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Attachment of Streptococcus gordonii to the acquired pellicle of the tooth surface involves specific interactions
between bacterial adhesins and adsorbed salivary components. To study saliva-regulated gene expression in S.
gordonii, we used random arbitrarily primed PCR (RAP-PCR). Bacteria were incubated in either brain heart
infusion medium or saliva. Total RNA from both conditions was purified and RAP fingerprinted and then PCR
amplified with an arbitrary primer. The differentially displayed DNA fragments were cloned, sequenced, and
analyzed using the BLAST search network service. Three DNA products were up-regulated. One was identified
as that of the sspA and -B genes, which encode the salivary agglutinin glycoprotein-binding proteins SspA and
SspB of S. gordonii; another had 79% identity with the Lactococcus lactis clpE gene, encoding a member of the
Clp protease family; and the third product showed no significant homology to known genes. Five down-
regulated genes were identified which encode proteins involved in bacterial metabolism. We have shown, for the
first time, direct induction of sspA and -B in S. gordonii by human saliva.

Streptococcal adhesion to oral surfaces results partially from
initial binding of cells to absorbed salivary components, which
are tightly bound to the mineral matrix of human enamel and
form the salivary pellicle. Bacterial binding to salivary proteins
and glycoproteins is relevant to initial binding events for which
genes have been identified by transposon mutagenesis (22), as
well as to accumulation of bacteria in the complex biofilm of
mature dental plaque. The streptococcal salivary adhesins that
have been described in the most detail are the LraI family
polypeptides and the antigen I/II family of polypeptides (15,
31). Antigen I/II polypeptides bind a mucin-like salivary com-
ponent named salivary agglutinin glycoprotein (SAG) in a lec-
tin-like interaction (4).

Although much progress has been made in defining the role
of saliva in oral microbial ecology, little is known concerning
the physiological response of bacteria following binding to a
salivary component. The objective of this research was to iden-
tify the genes regulated by contact between oral bacteria and
salivary molecules of the conditioning film or salivary pellicle
on the enamel surface. We chose to study Streptococcus gor-
donii DL1 because it is genetically transformable, it binds sal-
ivary components, and it is an early colonizer of the clean
enamel surface.

To study saliva-regulated gene expression in S. gordonii, we
used random arbitrarily primed PCR (RAP-PCR), a method
adapted from the differential-display (DD) PCR method (29).
We identified eight saliva-regulated cDNA fragments, seven of
which had sequence identity to known genes. Sequence anal-
ysis showed that five down-regulated products encode proteins
involved in bacterial metabolism. Of the three up-regulated
genes, one has been found to be 95% identical to the SAG-
binding cell surface adhesin SspA and SspB (antigen I/II fam-
ily)-encoding genes of S. gordonii.

S. gordonii DL1 (Challis) was cultured anaerobically (BBL
GasPak system; Becton Dickinson Microbiology System, Cock-

eysville, Md.) at 37°C in brain heart infusion (BHI) medium
(Difco Laboratories, Detroit, Mich.). Escherichia coli Epicur-
ian Coli XL10-Gold Ultracompetent Cells (Stratagene, La
Jolla, Calif.) were used to clone differentially expressed RAP-
PCR products. Transformation and identification of bacterial
colonies that contain recombinant plasmids were performed in
accordance with standard protocols (27). Fresh stimulated
whole saliva samples were collected from six or more healthy
persons. The donors were not on medication or ill, nor had
they eaten or drunk in the 60 min prior to saliva collection.
Saliva secretion was stimulated by Parafilm chewing, and the
saliva was collected on ice. Dithiothreitol (2.5 mM final con-
centration) was added to the collected saliva, and the mixture
was stirred for 20 min at 4°C. The saliva was centrifuged at
5,000 3 g, and the supernatant fluid was filtered through a
0.22-mm-pore-size polyethersulfone filter. Resulting sterile sa-
liva samples were kept frozen at 220°C until used. An over-
night culture of S. gordonii was diluted 1:11 in fresh BHI
medium or 1:11 in dilute saliva (whole saliva at 1:4 in sterile
water). Bacteria were cultured for 2 h anaerobically (GasPak)
at 37°C. After 2 h in either BHI medium or saliva, bacteria
were harvested by centrifugation (2,500 3 g, 10 min, 4°C). The
pellet was washed with diethylpyrocarbonate-treated water,
resuspended in Ultraspec RNA reagent solution (Biotecx Lab-
oratories Inc., Houston, Tex.), and transferred to a Multimix
Tube containing a commercially prepared mixture of 0.1-, 1.4-,
and 4-mm-diameter silica-ceramic beads (Bio 101, Inc., Vista,
Calif.). The tube was shaken in a FastPrep FP120 bead beater
(Bio 101) at top speed for 45 s and placed on ice, and the lysate
was clarified by centrifugation (2,500 3 g, 2 min, 4°C). RNA
was isolated from the supernatant by the procedure of
Lunsford (24). Subsequently, the RNA samples were treated
with DNase I for 15 min at 37°C using RQ1 DNase (Promega,
Madison, Wis.). The integrity of the RNA was assessed by
electrophoresis in accordance with standard protocols (27).
Each reverse transcription reaction was performed as recom-
mended by the manufacturer (Stratagene) with 2 mg of S.
gordonii DL1 total RNA and the chosen arbitrary primer, A3
(59-AATCTAGAGCTCTCCTGG-39). Reactions for each
condition were done in triplicate. As a negative control to
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identify products amplified in subsequent steps as a result of
residual genomic DNA contamination, an identical reaction
mixture without Moloney murine leukemia virus reverse tran-
scriptase was done. The second DNA strand was synthesized
and PCR amplified in the presence of [a-33P]dATP (DuPont
NEN, Boston, Mass.) in a thermocycler (Perkin-Elmer Cetus,
Norwalk, Conn.) as follows: 1 low-stringency cycle (94°C for 1
min, 36°C for 5 min, and 72°C for 5 min), 40 high-stringency
cycles (94°C for 1 min, 50°C for 2 min, and 72°C for 2 min), and
an elongation step (72°C for 10 min). Following PCR amplifi-
cation, the reaction mixture was combined with stop buffer
containing formamide, xylene cyanol, and bromophenol blue
(USB Corp., Cleveland, Ohio) and heated at 80°C for 2 min.
Each reaction was electrophoresed in adjacent lanes of a Cast-
Away precast 4.5% acrylamide–7 M urea sequencing gel
(Stratagene). The gel was dried and radioautographed using
Kodak X-Omat AR film (Eastman Kodak Co., Rochester,
N.Y.). The autoradiogram was aligned with the gel; bands of
interest were cut from the gel and placed into a centrifuge
tube. The DNA was eluted in 13 TE buffer (Digene, Beltsville,
Md.) for 1 h at 60°C and then incubated overnight at room
temperature. The sample was centrifuged, and 2 ml of the
eluate was amplified using primer A3 and the 40-cycle high-
stringency RAP-PCR program. No radioactive deoxynucleo-
side triphosphates were included. The products were analyzed
on a 2% (wt/vol) agarose gel. The RAP-PCR products were
extracted from the agarose gel with a QIAquick gel extraction
kit (Qiagen, Santa Clarita, Calif.) and purified using a Bio 101
Geneclean Spin kit. The RAP-PCR products were blunt ended
by mixing with Pfu DNA polymerase and deoxynucleoside
triphosphates (Stratagene). The blunt-ended DNA products
were cloned in cloning vector pPCR-Script Amp SK(1) (Strat-
agene). Cloned DNAs were sequenced using the Perkin-Elmer
Applied Biosystems 377XL automated DNA sequencer. Se-
quence analysis was performed by the BLAST search algo-
rithm (10). A Northern blot was prepared in accordance with
standard protocols (27) following electrophoretic separation of
5 mg of total RNA isolated from each condition (BHI medium
or saliva). The blot was probed with the DNA fragment puri-
fied from the sequencing gel, reamplified, and a-32P radiola-
beled by random primer extension (Lofstrand Labs Limited,
Gaithersburg, Md.).

The RNA purification method used gave high-quality RNA
with no detectable degradation of rRNA by gel electrophoresis
(data not shown). A single primer, A3, was selected from a
reverse transcription-tested set of five commercial primers
(Stratagene) with RNA from S. gordonii DL1 under the BHI
medium condition, although all five primers yielded PCR prod-
ucts of useful size for future differential display experiments
(data not shown). The RAP-PCRs were done in triplicate on
the same sample. This experiment with primer A3 was re-
peated twice with different RNA preparations, and similar
results were obtained. Total RNA (represented by cDNA) of
S. gordonii DL1 incubated with saliva was compared to the
BHI medium condition. Eight bands appeared to be differen-
tially expressed (Fig. 1). Five products were down-regulated,
and three were up-regulated. Cloned inserts of the RAP-PCR
products ranged in size from about 200 to 1,000 bp. The DNA
sequence of the eight RAP-PCR products derived from differ-
entially expressed genes was compared to that in the GenBank
database by using the BLAST search algorithm to identify
similarities to known sequences (Table 1). Sequence analysis
showed that the down-regulated products have sequence sim-
ilarity to proteins likely to be involved in bacterial metabolism
in the shift from BHI medium to saliva. For example, dihydro-
dipicolinate synthase (bands 2 and 4) is involved in the pathway

for the biosynthesis of diaminopimelate and lysine (2), glucose
kinase (band 5) is involved in glucose metabolism (9), and the
PhoH protein (band 6) is normally induced by phosphate star-
vation (30). Bacteria in saliva are in the presence of less freely
metabolizable nutrient than when in BHI medium, which has
much low-molecular-weight nutrient. For the up-regulated
products, band 3 was particularly overexpressed and was 95%
identical to a region common to both sspA and sspB, which
encode the SAG-binding cell surface adhesin proteins SspA
and SspB (antigen I/II family) of S. gordonii (6). These ad-
hesins recognize multiple ligands, and they mediate a wide
range of streptococcal adherence properties, including binding

FIG. 1. DD of S. gordonii DL1 total RNA samples from cells incubated for
2 h in BHI medium or saliva using the arbitrary primer A3. Reactions for each
condition were done in triplicate. Arrows with numbers indicate the differentially
amplified RAP-PCR products. Each experimental reaction mixture containing
RNA and primer was split into two tubes. Moloney murine leukemia virus
reverse transcriptase was added to one tube and omitted from the control (BHI
and saliva controls). For example, the first BHI control lane is the control for the
reaction of the first BHI lane.
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to salivary agglutinin glycoproteins (11, 25, 26), type 1 collagen
(23, 28), and other microbial cells, including Actinomyces
naeslundii (6, 16), Candida albicans (12), and Porphyromonas
gingivalis (1, 21). The band 7 product was 79% identical to the
Lactococcus lactis clpE gene that encodes a member of the Clp
protease family (13). Band 8 showed no identity to any known
gene.

The up-regulated 438-bp RAP-PCR product corresponding
to sspA and -B (Fig. 1, band 3; Table 1) was reamplified and
used as a probe for the Northern blot (Fig. 2). The mRNA
corresponding to sspA and -B (approximately 4.5 kb) was
present in RNA purified from cells in contact with saliva (Fig.
2, lane 2) but was not detectable in RNA purified from cells
suspended in BHI medium (Fig. 2, lane 1). The 4.5-kb tran-
script has the predicted size corresponding to the translation of
the sspA and -B product of approximately 1,500 amino acid
(aa) residues (6).

S. gordonii is the only oral streptococcal species so far iden-
tified that expresses two antigen I/II proteins. Mature SspA
(1,542 aa residues) and SspB (1,462 aa residues) are the prod-
ucts of tandemly arranged chromosomal genes that are inde-
pendently transcribed (6). In previous studies, SspA and -B
were detected in BHI medium-grown cells, suggesting that
sspA and sspB are constitutively expressed (5, 8, 16). In our
experiments with BHI medium, the RAP-PCR product corre-
sponding to sspA and -B was weak even after 40 cycles of PCR

amplification (Fig. 1, band 3). In addition, the Northern blot
did not show any detectable level of sspA or -B mRNA from
BHI medium-grown cells, suggesting that the level of expres-
sion is low under these conditions.

The present study is the first to show up-regulation of sspA
and -B transcription in the presence of saliva. The 438-bp
RAP-PCR up-regulated product detected in DL1 corresponds
to a region with a sequence present in both sspA and sspB in S.
gordonii M5. Structural and transcriptional start site differ-
ences between the promoters of sspA and sspB in S. gordonii
M5 indicate that sspA is regulated differently from sspB in S.
gordonii M5 (7). It would be interesting to study the differential
expression of sspA and sspB in S. gordonii DL1, but only a
2,347-bp region containing the 39 end of sspA, the intergenic
region, and the 59 end of sspB has been sequenced in this strain
(accession no. U40027) (6). The 438-bp RAP-PCR product is
not homologous to this region. Sequencing of these two genes
from S. gordonii DL1 is necessary to further analyze potential
differential regulation of sspA and sspB in this streptococcus.

Survival of streptococci in the oral cavity may be dependent
on their ability to adhere tightly to host tissue surfaces and to
evade the host defenses in this open-flow system. We show that
the transcription of the SAG-binding adhesin sspA and -B
genes is directly induced when S. gordonii DL1 is placed in
contact with saliva; this behavior may influence binding and
colonization of the tooth surface. Early colonization can occur
not only by direct binding of S. gordonii to saliva-coated sur-
faces (3, 19) but also by coadhesion of S. gordonii and other
saliva-coated cells (3, 17), as well as by coaggregation of S.
gordonii and other saliva-coated partners, including strepto-
cocci (18) and actinomyces (20). Our findings support the con-
sideration of S. gordonii as a primary colonizer and as an
anchor during biofilm development of dental plaque.
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