet aggregation corresponding to that shown in Fig. 3A are

illustrated in Fig. S3 in the supplemental material. The elevations
of platelet aggregation induced by Cbm�/PA� were observed in
whole blood prepared from another donor (see Fig. S4 in the
supplemental material). On the other hand, lower aggregation
regarded as normal hemostasis was observed in a control with
fibrinogen, platelets, and collagen (see Fig. S4). SEM showed
strong aggregation of platelets, fibrinogen, and SA31 in the pres-

FIG 1 Fibrinogen-binding properties of S. mutans cells. (A) Rate of binding in S. mutans clinical strains with various expression patterns of CBP and PA. Each
closed circle represents the mean value of each bacterial strain. Horizontal bars indicate the mean values of the group. There were significant differences, which
were determined using the Student t test. *, P � 0.05. (B) Rates of binding of Cbm�/PA� or Cnm�/PA� strains and their cbm- or cnm-inactivated mutant strains.
(C) Rates of binding in Cbm-positive SA31, its cbm-inactivated mutant (SA31CBD), and its complemented mutant (SA31comp). There were significant
differences, which were determined using the Student t test. *, P � 0.05; **, P � 0.01. Bars in panels B and C represent standard deviations.
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ence of collagen (Fig. 3B). In contrast, the addition of SA31CBD
resulted in a smaller amount of interaction between platelets, fi-
brinogen, and SA31CBD.

Wax moth larva (Galleria mellonella) virulence assay. Re-
cently, larvae of the wax worm G. mellonella were used as a model
of systemic bacterial infection, based on evidence of a correlation
with mammals (42). Therefore, the virulence of S. mutans strains
was evaluated using this model. Infection with strains SA31 and
OMZ175 (Cnm�/PA�) resulted in larval mortalities of 100% and
80%, respectively, within 48 h after infection, whereas only 26.7%
of the larvae infected with MT8148 (CBP negative) died (Fig. 4A).
We observed that the survival rates in the SA31 and OMZ175
groups were significantly lower than that of the MT8148 group
during the entire period of the experiment (P � 0.001). In addi-

tion, the survival rate in the SA31CBD group was higher at all of
the time points, compared with that in the SA31 group (Fig. 4B).
The survival rate in the SA31comp group was lower at all time
points compared to the SA31CBD group. The survival rate in the
SA31CBD group was significantly higher than those in the SA31
and SA31comp groups during the entire period of the experiment
(P � 0.001).

Virulence for IE in a rat model. Evaluation of the virulence of
SA31, SA31CBD, and SA31comp was performed using a rat endo-
carditis model with an artificial impairment of the aortic valve
created using a catheter via the right carotid artery (43). All of the
rats in the group infected with SA31 died 6 days after infection.
Pathological observations from Gram staining showed that ad-
ministration of SA31 induced a considerable bacterial mass of

FIG 3 Contribution of Cbm with addition of fibrinogen for platelet aggregation. (A) Representative plots of values for voltages for Cbm-positive SA31 and its
cbm-inactivated mutant (SA31CBD). (B) Representative SEM images for interaction of SA31 or SA31CBD with platelets and fibrinogen in the presence of
collagen. The tested bacterial strains have an oval morphology, and the thick and thin fibers are collagen and fibrinogen, respectively.
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vegetation formation in the injured aortic valve in all of the rats
(Fig. 5A). In contrast, formation of vegetation was not observed in
noninjured aortic valves, even though rats were infected with
SA31. No bacteria were observed in aortic valves infected with
SA31CBD, or in the phosphate-buffered saline (PBS) group,
whereas rats infected with SA31comp showed some bacterial
mass.

Hematoxylin-eosin-stained and Masson’s trichrome-stained
sections for aortic valve lesions showed inflammatory cells around
aortic valves in the SA31- and SA31comp-infected groups (Fig.
5B; see also Fig. S5 in the supplemental material). The scores for
infiltration of inflammatory cells, fibrin-like deposition, and bac-
terial mass in the SA31-infected group were significantly higher
than those in the SA31CBD-infected group (P � 0.05) (Table 2).
In contrast, hypertrophy of the endocardium in the SA31-infected
group was significantly lower than that in the SA31CBD-infected
group (P � 0.05). No significant differences were observed in
hypertrophy of the annulus or for acceleration of fibrosis among
the infected bacterial strains. In addition, infected bacteria were
not recovered from blood samples in the group infected with
SA31CBD on day 7, whereas infected bacteria were recovered
from three of eight rats in the group infected with SA31comp.
Experiments for bacterial recovery could not be performed in the
SA31 group because all of the rats died on day 6 and the hearts of
the dead rats were extirpated immediately.

Next, we evaluated the vegetation formed on the impaired en-
dothelium in this model. Because all of the rats in the SA31 group
died by day 6 in the first experiment, rats infected with SA31 were
euthanized on day 4 postinfection, and heart valve specimens with
vegetation for each rat were extirpated (Fig. 6A). The weights of
the extirpated heart valves in the SA31 group were significantly
greater than those in the SA31CBD and PBS groups (P � 0.01)
(Fig. 6B). Additionally, the heart valve weights for the SA31comp
group were significantly greater than those in the SA31CBD and
PBS groups (P � 0.05). Infected bacteria were recovered in the heart
valve specimens from two and three rats of six rats in the groups
infected with SA31 and SA31comp, respectively. On the other
hand, hypertrophy of kidneys was observed in a rat infected with
SA31. Pathological observations from Gram staining showed a
considerable bacterial mass in the kidney (see Fig. S6 in the sup-
plemental material). In addition, gastrointestinal hemorrhage and
cystorrhagia were also observed.

DISCUSSION

This is the first study showing that Cbm of S. mutans, a major
pathogen in dental caries, is a potentially important virulence fac-
tor for the development of S. mutans-related IE. Additionally, this
study showed a possible reason for the frequent detection of S.
mutans serotype k DNA in S. mutans-positive heart valve speci-
mens from IE patients.

Two CBPs, Cnm and Cbm, have been reported in S. mutans.
Both of these CBPs are similar in molecular weight, and the entire
lengths of the genes encoding each protein are also similar (17,
18). The distribution frequencies of Cnm-positive and Cbm-pos-
itive S. mutans strains in the human oral cavity are approximately
10% and 3%, respectively (17, 18). Cnm is predominantly identi-
fied in S. mutans serotype f strains, and Cbm is frequently identi-
fied in serotype k strains (16–18). Additionally, the collagen-bind-
ing domain of Cbm shows high homology to that of Cnm, with
78% identity (18). However, the collagen-binding activities of
Cbm-positive strains are significantly higher than those of Cnm-
positive strains (18). The present study showed that most of the
Cbm-positive strains were capable of fibrinogen aggregation,
while most of the Cnm-positive strains were not. Additionally, the
fibrinogen-binding activity of Cbm�/PA� strains was signifi-
cantly higher than that of Cnm�/PA� strains. These findings sug-
gest that differences between the amino acid sequences of Cbm
and Cnm could be important for their contributions to fibrinogen
binding.

Cbm consists of a collagen-binding domain, B-repeat do-
main, and LPXTG motif; this is structurally similar to other
Gram-positive bacterial collagen-binding proteins, such as
Cna of Staphylococcus aureus and Acm of Enterococcus faecium. In
addition, the amino acid alignment of the collagen-binding
domain of Cbm showed high similarity (approximately 70%)
with those of Cna and Acm (18). The collagen-binding do-
mains of both Cna and Acm further consist of subdomains
named N1, N2, and N3 (44). The N1 and N2 subdomains of
Cna and Acm and probably also of Cbm are closed structures
without collagen, and these subdomains adopt open structures
to interact with collagen. These subdomains subsequently en-
circle the collagen helix to foster an interaction between the N1
and N2 subdomains. In addition, the C-terminal latch extends
from the N2 subdomain and inserts into the N1 subdomain to

FIG 4 Survival curve for G. mellonella larvae infected with S. mutans. (A) Cbm-positive SA31, Cnm-positive OMZ175, and CBP-negative MT8148, as well as
PBS, were administered. (B) SA31, its cbm-inactivated mutant (SA31CBD), and its complemented mutant (SA31comp), as well as PBS were administered.
Survival rates in each group were evaluated in a Kaplan-Meier plot and analyzed by a log-rank test. ***, P � 0.001 versus the PBS group; ###, P � 0.001 versus
the SA31 group.
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close the collagen helix. These mechanism are known as “ the
collagen hug model” or the “dock, lock, and latch mechanism.”
The “dock, lock, and latch mechanism” is also observed with S.
aureus FnbpA (fibronectin-binding protein A) for binding fi-

brinogen. For these reasons, it seems likely that Cbm also binds
to fibrinogen according to the hug binding mechanism.

Our recent study showed that the cbm gene encoding Cbm was
frequently identified in extirpated heart valve specimens from IE

FIG 5 Representative histopathological images of tissue sections of extirpated aortic valves from rats infected with S. mutans 7 days after infection. All rats with SA31
infection died on day 6, and heart specimens were extirpated immediately on that day. (A) Gram staining. White arrowheads indicate bacterial masses. Left panels show
low-magnification images and right panels show high-magnification images. (B) Hematoxylin-eosin staining. White arrowheads indicate infiltration of inflammatory
cells, and black arrowheads indicate fibrin-like deposition. Left panels show low-magnification images and right panels show high-magnification images.
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patients (27). This result led us to consider the strong association
of Cbm and IE and to perform analyses of Cbm for a link to
virulence in IE. Fibrinogen aggregation activity is considered an
important virulence factor for vegetation formation in IE by S.
aureus (45, 46). With regard to the virulence of S. mutans, the
present study showed that fibrinogen aggregation was mainly ob-
served in Cbm-positive S. mutans clinical strains; the Cbm-defec-
tive mutant strains failed to induce fibrinogen aggregation. These
findings suggest that the Cbm protein is essential for causing
prominent fibrinogen-related aggregation by S. mutans. In addi-
tion, we analyzed the ability of Cbm-positive S. mutans to convert
fibrinogen into fibrin, as previously described by Shivaprasad et al.
(47). In this analysis, Cbm-positive S. mutans SA31 as well as
CBP-negative S. mutans MT8148 did not convert fibrinogen into
fibrin (data not shown). Thus, fibrinogen may act as a bridging
molecule to allow Cbm-positive S. mutans binding to human
platelets.

In the current study, we speculated that some S. mutans strains
can bind to fibrinogen and cause aggregation. We focused on one
of the LPXTG-anchored proteins, PA, because Cbm-positive
strains are frequently identified in serotype k strains, most of
which lack PA expression (18, 48). PA is known to be associated
with cellular hydrophobicity and sucrose-independent adhesion
to tooth surfaces (49). Additionally, a PA-defective isogenic mu-
tant strain was also reported to reduce susceptibility to phagocy-
tosis by human polymorphonuclear leukocytes compared with its

parent strains (14). This finding suggested that PA-negative S.
mutans strains survive in blood for a longer duration than PA-
positive strains.

PA was also reported to be involved in the binding of S. mutans
to fibrinogen (30). In the present study, recombinant PA showed
binding to fibrinogen that was consistent with the findings of the
previous study. However, the fibrinogen-binding activity of re-
combinant PA was significantly lower than that of recombinant
Cbm. Additionally, the fibrinogen-binding rate of Cbm�/PA� S.
mutans clinical strains was significantly lower compared than that
of Cbm�/PA� strains. These results suggested that PA inhibits
Cbm, which results in the lower fibrinogen-binding activity in the
Cbm�/PA� strains compared to those of Cbm�/PA� strains (Fig.
7), though detailed mechanisms of inhibition remain to be eluci-
dated. One possibility is that the molecular mass of PA is approx-
imately 190 kDa, which is larger than that of Cbm (approximately
120 kDa), and this may provide an advantage for PA binding to
fibrinogen. Similar inhibitory effects induced by two cell surface
proteins in Staphylococcus aureus have been reported (50); that
study showed that the fibrinogen-binding activity of clumping
factor A protein (ClfA) of S. aureus was inhibited by giant staph-
ylococcal surface protein (GSSP), which has a greater molecular
mass, though GSSP itself had no fibrinogen-binding activity. In
the present study, none of the PA� strains showed fibrinogen-
binding activities, because these strains have lower fibrinogen-

TABLE 2 Histopathological evaluation of extirpated heart tissues from IE model rats

Histopathological finding

Score (mean � SE)a for treatment group

PBS control (n � 6) SA31 (n � 7) SA31CBD (n � 8) SA31comp (n � 8)

Infiltration of inflammatory cells 0.33 � 0.19† 1.83 � 0.28* 0.56 � 0.14† 1.13 � 0.19*
Hypertrophy of endocaridium 0.67 � 0.38 0.29 � 0.26 1.38 � 0.29† 2.00 � 0.00*†

Hypertrophy of annulus 0.50 � 0.31 1.00 � 0.24 0.94 � 0.19 0.63 � 0.25
Acceleration of fibrosis 0.33 � 0.19† 1.14 � 0.13* 0.81 � 0.12 0.69 � 0.23
Fibrin-like deposition 0.67 � 0.38† 2.14 � 0.24* 0.38 � 0.23† 1.06 � 0.21†

Bacterial mass 0.00 � 0.00† 2.57 � 0.40* 0.06 � 0.06† 0.69 � 0.22*†

a There were significant differences between the PBS control (*) and SA31 (†) groups (P � 0.05).

FIG 6 Vegetation formed on the impaired heart valve tissue. (A) Representative heart valve extirpated 4 days after infection with SA31, SA31CBD, or SA31comp
or PBS administration. (B) Wet weight of extirpated heart valve specimens from each group. There were significant differences, determined by using Bonferroni’s
method after analysis of variance. *, P � 0.05; **, P � 0.01.
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binding activities and may be difficult to detect in our fibrino-
gen-binding assays.

Platelets accumulate at the location of the exposed collagen
layer via von Willebrand factor binding when endothelial cells are
impaired. Fibrinogen in plasma binds to the GPIIb/IIIa receptor
of platelets, which results in platelet aggregation and hemostasis
(51, 52). Following the addition of Cbm-positive strain SA31
without fibrinogen, quite weak platelet aggregation was observed.
The reason for this is that most of the S. mutans strains with col-
lagen-binding proteins, such as SA31, show anionic cell surface
behavior (41), while platelets also have anionic properties. Both
CBP-positive S. mutans and platelets possess binding properties
mediated by ionic charges. Thus, SA31 binds to the exposed col-
lagen, which inhibits collagen-induced platelet aggregation, re-
sulting in lower platelet aggregation. A similar mechanism of in-
hibition of platelet aggregation induced by CBP-positive S.
mutans was shown in our previous study (41). On the other hand,
in the presence of fibrinogen, SA31 mediates the aggregation of
platelets by using fibrinogen as the bridging molecule. In addition,
normal hemostasis was observed in the Cbm-defective mutant
strain SA31CBD-infected group, with or without fibrinogen, be-
cause SA31CBD exhibited negligible binding to collagen and fi-
brinogen and did not participate in hemostasis. Additionally, the
present study, which used human blood, suggested that Cbm�/
PA� strains could induce platelet aggregation in the presence of
fibrinogen, leading to accelerated vegetation formation. There-
fore, Cbm�/PA� strains with collagen- and fibrinogen-binding
activities possess advantages in adhesion and aggregation activi-
ties in impaired heart valves, and these strains may be highly vir-
ulent in IE.

In general, platelet-rich plasma was used for the platelet aggre-
gation assays. We previously analyzed the platelet aggregation as-
says with whole blood from mice (33), because we thought that it
would be better to reflect the actual conditions of the interactions
in the bloodstream. In the present study, we utilized whole blood
from a human volunteer for the same reason. The results obtained
with mixtures of whole blood, fibrinogen, and bacterial cells were
analyzed in the presence of collagen, which reflects the phenom-
enon that occurs in impaired endothelial cells.

A previous study using the G. mellonella assay showed that the
serotype f OMZ175 (Cnm�/PA� strain) is one of the most viru-

lent strains (34). However, no serotype k strains were analyzed in
that study. Therefore, we decided to analyze the Cbm�/PA� strain
SA31 and compare it with OMZ175. We found that all of the
larvae infected with SA31 died at 48 h and that those infected with
OMZ175 died in 84 h. This finding suggests that Cbm-positive
strains possess higher virulence than Cnm-positive strains. How-
ever, almost all of the larvae infected with S. mutans strains with-
out Cbm or Cnm also died within 84 h after infection, while most
uninfected subjects were still viable at this time. Therefore, S. mu-
tans strains might have some common structures associated with
systemic virulence, and collagen-binding proteins could be one of
the enhancing factors associated with this virulence.

In our initial experiments with the rat IE model, all of the rats
infected with the Cbm�/PA� strain unexpectedly died 6.5 days
after infection. It would be acceptable to compare the histopatho-
logical conditions of these rats with those from other studies, be-
cause fewer than 12 h had passed after the death. Pathological
observations showed that impaired heart valves infected with
Cbm�/PA� strains had extremely large bacterial masses, which
might inhibit hypertrophy of the endocardium. Valvular occlu-
sion induced by such a mass, which could lead to heart failure, was
likely the major cause of death in this group of rats. However,
bacterial vegetations were not observed in noninjured aortic
valves, even though rats were infected with SA31. These findings
suggest that a combination of both Cbm�/PA� strains and endo-
thelial injury is essential for formation of vegetation. Rats infected
with Cbm-defective mutant strains showed no bacterial vegeta-
tion formation, whereas those infected with the Cbm-comple-
mented mutant strain showed considerable vegetation. However,
the average size of the bacterial mass in the Cbm-complemented
mutant strain-infected group was smaller than that in the group
infected with the parent strain. In general, in complemented
strains, the relevant properties are not completely restored to
wild-type levels, but there is restoration to some extent, as shown
in various in vitro and in vivo studies (43, 53). We believe incom-
plete restoration is the reason that rats in the SA31comp group did
not show similar levels of virulence as those in the SA31 group.

We previously analyzed susceptibility to phagocytosis of S. mu-
tans by polymorphonuclear leukocytes with a rat bacteremia
model (54, 55). The PA-defective mutant strain was recovered 4
days after infection, which had lower rates of phagocytosis than its
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Fibrinogen
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Cbm protein

Cbm+/PA- (strong binding) 

S. mutans

Fibrinogen
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FIG 7 Schematic showing possible S. mutans interaction with fibrinogen.
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parent strain, indicating that S. mutans PA was one of the most
important factors associated with phagocytosis susceptibility to
polymorphonuclear leukocytes. On the other hand, in the present
study, the highly virulent strain without PA was recovered 7 days
after infection in the rat IE model. The highly virulent strains were
recovered over longer durations from blood in the rat IE model
than in the rat bacteremia model; this reflects not only their lower
susceptibility to phagocytosis but also to exfoliation from vegeta-
tion.

We performed additional experiments to compare vegetation
formation by the Cbm�/PA� strain on day 4 after infection, be-
cause at this time point all of the rats were still alive. In general, wet
weights of vegetation are measured and compared in each group;
however, we modified the protocol to measure the impaired valve
tissue rather than the vegetation itself. It has been reported that
only 0 to 10 mg of vegetation is typically collected from heart valve
specimens (42, 56, 57). The resulting values were regarded as too
small to compare and could show false-negative results. In the
present study, the extirpated valve itself was measured. The stan-
dard deviations were approximately 20% of the values of the ex-
tirpated valves, and so having a larger sample was advantageous
for comparing the differences in each group. In the rat IE model,
we found hypertrophy of kidneys with a considerable bacterial
mass in the SA31-infected group. Though renal insufficiency is
known to be a complication of IE, the relationship between S.
mutans and kidney disease remains to be elucidated, and further
studies should be performed. We previously reported that S. mu-
tans might be a potential risk factor in aggravation of ulcerative
colitis (58). In the present study, gastrointestinal hemorrhage and
cystorrhagia were also observed. Further studies regarding the re-
lationship between gastrointestinal diseases and S. mutans should
be performed.

A summary of the possible mechanism for the high virulence of
the Cbm�/PA� strains is illustrated in Fig. 8. The first critical step
is that the strains must survive in blood for relatively long dura-
tions to reach the site of impaired endothelium in the heart. S.
mutans strains with a deficiency in PA expression have been
shown to be less susceptible to phagocytosis by polymorphonu-
clear leukocytes than strains expressing normal levels of PA (14).
The second important step is that of binding to exposed collagen
tissue. The collagen-binding protein of S. mutans has been shown
to be associated with binding to type I collagen in vitro and in vivo
(17, 18, 27, 50). The third key step is the interaction of platelets

and pathogenic bacteria in forming a large mass of vegetation on
the endothelium. Activated platelets are known to bind to the
exposed collagen on impaired endothelium of the heart with von
Willebrand factor receptors in serum (49). The GPIb receptors on
platelets interact via von Willebrand factor, whereas GPIIb/IIIa
receptors interact with both von Willebrand factor and fibrinogen
(48, 49). The present study showed that Cbm�/PA� strains may
interact with fibrinogen as it binds to GPIIb/IIIa receptors on
platelets, which accelerates the formation of a large mass of vege-
tation.

In conclusion, the present study suggests that Cbm�/PA�

strains of S. mutans are highly virulent strains for IE. Although the
distribution of Cbm�/PA� strains in the oral cavity of the general
human population is quite low, these types of strains can selec-
tively show virulence for IE involving impaired endothelium in
the heart. This could explain why serotype k-specific bacterial
DNA is frequently detected in S. mutans-positive heart valve spec-
imens extirpated from IE patients.
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