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Streptococcus mutans has been strongly implicated as the principal etiological agent in dental caries. One of
the important virulence properties of these organisms is their ability to form biofilms known as dental plaque
on tooth surfaces. Since the roles of sucrose and glucosyltransferases in S. mutans biofilm formation have been
well documented, we focused our attention on sucrose-independent factors. We have initially identified several
mutants that appear to be defective in biofilm formation on abiotic surfaces by an insertional inactivation
mutagenesis strategy applied to S. mutans. A total of 27 biofilm-defective mutants were isolated and analyzed
in this study. From these mutants, three genes were identified. One of the mutants was defective in the Bacillus
subtilis lytR homologue. Another of the biofilm-defective mutants isolated was a yulF homologue, which encodes
a hypothetical protein of B. subtilis whose function in biofilm formation is unknown. The vast majority of the
mutants were defective in the comB gene required for competence. We therefore have constructed and examined
comACDE null mutants. These mutants were also found to be attenuated in biofilm formation. Biofilm
formation by several other regulatory gene mutants were also characterized using an in vitro biofilm-forming
assay. These results suggest that competence genes as well as the sgp and dgk genes may play important roles
in S. mutans biofilm formation.

Biofilms are sessile bacterial communities adherent to a
surface, and their formation occurs in response to a variety of
environmental cues (32, 34). Biofilm bacteria undergo a devel-
opmental program in response to environmental signals that
leads to the expression of new phenotypes that distinguish
these sessile cells from planktonic cells (10, 32). Of importance
with respect to medicine, biofilm cells have been shown to be
up to 1,000-fold more tolerant of antibiotics than are plank-
tonic cells and genes (20) and protein expression profiles are
altered in planktonic cells relative to those in biofilm-grown
cells (10, 32).

Streptococcus mutans has been strongly implicated as the
principal etiological agent in human dental caries (18). One of
the important virulence properties of these organisms is their
ability to form biofilms known as dental plaque on tooth sur-
faces (24, 48). Dental plaque is one of the best-studied biofilms
(12, 22). Dental plaque formation on tooth surfaces involves
three distinct steps: (i) formation of the conditioning film or
acquired pellicle on the tooth enamel, (ii) subsequent cell-to-
surface attachment of the primary colonizers, and (iii) cell-to-
cell interactions of late colonizers with one another as well as
with the primary colonizers (12).

Biofilm formation is initiated by interactions between plank-
tonic bacteria and a surface in response to appropriate envi-
ronmental signals (10, 11, 34, 35). In addition to responses to
physical and chemical signals, bacteria regulate diverse physi-
ological processes in a cell density-dependent manner, com-

monly called quorum sensing (3, 11, 19, 36, 43). Molecules
called quorum-sensing signals help trigger the regulation of
gene expression in biofilms (13, 14). Bacteria constantly secrete
low levels of these signals and sense them through the corre-
sponding receptors (30). The receptors do not trigger any be-
havioral changes until there are enough bacteria to allow the
signal concentrations to exceed a critical threshold (15, 37).
Once this occurs, bacteria respond by adopting communal be-
havior, such as forming biofilms.

Isolation and characterization of genes defective in biofilm
formation may contribute to understanding how S. mutans
responds to environmental signals in the oral cavity, especially
in oral biofilms. Previous studies have indicated the role of
sucrose and glucosyltransferases (Gtfs) in S. mutans biofilm
formation (6, 21, 23, 48). Recent studies have implicated sev-
eral genes associated with genetic competence (28), the ccpA
and brpA (lytR) genes (46), and a putative response regulator
as being involved in biofilm formation (4). One purpose of this
investigation was therefore to isolate sucrose-independent,
biofilm-defective mutants in S. mutans. In addition, signal
transduction cascades are responsible for sensing the environ-
ment and regulate a variety of cellular processes, including
motility, protease production, and biofilm formation (15, 30).
Therefore, we have analyzed the role of several signal trans-
duction-associated genes in biofilm formation. The investiga-
tions described herein confirm that multiple genes, including
the com locus, are associated with biofilm formation.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and plasmids. All bacterial strains and
plasmids used in this study are listed in Table 1. Strains of S. mutans were
cultured and maintained in Todd-Hewitt broth (THB; Difco Laboratories,
Grand Island, N.Y.) or chemically defined medium (CDM). The CDM contained
2.0 g of L-glutamic acid per liter, 0.2 g of L-cysteine per liter, 0.9 g of L-leucine per
liter, 1.0 g of NH4Cl per liter, 2.5 g of K2HPO4 per liter, 2.5 g of KH2PO4 per
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liter, 4.0 g of NaHCO3 per liter, 1.2 g of MgSO4 � 7H2O per liter, 0.02 g of
MnCl2 � 4H2O per liter, 0.02 g of FeSO4 � 7H2O per liter, 0.6 g of sodium pyru-
vate per liter, 1.0 mg of riboflavin per liter, 0.5 mg of thiamine HCl per liter, 0.1
mg of D-biotin per liter, 1.0 mg of nicotinic acid per liter, 0.1 mg of p-amino-
benzoic acid per liter, 0.5 mg of Ca-pantothenate per liter, 1.0 mg of pyridoxal
HCl per liter, and 0.1 mg of folic acid per liter, adjusted to pH 7.0 with H3PO4.
Transformants of S. mutans were selected following growth on mitis salivarius
agar (Difco Laboratories) plates supplemented with erythromycin (10 �g/ml).

DNA manipulations. DNA isolation, endonuclease restriction, ligation, and
transformation of competent Escherichia coli cells were carried out as previously
described (40). Transformation of S. mutans was accomplished by procedures
routinely carried out in this laboratory (38).

Suicide plasmid-mediated insertional inactivation mutagenesis. A complete
Sau3AI digest of S. mutans GS-5 chromosomal DNA was ligated to BamHI-
digested pResEmMCS10 (41). S. mutans GS-5 was randomly mutated by trans-
formation with the S. mutans genomic library. Transformants were selected on
mitis salivarius agar plates containing 10 �g of erythromycin/ml.

Biofilm formation assay. (i) Quantitation of biofilm formation. Biofilm for-
mation was quantified as previously described (35). Flat-bottomed polystyrene
microtiter plates (enzyme immunoassay-radioimmunoassay plates, 96-well Easy
Wash; Corning Inc., Corning, N.Y.) containing 100 �l of CDM per well were
inoculated with S. mutans GS-5 and its mutants (1.7 � 105 CFU per well) from
a 24-h growth in THB. After 48 h of incubation at 37°C, 25 �l of 1% (wt/vol)
crystal violet (CV) solution was added to each well. After 15 min, wells were
rinsed three times with 200 �l of distilled water and air dried. The CV on the
abiotic surfaces was solubilized in 95% ethanol, and the optical density at 570 nm
was determined. Growth was determined by measuring the turbidities (optical
density at 570 nm) of parallel wells following resuspension of the sessile organ-
isms with the planktonic cells.

(ii) Screening for mutants defective in biofilm formation. The assay used to
screen for biofilm-defective mutants is based on the ability of bacteria to form
biofilms on a polystyrene surface. The S. mutans GS-5 random mutant library

constructed by the insertional inactivation mutagenesis strategy was initially
inoculated in 5 ml of CDM–0.5% glucose in six-well polystyrene dishes (Corning
Inc.) and was incubated for 48 h anaerobically. Fifty microliters of supernatant
fluids containing unattached cells was then transferred into 5 ml of CDM-glucose
in another plate, and this procedure was repeated a total of eight times to isolate
biofilm-defective mutants. After the final growth stage, individual colonies of the
unattached cells were tested for biofilm formation.

(iii) Visualization of the biofilms on abiotic surfaces. Visualization of bacterial
cells attached to the polystyrene surface was performed on six-well polystyrene
dishes (Corning Inc.). Briefly, biofilms after 48 h of inoculation were stained with
CV and washed several times.

Construction of the com mutants. The comACDE genes and the relA-spoT
gene were identified in the S. mutans UA159 genome database, available from
the University of Oklahoma Advanced Center for Genome Technology (OU-
ACGT; http://www.genome.ou.edu.smutans.html). The null mutants of the
comACDE genes were created by allelic exchange via insertion of an erythromycin
resistance (Eryr) determinant into each gene. The plasmids used for disruption
of the comACDE genes were prepared as follows: the PCR fragments of the
upstream and downstream regions of comA were amplified with pairs of primers,
comAUF251(Bam)-comAUR1236(Sal) and comADF3482(Eco)-comADR4315
(Bam) (Table 2), respectively, using chromosomal DNA from strain GS-5 as the
template. Initially, PCR products of the downstream region of comA (comAD)
were cloned into the pResEmMCS10 plasmid (41). Furthermore, PCR products
of the upstream region of comA, comAU, were cloned downstream of comAD.
The resultant plasmid, pAYCA1101, was digested with BamHI. This resulted in
a linear plasmid harboring flanking S. mutans DNA but devoid of the comA gene,
which was used to transform S. mutans GS-5. The plasmids for comC and comE
null mutants were constructed in a manner similar to that for the comA mutant.
Briefly, the PCR fragments outward from the flanking regions of comC or comE
were created with pairs of primers: comCUF6917(Bam)-comCUR7575(Hind)
for comCU, comCDF7781(Sma)-comCDR8456(Bam) for comCD, comEUF4801
(Bam)-comEUR5346(Xba) for comEU, and comEDF5926(Sma)-comEDR6587

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristics Source or reference

S. mutans strains
GS-5 Erys, Kans, serotype c human isolate SUNYaBa

CA1101 Erys; GS-5::pAYCA1101; ComA� This study
CC1301 Eryr; GS-5::pAYCC1301; ComC� This study
CD1401 Eryr; Cmr, GS-5::pAYCD1401; ComD� This study
CE1501 Eryr; GS-5::pAYCE1501; ComE� This study
GS-5(gtfB)::pSIV2 Eryr; GS-5::pSIV2 alone 2
GS-5(gtfB)::pSIV2-SGPAN Eryr; strain GS-5 expressing antisense sgp RNA from the host

chromosome
2

TnSp-1 Sptr, Tetr, GS-5 with dgk insertion Lis and Kuramitsu (SUNYaB)
AYRA1 Eryr; GS-5::pAYRA1; RelA-SpoT� This study
luxS Eryr, GS-5 with luxS insertion W. Shi (UCLA)b

E. coli DH5� Cloning host GIBCO BRL

Plasmids
pResEmMCS10 Emr; integration vector 41
pMCL200 Cmr, cloning vector 31
pAYCA1101 Emr, pResEmMCS10 bearing comA upstream and downstream

regions
This study

pAYCC1301 Emr, pResEmMCS10 bearing comC upstream and downstream
regions

This study

pAYCC1302 Emr, pResEmMCS10 bearing comC upstream regions This study
pAYCD1401 Cmr, Emr, pMCL200 bearing Emr cassette, comD upstream and

downstream regions
This study

pAYCE1501 Emr, pResEmMCS10 bearing comE upstream and downstream
regions

This study

pSIV2 Emr; integration vector bearing gtfB 1.083-kb EcoRV fragment 2
pSIV2-SGPAN Emr; pSIV2 bearing the sgp gene in antisense orientation

downstream of the scrB promoter
2

pAYRA1 Emr, pResEmMCS10 bearing relA-spoT 640-bp internal fragment This study

a SUNYaB, the culture collection in Department of Oral Biology, State University of New York, Buffalo, N.Y.
b UCLA, University of California at Los Angeles.
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(Bam) for comED (Table 2). The downstream fragments (comCD and comED)
were inserted into pResEmMCS10. Furthermore, the comCU and comEU frag-
ments were inserted downstream of the comCD and comED fragments, respec-
tively. The resultant plasmids, pAYCC1301 and pAYCE1501, were linearized by
digestion with BamHI. These linearized plasmids were transformed into S. mu-
tans GS-5. The plasmid for generating the comD null mutant was constructed
with DNA fragments upstream and downstream of comD. The PCR primers and
constructed fragments were as follows: comDUF4597(Sma)-comDUR6124(Bam)
for comDU and comDDF7384(Bam)-comDDR7867(Xba) for comDD. The
comDU fragment was initially inserted into pMCL200 (31), and the comDD
fragment was inserted downstream of comDU. Finally, the Eryr determinant
from pResEmMCS10 was inserted into the BamHI site between the comDU and
comDD fragments. The resultant plasmid, pAYCD1401, was linearized and then
transformed into S. mutans GS-5.

The relA-spoT mutant was constructed by insertion-duplication mutagenesis.
Briefly, the primer pairs relA-spoTF3106(Bam) and relA-spoTR3745(Hind)
were designed to amplify internal regions of relA-spoT. The amplicon, relA-
spoTI, was ligated into pResEmMCS10 via BamHI and HindIII sites. The re-
sultant plasmid, designated pAYRA1, was used to transform S. mutans GS-5.

Confirmation of plasmid insertions causing gene disruption was performed
either by Southern blotting or by PCR. Southern blotting analysis was performed
with digoxigenin (DIG)-labeled PCR products corresponding to the target genes
and the Eryr gene as probes, by using the PCR DIG Probe Synthesis Kit and DIG
DNA Labeling and Detection Kit (Roche Diagnosis, Indianapolis, Ind.).

CSP synthesis. The nucleotide sequence of the comC gene was determined by
the marker rescue method with the plasmid pAYCC1302 harboring the comCU
fragment (Table 2). The competence-stimulating peptide (CSP) precursor amino
acid sequence was derived using the obtained sequence. The Gly-Gly cleavage
site was deduced, and the resultant mature CSP (SGSLSTFFRLFNRSFTQA
LGK; 21 amino acids) was synthesized (Sigma-Genosys, Woodlands, Tex.). For
complementation of the comC gene by CSP, the synthetic CSP was incubated
with bacterial cultures as previously described (1). Briefly, the synthetic peptide
was freshly dissolved in distilled water at a concentration of 1 mg/ml. The CSP
solution was then added to the cultures at final concentrations ranging from 25
to 2,500 ng/ml.

SEM. Biofilm formation by S. mutans on polystyrene surfaces was examined by
scanning electron microscopy (SEM) to verify the quantitative results observed.
Biofilms were aerobically inoculated in the CDM supplemented with 0.5% glu-
cose at 37°C for 48 h on 5- by 5-mm polystyrene tips. Biofilms on the polystyrene
tips were washed once with distilled water, fixed by formaldehyde, and incubated
at 20°C overnight. Following dehydration through a graded series of ethanol, the
polystyrene tips were air dried and sputter coated with gold. Samples were then
examined at �500 to �7,500 magnification using SEM (JEOL JSM-5400LV;
JEOL Techniques Ltd., Tokyo, Japan).

RESULTS

Environmental factors affecting S. mutans biofilm forma-
tion. In order to establish an optimal assay system for S. mu-
tans biofilm formation, biofilm assays were carried out under
various conditions. We initially assessed S. mutans GS-5 bio-
film formation on relatively hydrophobic and hydrophilic sur-
faces according to the procedure of O’Toole and Kolter (35).
The relatively hydrophobic materials, polyvinyl chloride, poly-
carbonate, and polypropylene, were utilized as well as boro-
silicate glass as a hydrophilic surface. Strain GS-5 was allowed
to form biofilms on these surfaces in CDM supplemented with
0.5% sucrose. The optimal abiotic material for S. mutans bio-
film formation appeared to be polystyrene (data not shown).
Biofilm formation on the other surfaces was similar and was
equivalent to approximately 25% of that measured on polysty-
rene surfaces.

Several media and carbon sources were also examined in the
biofilm assay on polystyrene plates (Fig. 1). Negligible growth
and biofilm formation were observed in CDM without a carbon
source. In THB, there was no significant difference in growth
from that found in defined media with glucose or sucrose.
However, biofilm formation was apparently optimal in CDM
supplemented with sucrose, whereas lower levels of biofilm
formation were observed in THB (Fig. 1). Since the role of
sucrose in S. mutans biofilm formation has been well docu-
mented (6, 21, 48), we focused our attention on sucrose-inde-
pendent factors that influence this important virulence prop-
erty of these organisms.

Isolation of mutants defective in sucrose-independent bio-
film formation. In order to isolate mutants defective in biofilm
formation on polystyrene surfaces, we generated a collection of
S. mutans GS-5 random mutants using a suicide plasmid-me-
diated insertional inactivation mutagenesis strategy. A total of
27 (0.23%) biofilm-defective mutants were isolated after visual
screening of approximately 12,000 transformants. Southern
blot analysis with HindIII-digested chromosomal DNA from
each of the mutants with a DIG-labeled Eryr gene from

TABLE 2. Oligonucleotide primersa

Primer or primer pair Nucleotide sequence Amplicon Size (bp)

comAUF251(Xba) 5�-CCC CCC TCT AGA CAA AAA TCA TAG CAA TAT-3� comAU 986
comAUR1236(Sal) 5�-CCC CCC GTC GAC ATA AAT AAC TTG TTT CAT-3�
comADF3482(Eco) 5�-CCC CCC GAA TTC ATT ATA ACC TGT TTA ATT-3� comAD 834
comADR4315(Sma) 5�-CCC CCC CCC GGG TTT GCT ATT TTT CTT AGA-3�
comCUF6917(Bam) 5�-CCC CCC GGA TCC GAT TTA CCA TCA AAT CTT-3� comCU 659
comCUR7575(Hind) 5�-CAC AAG CTT TGG GAA AAT-3�
comCDF7781(Sma) 5�-CCC CCC CCC GGG TCC TTA GGA CAC ATA ATG-3� comCD 676
comCDR8456(Bam) 5�-CCC CCC GGA TCC AGC AAA TCT GAA CAA GCA-3�
comDUF4597(Sma) 5�-CCC CCC CCC GGG GTT CAA CTT CTA TCA TTT-3� comDU 1523
comDUR6124(Bam) 5�-CCC CCC GGA TCC ACC ATT TGA AAG TAT CAT-3�
comDDF7384(Bam) 5�-CCC CCC GGA TCC TCA TTT ATT CAA GCA ACT-3� comDD 483
comDDR7867(Xba) 5�-CCC CCC TCT AGA AAT GGT AGC TAT TTT GT-3�
comEUF4801(Bam) 5�-CCC CCC GGA TCC TGG CTA TTG TTT TTG TGA-3� comEU 622
comEUR5346(Xba) 5�-CCC CCC TCT AGA TCA TTA TTT CTC CTT TAA-3�
comEDF5926(Sma) 5�-CCC CCC CCC GGG AGA GAC TTT TTC AGT GCC-3� comED 545
comEDR6587(Bam) 5�-CCC CCC GGA TCC GGT AGT ATA GAA GCA TAG-3�
relA-spoTF3106(Bam) 5�-CCC CCC GGA TCC TTA CAT GGT GAG ATT TA-3� relA-spoTI 640
relA-spoTR3745(Hind) 5�-CCC CCC AAG CTT GTT TTG AGC TTA GCT GT-3�

a Endonuclease recognition sequences are underlined.
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pResEmMCS10 as a probe confirmed the integration of this
plasmid (data not shown). Of these mutants, three genetic loci
were identified following marker rescue and DNA sequencing.
One of the mutants was defective in a homologue of the Ba-
cillus subtilis lytR gene (21% identity) (26). This gene is an
attenuator of the expression of both the lytABC and lytR oper-
ons, which encode the N-acetylmuramoyl-L-alanine amidase
structural gene and modifier. Another class of biofilm-defec-
tive mutants was defective in a yulF homologue, which encodes
a hypothetical protein of B. subtilis whose function is unknown.
Significantly, 25 of the 27 mutants were defective in the comB
gene (identified from the University of Oklahoma S. mutans
UA159 database). All of these mutants were not markedly
attenuated in growth relative to strain GS-5 (Fig. 2).

The contribution of competence genes to S. mutans biofilm
formation. Since one of the mutants altered in biofilm forma-
tion was a comB mutant, we hypothesized that the competence
regulon affects biofilm formation in S. mutans. To test this
hypothesis, we examined the effects of inactivation of the
comA, comC, comD, and comE genes on biofilm formation in
strain GS-5. Biofilm formation by S. mutans GS-5 and the five
mutants defective in each of the com genes was assayed using
CDM–0.5% glucose under anaerobic conditions (Fig. 3).
These results demonstrated that biofilm formation by each of
the mutants was attenuated under these conditions. As dem-
onstrated for the comB mutant, there were no significant dif-
ferences in the growth rates between the wild-type strain and
each of the com mutants (Fig. 3). However, when biofilm
formation in the presence of sucrose was measured, there were
no significant differences between GS-5 and the com mutants
(data not shown).

In addition, to further assess the biofilm phenotype of the
com mutants, we also employed SEM analysis of the biofilms
on polystyrene surfaces. This analysis confirmed that the com
mutants were attenuated in biofilm formation on the polysty-
rene surface compared to GS-5 when relative surface bio-
masses were measured (data not shown). However, the comA,
comB, and comD mutants, as well as GS-5, showed no signif-
icant qualitative differences in their biofilm phenotypes on
polystyrene surfaces (data not shown). By contrast, the comC
mutants formed biofilms that differed from the other strains in
morphology. The comC mutants exclusively formed many dis-
crete small microcolonies, and intertwined chains were ob-
served between the microcolonies. In these biofilms, individual
cells and chains of cells were not detectable within the micro-
colonies (Fig. 4).

In order to confirm that the phenotype of the comC mutant
was indeed the result of the mutation in the comC gene, we
performed a complementation analysis. Biofilm formation of
the mutant was not increased by the addition of low levels of
synthetic CSP (25 to 250 ng/ml). However, 2.5 �g of CSP per
ml restored biofilm formation of the comC mutant strain to
levels equivalent to those of the wild type (data not shown).

Biofilm formation by other S. mutans regulatory gene mu-
tants. The S. mutans regulatory G protein (SGP) has been
recently characterized (47) and was demonstrated to be essen-
tial for cell growth. In order to test the effects of SGP on
biofilm formation, an S. mutans strain defective in SGP expres-
sion (2) was evaluated. This strain expresses sgp antisense
RNA that interferes with the normal processing of the sgp
gene. Biofilm formation relative to growth by the sgp antisense

FIG. 1. Bacterial growth and biofilm formation of S. mutans GS-5
in media with different carbon sources. Bacteria were inoculated in
either CDM, CDM supplemented with glucose (0.5 or 1.0%), CDM-
sucrose (0.5 or 1.0%), or THB. Growth (black bars) and biofilm for-
mation (white bars) were measured under anaerobic conditions. The
data are the averages of three samples, and standard errors are shown.

FIG. 2. Bacterial growth and biofilm formation of S. mutans GS-5
and biofilm-defective mutants. Assays were performed using CDM–
0.5% glucose and polystyrene plates under anaerobic conditions.
Growth (black bars) and biofilm formation (white bars) were mea-
sured. The data are averages of three samples, and error bars are
shown.
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strain in CDM–0.5% glucose was found to be decreased by
approximately 45% from that associated with the wild-type and
control strains (harboring the inserted vector but not express-
ing antisense RNA) (Fig. 5A). This difference was magnified
when biofilm formation was compared in polystyrene plates
with larger surface areas than the 96-well microtiter plates
(Fig. 5B). In addition, the sgp antisense strain exclusively
formed many discrete small microcolonies in SEM analysis.
Within the microcolonies, individual cells and chains of cells
were not detectable. However, pairs, tetrads, and short chains of
several cells are visible around the small microcolonies (Fig. 5C).

The S. mutans dgk gene codes for undecaprenol kinase ac-

tivity (M. Lis and H. K. Kuramitsu, submitted for publication),
which appears to play an important role in the stress responses
of this organism (49). In addition, Dgk is essential for mutacin
II production in S. mutans (9). Therefore, we examined the
potential role of Dgk as a signal transducer in biofilm forma-
tion. Biofilm formation by the dgk null mutant in CDM–0.5%
glucose was found to be decreased approximately 40% com-
pared to that by the wild-type strain (Fig. 6A and B). However,
the dgk mutants, as well as GS-5, showed no significant qual-
itative differences in their biofilm phenotypes on polystyrene
surfaces following evaluation by SEM analysis (data not
shown).

Recent studies have reported that the stringent response
activates the quorum-sensing systems of Pseudomonas aerugi-
nosa independently of cell density (44). We therefore investi-
gated the effects of the inactivation of the relA-spoT gene on
biofilm formation in strain GS-5. However, biofilm formation
by the relA-spoT mutant was equivalent to that of the wild type
in the CDM–0.5% glucose (data not shown). Besides the com
quorum-sensing system, S. mutans also contains a luxS gene
(W. Shi, personal communication), which mediates density-
dependent signaling in a variety of bacteria (3, 8). We there-
fore analyzed biofilm formation by the luxS mutant and ob-
served that this mutant was not attenuated compared to the
wild-type strain in CDM-glucose medium (data not shown).

DISCUSSION

The colonization of tooth surfaces by S. mutans appears to
result from two distinct processes: initial sucrose-independent
attachment and enhancement of attachment by sucrose-depen-
dent mechanisms involving Gtfs (23). The role of sucrose and
Gtfs in S. mutans biofilm formation has been well documented
(6, 21, 24, 48). In addition to Gtfs, several other genes associ-
ated with biofilm formation have been reported in recent in-
vestigations (4, 28, 46). Therefore, in order to examine the
genetic basis for sucrose-independent biofilm formation, we
have isolated and characterized sucrose-independent, biofilm-
defective mutants by an insertional inactivation mutagenesis
strategy. The mutants identified by this strategy can be divided

FIG. 3. Biofilm formation of S. mutans GS-5 and comA, comB,
comC, comD, and comE mutants. Growth (black bars) and biofilm
formation (white bars) were measured using CDM–0.5% glucose and
polystyrene plates under anaerobic conditions. The data are averages
of three samples, and error bars are shown.

FIG. 4. Scanning electron micrographs comparing biofilm formation of S. mutans GS-5 (left) and CC1301 (right) accumulated on polystyrene
tips after 48 h of inoculation. Images were obtained at �1,500 magnification.
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into three groups: (i) those involved in competence, (ii) inser-
tions into genes involved in amidase activity, and (iii) those
with insertions in a gene with an unknown function.

Biofilm formation was assayed by measuring the ability of S.
mutans to attach to the abiotic surfaces. In the process of the
bacterial biofilm formation, bacterial cells migrate over the
solid substrate, sense the surface, and subsequently produce
exopolysaccharide that allows bacteria to accumulate in mul-
tiple layers of the biofilm (11). The biofilm assay that we have
employed recapitulates this process with monoculture bacteria.
Biofilm formation by S. mutans was significant on polystyrene
surfaces; however, other bacteria such as Pseudomonas fluore-

scens WCS365 form weak biofilms on such surfaces (35). This
result is consistent with the biofilm formation by Streptococcus
gordonii Challis (29). Carbon source availability is one of the
important environmental signals that play a role in biofilm
development (8). S. mutans GS-5 biofilm formation was en-
hanced in minimal medium relative to that in nutritionally rich
environments. This result is also consistent with previous re-
sults for S. gordonii Challis biofilm formation (29). These re-
sults further suggest that sessile growth may represent a sur-
vival strategy in a nutritionally limited environment (10, 11).

One of the 27 biofilm-defective mutants contains a plasmid
integrated in the open reading frame which is the homologue

FIG. 5. Biofilm formation of sgp antisense strains. (A) Bacterial growth (black bars) and biofilm formation (white bars) of control and sgp
antisense strains. Assays were performed using CDM–0.5% glucose and polystyrene plates under anaerobic conditions. The data are averages of
three samples, and error bars are shown. (B) Biofilm formation of control strain (left) and sgp antisense strain (right) in CDM supplemented with
0.5% glucose. Biofilm formation was demonstrated using minimal medium supplemented with 0.5% glucose and six-well polystyrene plates under
anaerobic conditions. CV-stained biofilm on polystyrene plate wells is shown. (C) Scanning electron micrographs of control strain (left) and sgp
antisense strain (right) biofilms accumulated on polystyrene tips after 48 h of inoculation. Images were obtained at �3,500 magnification.
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of the B. subtilis lytR gene (http://genolist.pasteur.fr/SubtiList/).
LytR is a 35-kDa protein that acts as an attenuator of the
expression of both lytABC and lytR operons (26). The lytABC
operon encodes a lipoprotein (LytA), a modifier of the ami-
dase (LytB), and an N-acetylmuramoyl-L-alanine amidase
(amidase, LytC/CwlB), one of the two major vegetative-phase
autolysins (25, 26, 42). However, no apparent lytABC homo-
logue was found in the S. mutans UA159 database. Previous
studies reported that the Staphylococcus aureus lytS and lytR
genes, whose products are members of the two-component
regulator family of proteins, are involved in the control of
peptidoglycan hydrolase activity (5, 16). These genes are dis-
tinct from the B. subtilis lytR gene. However, several genes
involved in biofilm-defective mutants of S. gordonii Challis are
associated with peptidoglycan biosynthesis (29). The S. mutans
lytSR homologue was identified in the UA159 database (46).
This suggests that peptidoglycan formation might also specif-
ically affect biofilm formation. Furthermore, one of the mu-
tants is the homologue of B. subtilis yulF, which is a hypothet-
ical gene (http://genolist.pasteur.fr/SubtiList/). It is not clear
yet how these genes are involved in biofilm formation. Further
analysis of these genes might provide additional information
on S. mutans biofilm formation.

Twenty-five of the 27 biofilm-defective mutants isolated in
the screening process contained a plasmid integration within
the comB gene. The comB gene encodes the accessory protein
for the ComA ABC transporter, which is required for secretion
of the CSP. Competence for genetic transformation is regu-
lated by a CSP-mediated quorum-sensing system in a large
group of closely related streptococci (27). Recent studies have
also suggested that cell-to-cell signaling is also required for the
differentiation of individual cells of P. aeruginosa into biofilms
(13). In addition, screening for S. gordonii Challis biofilm-
defective mutants by Tn916 transposon mutagenesis revealed
that one of the genes associated with biofilm formation is

comD, the cognate receptor for CSP (29). Our results demon-
strate that the com genes of S. mutans are involved in biofilm
formation and are consistent with that report.

Null mutants of the comACDE genes were individually con-
structed, and each mutant was also attenuated in sucrose-
independent biofilm formation. A recent study has also re-
ported that the comC, comD, and comE knockout mutants of
S. mutans NG8 exhibited decreased transformation efficiencies
that were approximately 100-fold lower than that of the parent
strain (27). Furthermore, it was observed that higher frequen-
cies of transformation occurred in actively growing biofilms
than in planktonic cells (27). However, sucrose-dependent bio-
film formation of each of the com mutants was very similar to
that of strain GS-5. Therefore, the presence of sucrose and
subsequent glucan synthesis likely compensate for the com-
dependent requirements for biofilm formation. Since plaque
formation, in part, may depend on initial sucrose-independent
attachment followed by glucan formation, the com-dependent
biofilm properties could play a significant role in initial attach-
ment in vivo.

In order to compare the biofilm structures of the com mu-
tants, we performed SEM analysis of strain GS-5 and the S.
mutans biofilms on polystyrene surfaces. Biofilm formation is a
complex developmental process involving attachment and im-
mobilization on a surface, cell-to-cell interactions, microcolony
formation, formation of a confluent biofilm, and development
of a characteristic three-dimensional biofilm structure (33, 45).
In order to monitor the differences in three-dimensional bio-
film structure, we observed the SEM images after 48 h of
inoculation. By direct observation of these strains, we observed
that the biofilm morphology of the comC mutant was quite
distinct from that of other strains. However, it is not clear why
some of the other com mutants displayed biofilm morphologies
distinct from that of the comC mutant. The S. mutans comC,
comD, and comE genes, respectively, encode a CSP precursor,

FIG. 6. Biofilm formation by the dgk mutant. (A) Bacterial growth (black bars) and biofilm formation (white bars) of S. mutans GS-5 and its
dgk mutant TnSp-1. Assays were performed as described in the text. The data are averages of three samples, and error bars are shown. (B) Biofilm
formation of S. mutans GS-5 (left) and TnSp-1 dgk mutant (right) in CDM–0.5% glucose in six-well polystyrene plates under anaerobic conditions.
CV-stained biofilm on polystyrene plate wells is shown.
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its histidine kinase sensor, and an intracellular response regu-
lator (27). The mutation of comC that blocked the generation
of the signal molecules hindered the normal differentiation of
S. mutans biofilms. As an explanation for this phenotype, Li et
al. suggested the existence of a second receptor that also re-
sponds to CSP (28). Complementation of biofilm formation by
the comC mutant with CSP also provides further evidence for
the role of this gene in this process. In the present study, we
initially tested 2.5 ng of CSP/ml for complementation analysis
according to the results of Alloing et al. (1). However, the
amount of biofilm and biofilm morphology were normalized
relative to strain GS-5 only by concentrations of CSP greater
than 2.5 �g/ml. This amount is 1,000 times higher than that
required for the complementation of the Streptococcus pneu-
moniae comC mutant. The reason of this discrepancy is still
unclear and may result from the differences in the physiolog-
ical responses of the two organisms to quorum sensing.

Oral biofilms are especially subject to a number of environ-
mental fluctuations, such as nutrient availability, aerobic-to-
anaerobic transitions, and pH changes (7, 10). Therefore,
studying biofilms in the context of environmental stress is es-
sential to reveal the role of signal transduction systems in
biofilm formation. From this point of view, we also examined
the role of the regulatory G protein SGP in biofilm formation.
Previous studies in this laboratory have indicated that SGP is
required for viability and plays a role in the environmental
stress response of S. mutans (2). To our knowledge, the present
results represent the first report of a possible role for a G
protein in biofilm formation. Previous studies indicated that
sgp antisense RNA expression in S. mutans resulted in hyper-
sensitivity to environmental stress conditions (44°C, pH 5.5,
and high osmolarity) (2). In the present study, biofilm forma-
tion by the SGP-defective strain in CDM–0.5% glucose relative
to that by control strains was somewhat decreased, compared
to the growth rates of these strains. The role of the SGP in
biofilm formation is presently under investigation in this lab-
oratory.

Another gene in S. mutans GS-5 dgk, encoding undecaprenol
kinase activity, was also shown to play a role in responding to
environmental stress (49). Therefore, we examined the role of
Dgk as a possible signal transducer in biofilm formation. Inacti-
vation of the dgk gene also differentially attenuated biofilm for-
mation. Chen et al. recently reported that Dgk also plays a role in
mutacin II production in S. mutans (9). In addition, a correlation
between environmental stress responses and bacteriocin produc-
tion was reported for S. mutans JH1005 (17). These observations
suggest that common mechanisms modulate several different
stress-regulated responses in S. mutans, including biofilm devel-
opment and bacteriocin production.

In the view of the present results, we speculated that the
stringent response and luxS-mediated quorum sensing also
might be involved in biofilm formation. However, both the
relA-spoT and luxS global regulatory genes do not appear to
play a role in sucrose-independent biofilm formation. Mutants
of each of these genes formed biofilms, as did wild-type GS-5
in the present assay system.

Several genes involved in biofilm formation have been iden-
tified in a variety of organisms (4, 28, 29, 34, 39, 46). In the
present study, we have identified several genes associated with
biofilm formation. However, little is known regarding the mo-

lecular mechanisms necessary to transduce environmental sig-
nals that trigger biofilm development. The present study has
identified several regulatory genes, dgk, sgp, and the com
genes, which may play significant roles in communicating these
signals in S. mutans. How these environmental signals are
sensed and transduced by biofilm-forming bacteria and what
are the molecular mechanisms utilized to initiate the develop-
ment of a biofilm in response to these cues are crucial ques-
tions that still remain unanswered.
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