Jpn. J. Infect. Dis., 70, 399-404, 2017

Original Article

Contribution of Streptococcus gordonii Hsa Adhesin to Biofilm Formation
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SUMMARY: Adhesion of oral mitis group streptococci, such as Streptococcus gordonii, to acquired pel-
licle on the tooth surface is the first step in oral biofilm formation. S. gordonii strain DL1 possesses an
Hsa adhesin, which recognizes the terminal sialic acid of host sialoglycoconjugates. The aim of the pres-
ent study was to investigate the role of the Hsa adhesin in biofilm formation. The biofilm-forming ability
of a S. gordonii hsa mutant on microtiter plates pre-coated with saliva, fetuin, or mucin was significantly
lower than that of wild-type strain DL1. In contrast, no significant difference in biofilm-forming ability
was observed in plates pre-coated with bovine serum albumin, which does not contain sialic acid. The
biofilm-forming ability of strain DL1 in saliva-coated microtiter plates was also significantly reduced
when the plate was pre-treated with neuraminidase. The sialic acid-dependent biofilm-forming ability
of different wild-type S. gordonii strains varied. However, Southern and western blot analyses showed
that all the tested wild-type strains possessed and expressed hsa homologs, respectively. These results
indicate that the binding of Hsa adhesin to sialoglycoconjugates is associated with biofilm formation of
S. gordonii DL1, and imply variation in the contribution of Hsa and its homologs to S. gordonii biofilm

formation.

INTRODUCTION

Oral mitis group streptococci, such as Streptococcus
gordonii, primarily colonize the human tooth surface.
Thus, these bacteria are members of the biofilm commu-
nity on teeth known as dental plaque, and are associated
with the pathogenesis of dental caries and periodontal
disease (1-3). These bacteria are also known to colonize
damaged heart valves, and are considered to be an im-
portant causative agent of infective endocarditis (4-6).

Adhesion of oral mitis group streptococci to the ac-
quired pellicle on the tooth surface is the initial step in
oral biofilm formation, and oral streptococcal adhesins
are thought to play an important role in colonization
(2). The S. gordonii wild-type strain DL1 possesses an
Hsa adhesin that recognizes terminal sialic acids in host
sialoglycoconjugates (7,8). S. gordonii DL1 Hsa con-
tains an amino-terminal non-repetitive region (NR1), a
serine-rich region (SR1), another non-repetitive region
(NR2), another serine-rich region (SR2), and a carbox-
yl-terminal cell wall-anchoring domain (CWAD; Fig.
1) (8,9). The NR2 region of Hsa is involved in binding
to a2-3-linked sialic acid (9,10). Both SR1 and SR2 are
glycosylated with GlcNAc, which can be detected by
wheat germ agglutinin (WGA) (7,9). Given the structure
of Hsa, it is thought that the amino-terminal NR2 recep-
tor-binding domain attaches to the cell surface via the
SR2 as a “molecular stalk” (8,9).
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Host sialic acid-containing receptors for Hsa adhesin
include the salivary mucin MG2 (11,12), leukosialin
(CD43) (13), platelet glycoprotein Iba. (14), erythrocyte
glycophorin A and band3 (15), and leukocyte CD11b
and CD50 (16). The Hsa adhesin and its homologs fa-
cilitate attachment of S. gordonii to host cells, such as
polymorphonuclear leukocytes (13,16), erythrocytes
(7,15), platelets (9,14,17,18), macrophages, and mono-
cytes (19). In addition, Hsa adhesin contributes to the
pathogenesis of experimental infectious endocarditis
caused by S. gordonii DL1 (6). Moreover, the results of
our recent study suggested that monocytes stimulated
with S. gordonii DL1 rapidly differentiate into dendritic
cells through interactions with Hsa (19).

Hsa and its homologs have been shown to play a role
in the binding of S. gordonii to saliva-coated hydroxyap-
atite, which is used as a model of the tooth surface (20),
and in biofilm formation on abiotic surfaces (21). How-
ever, little is known about its role in oral biofilm forma-
tion, especially on saliva-coated surfaces. In the present
study, we compared the biofilm-forming ability of wild-
type S. gordonii DL1 to that of an Asa mutant under var-
ious conditions. In addition, we also examined several
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Fig. 1. Physical map of the S. gordonii DL1 chromosomal DNA
showing the coding region for Hsa. SR1 (amino acid residues
138 to 219) and SR2 (amino acid residues 450 to 2,143) of
Hsa are indicated by open bars. CWAD (amino acid residues
2,144 to 2,178) is indicated by a closed bar. NR1 and NR2
are indicated by hatched bars. The consensus sequence
SASTSASVSASE is repeated 113 times between amino acid

residues 488 and 1,843.



wild-type S. gordonii strains for Asa homologs and Hsa
cell wall expression, as well as their biofilm-forming
abilities.

MATERIALS AND METHODS

Bacterial strains and growth conditions: The S.
gordonii strains used in this study included DL1 (Challis
strain, wild type, biovar 2) (12,22) and its hsa mutant
EM230 (DL1 hsa::ermAM) (8) as well as several other
wild-type S. gordonii strains, including 38, SK6 (biovar
1), M5, 10558 (biovar 2), and SK12 (biovar 3) (12,22).
All streptococci were cultured overnight in brain-heart
infusion broth (Difco, Becton-Dickinson and Company,
Sparks, MD, USA) at 37°C. The medium was supple-
mented with 10 pg/mL of erythromycin (Sigma-Aldrich,
St. Louis, MO, USA) as needed. Escherichia coli IM109
harboring pMDS8161 or pMDS8741 was cultured over-
night in Luria-Bertani medium supplemented with 50
pg/mL of ampicillin (Sigma-Aldrich) and was utilized
for propagation of the plasmids used to prepare the DNA
probes for Southern blot analysis (8).

Human material: The collection and use of sa-
liva samples in this study was approved by the Re-
search Ethics Committee of Nippon Dental University
(NDU-T2012-33). After obtaining written informed con-
sent for using the collected samples in a scientific study,
human whole saliva was collected from 6 volunteers by
having them chew paraffin (CAT21; Willdent Co, Ltd.,
Osaka, Japan) that was then spit into an ice-chilled con-
tainer (23). The collected saliva samples were clarified
by centrifugation at 1,500 X g for 30 min and at 10,000
X g for 20 min, diluted 2-fold with 5 mM phosphate
buffer (pH 7.4), filtered using a 0.45-um filter (Merck
Millipore Ltd., Tullagreen, Carrigtwohii, County Cork,
Ireland), and stored in 5-mL aliquots at —20°C.

Biofilm assay: Biofilm formation was assessed as
previously described (21,24), with some modifications.
Biofilm medium (BM) was used in the experiment as the
minimal medium, except that MgSO4*7H>0 was used as
the source of magnesium ion. Round-bottomed (Corning
Inc., Corning, NY, USA) or flat-bottomed (Santa Cruz
Biotechnology Inc., Heidelberg, Germany) polystyrene
microtiter plates, or flat-bottomed EIA-grade microtiter
plates (Corning) containing 200 puL. of BM per well were
inoculated with an overnight bacterial culture (absor-
bance at 620 nm [As20] of the final suspension =0.01).
As indicated, each well of the flat-bottomed EIA-grade
microtiter plates was pre-coated with 50 uL of 1% w/v
bovine serum albumin (Sigma-Aldrich), 50% v/v human
saliva, 1% w/v mucin (from bovine submandibular sali-
va, Sigma-Aldrich), or 1% w/v fetuin (Sigma-Aldrich)
for 24 h at room temperature. In addition, as indicated,
the human saliva-coated plates were pre-incubated at
37°C for 60 min with 50 uL of phosphate buffered sa-
line (PBS, pH 7.4; untreated), or with PBS containing
1 U/mL neuraminidase (Sigma-Aldrich; neuramini-
dase-treated) to remove the sialic acid. After aerobic or
anaerobic cultivation at 37°C, 25 uL of a 0.2% w/v crys-
tal violet solution was added to each well to stain the
biofilm. After 15 min, the wells were rinsed twice with
200 uL of distilled H2O to remove excess dye and then
air-dried. The stained biofilm was photographed, and the
dye intensity was measured using ImageJ software (NIH,
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Bethesda, MD, USA). To confirm that there were no sig-
nificant differences in bacterial growth among the test-
ed strains, non-stained bacterial cultures in glass tubes
were quantified spectrophotometrically by measuring
the Ae0. Each assay was performed in hexaplicate, and
biofilm-forming ability was measured as the mean dye
intensity. Biofilm-forming abilities were compared using
the unpaired t-test.

In the pilot experiment, BM containing 0.8% w/v
sucrose, BM containing 0.1 M NaCl, and brain-heart
infusion broth containing 1% w/v sucrose were used
instead of BM. In addition, the concentration of crystal
violet and the staining time were varied to determine the
optimal conditions for staining.

Southern blot analysis: Restriction endonucleases
were purchased from Takara Bio (Kusatsu, Japan). Chro-
mosomal DNA was prepared from S. gordonii strains
as previously described (25) and digested with HindIII
and Bg/Il. Plasmids pMDS8161 and pMDS8741, which
contain a 1.6-kb HindIII-Bg/Il and 7.4-kb HindIII-Sphl
hsa insert, respectively (8) (Fig. 1), were prepared as
previously described (26) and digested with the appro-
priate restriction endonucleases to obtain the hsa frag-
ment. Preparation of labeled DNA probes obtained from
the digested plasmids and Southern hybridization were
carried out using the DIG DNA labeling and detection
kit (Roche Diagnostics, Indianapolis, IN, USA) as previ-
ously described (8).

Western blot and lectin blot analyses: Solubilized
bacterial cell wall proteins were prepared as previ-
ously described (9) and were boiled for 10 min in re-
ducing sample buffer, separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis on 5% poly-
acrylamide gels, and electrophoretically transferred
to nitrocellulose membranes for western blotting with
rabbit antiserum raised against native purified Hsa (an-
ti-Hsa) (7) and for lectin blot analysis with biotinylated
wheat germ agglutinin (EY Laboratories, San Mateo,
CA, USA) as previously described (9).

RESULTS

Determination of the optimal experimental con-
ditions for detecting biofilm formation: Before com-
paring the biofilm-forming abilities of the S. gordonii
wild type and hsa mutant strains, pilot biofilm formation
experiments were performed under various conditions to
determine the optimal experimental conditions. We fo-
cused on the medium used for biofilm formation and the
concentration of the dye used for staining of the biofilm.
The lowest errors and most reproducible results were
obtained when BM was used as the growth medium and
when the biofilms were stained with 0.2% w/v crystal
violet for 15 min staining (data not shown). The hsa
mutation did not affect the growth of S. gordonii DL1 in
BM, although the growth was slower under aerobic con-
ditions than under anaerobic conditions (Fig. 2A).

Association of Hsa with biofilm formation on a
polystyrene surface: The biofilm-forming abilities of
the S. gordonii wild type strain DL1 and Asa insertional
mutant EM230 on the polystyrene surface of a micro-
titer plate, as measured by the absorbance of crystal
violet-stained biofilm, are shown in Fig. 2B. The bio-
film-forming ability of the Asa mutant on a round-bot-
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Fig. 2. Comparison of bacterial growth and the biofilm-forming ability on abiotic surfaces between S. gordonii wild
type strain DL1 and its Asa mutant EM230. (A) Bacterial growth of S. gordonii wild type strain DL1 and its hsa
mutant EM230 in BM under aerobic and anaerobic condition. Significant difference of the growth (p <0.05)
was observed between aerobic and anaerobic condition for 6 hr cultivation. (B) Comparison of the biofilm-
forming ability of S. gordonii wild type strain DL1 to that of its Asa mutant EM230 under aerobic or anaerobic
cultivating conditions in BM on round-bottomed or flat-bottomed microtiter plates. All assays were performed
in hexaplicate, and mean and standard deviations of each value are presented. Representative results from 3

independent experiments are shown.

tomed microtiter plate was significantly lower than that
of the wild type strain when cultured for more than 12 h.
A similar reduction was observed when a flat-bottomed
microtiter plate was used, except that no significant dif-
ference in biofilm-forming ability was observed at 12
or 24 h. These results indicate that the binding of Hsa to
the polystyrene surface contributes to the biofilm-form-
ing ability of S. gordonii DL1, especially under anaero-
bic conditions, as was suggested in previous reports (21).
Accordingly, the following experiments were performed
under anaerobic conditions in flat-bottomed microtiter
plates containing BM for 18 h.

Association of Hsa with biofilm formation on a gly-
coprotein-coated surface: The tooth surface is usually
coated with acquired pellicle, which is mainly derived
from the saliva (2). To examine whether Hsa is associ-
ated with biofilm formation under conditions similar to
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those at the tooth surface, the biofilm-forming abilities
of the wild type and hsa mutant strains were compared
on a flat-bottomed microtiter plate pre-coated with
saliva or glycoprotein. No significant difference in bio-
film-forming ability was observed between the wild-type
and hsa mutant strains on plates pre-coated with bovine
serum albumin, which does not contain sialic acid. In
contrast, when the surface was coated with saliva, fetuin,
or mucin, a significant reduction in the biofilm-forming
ability of the hsa mutant was observed when compared
to that of the wild-type strain (Fig. 3), indicating that the
binding of Hsa to sialoglycoconjugates on the surface is
important for S. gordonii DL1 biofilm formation.
Association of Hsa with biofilm formation in vari-
ous S. gordonii strains: Previous studies have reported
variations in the adhesive properties of different S. gor-
donii strains (12,22). For example, some, but not all, S.
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Fig. 3. Comparison of the biofilm-forming ability of S. gordonii
wild type strain DL1 to that of its ~sa mutant EM230 on flat-
bottomed microtiter plates coated with various proteins or
human saliva. All assays were performed in hexaplicate, and
mean and standard deviations of each value are presented.
Representative results from 3 independent experiments
are shown. A representative row of crystal violet-stained
microtiter plate wells is shown above the graph. BSA, bovine
serum albumin.

gordonii strains bind to the human salivary mucin MG2
in a sialic acid-dependent manner, suggesting that a bac-
terial adhesin similar to Hsa binds to MG2. As shown
in Fig. 4, hsa homologs were detected in all S. gordonii
strains tested by Southern blot analysis when probed
with both the 1.6-kb HindIII-Bg/II and 5.8-kb BglII-Sphl
DNA fragments (which detected 1.6-kb HindIII-Bg/Il
and 7.6-kb Bg/II-HindIII fragments of chromosomal
DNA, respectively) containing the hsa gene encoding
the N-terminal region (NR1, SR1, and NR2) and C-ter-
minal region (SR2 and CWAD) of Hsa, respectively
(Fig. 1), although some restriction fragment length
polymorphism was observed. In addition, expression of
the homolog protein in each strain was demonstrated by
western blotting using an anti-Hsa antibody and by lec-
tin blot analysis using biotinylated wheat germ aggluti-
nin (Fig. 5). The results indicated that S. gordonii strains
appear to widely possess hsa homologs and express Hsa
protein on the bacterial cell surface. To assess whether
these S. gordonii wild-type strains have biofilm-form-
ing ability similar to that of strain DL1, a biofilm assay
was performed on saliva pre-coated surfaces with or
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Fig. 4. Southern blot analysis of HindIIl and Bglll-digested
chromosomal DNAs from various wild type strains probed
with the fragments containing the hsa gene. The upper panel
and the lower panel show the detection of the 7.6-kb BglII-
HindIll fragment and the 1.6-kb HindIII-Bg/II fragment of S.
gordonii DL1 chromosomal DNA containing the Asa gene or
its homologues, respectively. The positions of the DNA size
markers are indicated on the left.
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Fig. 5. Expression of Hsa protein and its homologues from various
wild type strains. Western blot analysis with anti-Hsa and lectin
blot analysis with biotinylated wheat germ agglutinin (WGA) of
streptococcal cell wall extracts obtained from 1 mL of bacterial
culture for each well are shown. The boundary between the
stacking and separating gels (asterisk) and the position of 250
kDa molecular mass marker are indicated on the left.
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Fig. 6. Biofilm-forming ability of S. gordonii wild type strain
DL1, its hsa mutant EM230, and the other wild type strains
in flat-bottom plates which were pre-coated with saliva and
untreated (U) or neuraminidase-treated (N). All assays were
performed in hexaplicate, and mean and standard deviations
of each value are presented. Representative results from 3
independent experiments are shown.

without neuraminidase treatment. As shown in Fig. 6,
removal of sialic acid from the saliva-coated surface by
treatment with neuraminidase significantly reduced the
biofilm-forming ability of the strains that were previ-
ously reported as MG2-binding strains (DL1, SK6, and
SK12) (12) except strain 38. In contrast, no such re-
duction was observed for the Asa mutant EM230 or for
the non-MG2-binding strains M5 and 10558, implying
variation in the contribution of Hsa and its homologs to S.
gordonii biofilm formation.

DISCUSSION

Adhesion of S. gordonii DLI specific to a2-3-linked
sialic acid-containing host glycoconjugates was previ-
ously reported to be associated with the bacterial cell
surface component Hsa adhesin (7,8). However, little is
known about the role of Hsa in biofilm formation. The
results of the present study suggest that the binding of
Hsa adhesin to sialoglycoconjugates is associated with
the biofilm-forming ability of S. gordonii DL1. The wa-
ter-insoluble glucans produced by mutans-group strepto-
cocci are well-known virulence factors associated with
oral biofilm formation (27); however, this is the first
report demonstrating that a streptococcal adhesin spe-
cific to sialoglycoconjugates is associated with biofilm
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formation on a surface coated with acquired pellicle-de-
rived components in a sialic-acid dependent manner.

Various methods and conditions have been described
for microtiter plate-based biofilm assays (21,24). These
variations prompted us to perform pilot examinations to
determine the optimal medium composition, culture con-
ditions, material and shape of the biofilm-forming sur-
face, and procedures to best quantify the biofilm-form-
ing ability. As mitis group streptococci are considered
to be the major pioneer colonizers on the human tooth
surface, the effect of extracellular glucans is not directly
relevant (28). Therefore, we first assessed the effect of
sucrose in the medium, and found that it was not essen-
tial for S. gordonii biofilm formation. This result was
consistent with a previous finding that the water-soluble
glucans produced by mitis group streptococci are less
effective for biofilm formation than other components
of the human tooth surface (28). In contrast, assessment
of the role of certain components on the human tooth
surface, such as acquired pellicle derived from whole
saliva, are likely to be more relevant in a sucrose-inde-
pendent biofilm assay. From this standpoint, we thought
that pre-coating of flat-bottomed microtiter plates with
glycoconjugates would be a reproducible and compara-
ble method.

Compared with the specificity of interactions between
major bacterial adhesins and host cell receptors, biofilm
formation appears to be associated with multiple fac-
tors. For example, while the hsa mutation completely
abolished the hemagglutination and platelet aggregation
activities of S. gordonii DL1 (8,9), it only significantly
reduced, but did not completely abolish, biofilm forma-
tion. These results suggest that multiple adhesins, such
as ScaA (29), a lipoprotein homolog of Streptococcus
parasanguinis FimA (30); SspA/SspB (31) of the strep-
tococcal antigen I/1I family (32); CshA (33); and the
amylase-binding proteins AbpA and AbpB (34), may
also contribute to biofilm formation.

In this study, both possession of the hsa gene and
expression of the Hsa proteins were observed in all S.
gordonii wild-type strains tested. Although S. gordonii
MS5 and 10558 have been reported as non-aggregating
strains with anti-Hsa (7), a positive broad band was
observed for both strains by western blot and lectin
blot analyses. This observation may be due to the high
sensitivity of the blotting methods used. In addition,
variations in the biofilm-forming ability of the tested S.
gordonii wild-type strains on surfaces pre-coated with
saliva were observed. Interestingly, the biofilm-forming
ability of S. gordonii 38 was not significantly reduced
by neuraminidase treatment of the saliva-coated surface,
even though the strain has been reported to bind MG2 in
a sialic acid-dependent manner (12). One possible inter-
pretation for this observation is that other terminal sac-
charides exposed by removal of sialic acid might be rec-
ognized by other adhesins in this strain. Taken together,
these results indicate the diversity of the Hsa adhesin
homologs, as well as the strain specificity of the major
adhesive factors contributing to S. gordonii biofilm for-
mation.

Hsa adhesin and its homologs, as well as other adhe-
sins or bacterial surface components, have been reported
to play important roles in the adhesion and colonization
of other oral bacteria, including intrageneric coaggrega-
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tion (2) and coaggregation with Porphyromonas gingiva-
lis (35) or Veillonella species (36,37). Further studies are
currently underway to determine whether the adhesins
in various strains effectively promote biofilm-forming
ability. Moreover, the diversity of Hsa homologs, espe-
cially within the NR2 domain (38), may be important for
facilitating adaptation to specific niches of the human
oral environment. Further investigation into these possi-
bilities is expected to provide important insights into the
molecular mechanisms contributing to the development
of oral microbial flora.

Acknowledgments We thank Drs. Toshiyuki Toen and Tetsuya
Fukada for helpful suggestions. This work was supported by
Grants-in-Aid for Scientific Research (26861845) from the Japan
Society for the Promotion of Science.

Conflict of interest None to declare.

REFERENCES

1. Rosan B, Lamont RJ. Dental plaque formation. Microbes Infect.
2000;2:1599-607.

2. Kolenbrander PE, Andersen RN, Blehert DS, et al. Communication
among oral bacteria. Microbiol Mol Biol Rev. 2002;66:486-505.

3. Zhang X, Senpuku H. Dynamic changes in the initial colonization
of Actinomyces naeslundii and Streptococcus gordonii using a new
animal model. Jpn J Infect Dis. 2013;66:11-6.

4. Baddour LM. Virulence factors among gram-positive bacteria in
experimental endocarditis. Infect Immun. 1994;62:2143-8.

5. Durack DT. Prevention of infective endocarditis. N Engl J Med.
1995;332:38-44.

6. Takahashi Y, Takashima E, Shimazu K, et al. Contribution of sialic
acid-binding adhesin to pathogenesis of experimental endocarditis
caused by Streptococcus gordonii DL1. Infect Immun. 2006;74:740-
3.

7. Takahashi Y, Sandberg AL, Ruhl S, et al. A specific cell surface
antigen of Streptococcus gordonii is associated with bacterial he-
magglutination and adhesion to a2-3-linked sialic acid-containing
receptors. Infect Immun. 1997;65:5042-51.

8. Takahashi Y, Konishi K, Cisar JO, et al. Identification and charac-
terization of hsa, the gene encoding the sialic acid-binding adhesin
of Streptococcus gordonii DL1. Infect Immun. 2002;70:1209-18.

9. Takahashi Y, Yajima A, Cisar JO, et al. Functional analysis of the

Streptococcus gordonii DL1 sialic acid-binding adhesin and its es-

sential role in bacterial binding to platelets. Infect Immun. 2004;72:

3876-82.

Urano-Tashiro Y, Takahashi Y, Oguchi R, et al. Two arginine res-

idues of Streptococcus gordonii sialic acid-binding adhesin Hsa

are essential for interaction to host cell receptors. PLoS One.
2016;11:e0154098.

Ruhl S, Sandberg AL, Cisar JO. Salivary receptors for the pro-

line-rich protein-binding and lectin-like adhesins of oral actinomy-

ces and streptococci. J Dent Res. 2004;83:505-10.

Takahashi Y, Ruhl S, Yoon JW, et al. Adhesion of viridans

group streptococci to sialic acid-, galactose- and N-acetyl-

galactosamine-containing receptors. Oral Microbiol Immunol.
2002;17:257-62.

Ruhl S, Cisar JO, Sandberg AL. Identification of polymorphonucle-

ar leukocyte and HL-60 cell receptors for adhesins of Streptococcus

gordonii and Actinomyces naeslundii. Infect Immun. 2000;68:6346-

54.

Yajima A, Takahashi Y, Konishi K. Identification of platelet recep-

tors for the Streptococcus gordonii DL1 sialic acid-binding adhesin.

Microbiol Immunol. 2005;49:795-800.

. Yajima A, Urano-Tashiro Y, Shimazu K, et al. Hsa, an adhesin of

Streptococcus gordonii DL1, binds to a2-3-linked sialic acid on

glycophorin A of the erythrocyte membrane. Microbiol Immunol.

2008;52:69-77.

Urano-Tashiro Y, Yajima A, Takashima E, et al. Binding of the

Streptococcus gordonii DL1 surface protein Hsa to the host cell

membrane glycoproteins CD11b, CD43, and CD50. Infect Immun.

2008;76:4686-91.

Takamatsu D, Bensing BA, Sullam PM. Two additional components

10.

11.

13.

14.

16.

17.



18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

of the accessory Sec system mediating export of the Streptococcus
gordonii platelet-binding protein GspB. J Bacteriol. 2005;187:
3878-83.

Plummer C, Wu H, Kerrigan SW, et al. A serine-rich glycoprotein
of Streptococcus sanguis mediates adhesion to platelets via GPIb.
Br J Haematol. 2005;129:101-9.

Urano-Tashiro Y, Yajima A, Takahashi Y, et al. Streptococcus gor-
donii promotes rapid differentiation of monocytes into dendritic
cells through interaction with the sialic acid-binding adhesin.
Odontology. 2012;100:144-8.

Nobbs AH, Zhang Y, Khammanivong A, et al. Streptococcus gor-
donii Hsa environmentally constrains competitive binding by Strepto-
coccus sanguinis to saliva-coated hydroxyapatite. J Bacteriol.
2007;189:3106-14.

Loo CY, Corliss DA, Ganeshkumar N. Streptococcus gordonii bio-
film formation: identification of genes that code for biofilm pheno-
types. J Bacteriol. 2000;182:1374-82.

Hsu SD, Cisar JO, Sandberg AL, et al. Adhesive properties of viri-
dans streptococcal species. Microb Ecol Health Dis. 1994;7:125-37.
Culp DJ, Robinson B, Cash MN, et al. Salivary mucin 19 glycopro-
teins: innate immune functions in Streptococcus mutans-induced
caries in mice and evidence for expression in human saliva. J Biol
Chem. 2015;290:2993-3008.

O'Toole GA. Microtiter dish biofilm formation assay. J Vis Exp.
2011;47.pii:2437.

Andersen RN, Ganeshkumar N, Kolenbrander PE. Cloning of the
Streptococcus gordonii PK488 gene, encoding an adhesin which
mediates coaggregation with Actinomyces naeslundii PK606. Infect
Immun. 1993;61:981-7.

Sambrook J, Fritsch EF, Maniatis T, editors. Molecular Cloning: A
Laboratory Manual, 2nd ed. Cold Spring Harbor, NY: Cold Spring
Harbor Laboratory Press; 1989.

Wolinsky LE. Caries and cariology. In: Nisengard RJ, Newman
MG, editors. Oral Microbiology and Immunology, 2nd ed. Philadel-
phia, PA: WB Saunders Company; 1994. p. 341-59.

Yoshida Y, Konno H, Nagano K, et al. The influence of a glucosyl-

404

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

transferase, encoded by g#fP, on biofilm formation by Streptococcus
sanguinis in a dual-species model. APMIS. 2014;122:951-60.
Kolenbrander PE, Andersen RN, Ganeshkumar N. Nucleotide se-
quence of the Streptococcus gordonii PK488 coaggregation adhesin
gene, scaA, and ATP-binding cassette. Infect Immun. 1994;62:4469-
80.

Burnette-Curley D, Wells V, Viscount H, et al. FimA, a major viru-
lence factor associated with Streptococcus parasanguis endocardi-
tis. Infect Immun. 1995;63: 4669-74.

Jakubovics NS, Stromberg N, van Dolleweerd CJ, et al. Differential
binding specificities of oral streptococcal antigen I/1I family adhe-
sins for human or bacterial ligands. Mol Microbiol. 2005;55:1591-
605.

Jenkinson HF, Demuth DR. Structure, function and immunoge-
nicity of streptococcal antigen I/II polypeptides. Mol Microbiol.
1997;23:183-90.

McNab R, Forbes H, Handley PS, et al. Cell wall-anchored CshA
polypeptide (259 kilodaltons) in Streptococcus gordonii forms sur-
face fibrils that confer hydrophobic and adhesive properties. J Bac-
teriol. 1999;181:3087-95.

Tanzer JM, Grant L, Thompson A, et al. Amylase-binding proteins
A (AbpA) and B (AbpB) differentially affect colonization of rats'
teeth by Streptococcus gordonii. Microbiology. 2003;149:2653-60.
Stinson MW, Safulko K, Levine MJ. Adherence of Porphyromonas
(Bacteroides) gingivalis to Streptococcus sanguis in vitro. Infect
Immun. 1991;59:102-8.

Zhou P, Liu J, Li X, et al. The sialic acid binding protein, Hsa, in
Streptococcus gordonii DL1 also mediates intergeneric coaggrega-
tion with Veillonella species. PLoS One. 2015;10:e0143898.
Mashima I, Nakazawa F. Interaction between Streptococcus spp.
and Veillonella tobetsuensis in the early stages of oral biofilm for-
mation. J Bacteriol. 2015;197:2104-11.

Bensing BA, Khedri Z, Deng L, et al. Novel aspects of sialoglycan
recognition by the Siglec-like domains of streptococcal SRR glyco-
proteins. Glycobiology. 2016;26:1222-34.



