












h21 was much more rapid than that of biofilms grown at a D of
0.1 h21. At a D of 0.5 h21, the numbers of cells on the surfaces
reached 8.6 6 2.3 3 106 CFU/cm2 after only 8 h of accumu-
lation, and the sequence of the accumulation phases was less
apparent.

High efficiency of genetic transformation in S. mutansbio-
films. All the strains examined in this study were transformable
with either plasmid or chromosomal DNA when they were
grown in both biofilms and suspended fluid cultures. Strains
UA159, NG8, GB14, and LT11 showed the highest transfor-

mation frequencies, whereas strain JH1005 gave the lowest
frequency of transformation (Fig. 3 and 6). Remarkably, the
transformation frequencies of biofilm-grown cells of all the
strains were about 10- to 600-fold higher than those of the
planktonic cells when DNA harboring S. mutans homologous
sequence was used for the transformation. Similar increases in
transformation frequency were observed in S. mutans biofilms
when a replicative plasmid (pDL289) carrying no homologous
DNA was used as the donor DNA (data not shown). However,
the transformation efficiency with the replicative plasmid was

FIG. 5. Scanning electron micrographs of biofilms accumulated on polystyrene microtiter wells at various times.

FIG. 6. Natural transformation with heat-killed biofilms of strain YD025 (strain UA159 harboring chromosomally integrated pVA-GTFA;
Emr) as a source of donor DNA (lysate). Extracted chromosomal DNA (10 mg/ml) from the same strain was used as a control. Results are
expressed as the mean 1 standard deviation of three independent experiments.
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about 1 to 2 log units lower than that with homologous donor
DNA in both biofilm and planktonic cells. S. mutans cells
growing in biofilms were evidently able to incorporate foreign
DNA much more efficiently than their free-living counterparts
in fluid cultures. To verify the incorporation of plasmid pVA-
GTFA DNA in transformants, plates were randomly selected
for colony hybridization and probed with pVA891, the parent
plasmid of pVA-GTFA. The probe hybridized with lysed col-
onies on the transformant-selective plates and revealed a
strong signal, but it did not hybridize to colonies on plates
containing untransformed parent cells, confirming the integra-
tion of the vector in erythromycin-resistant colonies (data not
shown).

Similar frequencies of transformation of biofilms were also
observed when they were incubated in THYE medium without
horse serum, indicating that this component was not required
when cells were grown in biofilms (data not shown).

Transformation with heat-killed biofilm cells as a source of
donor DNA. In natural ecosystems, exogenous transforming
DNA for bacteria most likely originates from incompletely
degraded DNA fragments released from dead cells in their
immediate surroundings (30). We hypothesized that a high-
cell-density biofilm community with bacterial species showing
high genetic similarity would probably provide an environment
conducive to acquiring exogenous DNA. To test this hypoth-
esis, we established biofilms of strain YD025 harboring a chro-
mosomally encoded erythromycin resistance marker, killed the
organisms by heat, and initiated transformation by regrowing
biofilms on the plates containing the dead biofilms. Transfor-
mation efficiency in both biofilm and planktonic cells exposed
to the dead cells was assayed after 6 h of incubation (1:4 ratio
of mid-log-phase cells to fresh slides containing the dead bio-
films in THYE-HS). Biofilm cells of all strains used in this
study were transformable on the dead-cell-coated plates (Fig.
6).

Effects of dilution rates, growth pH, and biofilm age on
competence development. Competence development in strep-
tococci is a transient physiologic event that is highly dependent
on growth phase and cell density (21). The determination of
optimal conditions for induction of competence in batch cul-
tures is usually difficult. Consequently, a chemostat-based con-
tinuous-flow fermentor was used in this study to provide an
advantage in defining and optimizing the conditions for com-
petence development in S. mutans. The dilution rate, culture
pH, and biofilm age all influenced the competence develop-
ment of S. mutans growing in biofilms. Development of genetic
competence was generally associated with actively growing
cells or with cells during their active accumulation phase (4 to
20 h). For example, UA159 cells grown at a high dilution rate
(D 5 0.5 h21) exhibited a much higher transformation effi-
ciency than cells grown at a low dilution rate (D 5 0.1 h21),
although biofilm cells grown under both conditions could be-
come competent (Fig. 7). The highest frequency of natural
transformation was observed with biofilms accumulated on
surfaces for less than 20 h at a D of 0.5 h21 at pH 7.0 to 8.0
(data not shown). It is notable that a high rate of transforma-
tion efficiency was also observed in planktonic-phase cells
grown at the high dilution rate (D 5 0.5 h21) (Fig. 7). This
probably resulted from the increased density of planktonic
cells with the higher rate of medium turnover or possibly from

the release of cells from the biofilms, which typically shed cells
at a higher rate under these conditions. The transformation
efficiency of biofilm cells grown at a constant pH of 6.0 was
significantly decreased (data not shown). Moreover, no trans-
formation was detected in the planktonic cells at pH 6.0. (data
not shown). These results seemed to indicate that low pH
impaired the competence induction of S. mutans.

To determine if competence development was a common
event in biofilms, we initiated a time course experiment to
assay the natural transformation of S. mutans biofilm cells
grown in a continuous culture. The data showed that higher
frequencies of genetic transformation were usually observed in
biofilms during their active accumulation phase (8 to 24 h)
(Fig. 8). When biofilms that had accumulated on surfaces for
40 h or longer were assayed for transformability, they had
decreased transformation efficiency, even when the cells were
grown at a D of 0.5 h21 (Fig. 8 and data not shown). Moreover,
no transformation at all was detected in 5-day biofilms (data
not shown).

FIG. 7. Effect of dilution rate on competence development of S.
mutans UA159 grown in continuous cultures. Twenty-hour biofilms
were assayed for transformation with pVA-GTFA as the donor DNA
(1 mg/ml). Plank., planktonic.

FIG. 8. Time course experiment of natural transformation of S.
mutans UA159 grown at a D of 0.5 h21, pVA-GTFA was used as the
donor DNA (1 mg/ml). Plank., planktonic.
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DISCUSSION

The implications of horizontal gene transfer for bacterial
evolution and adaptation are far-reaching. The rapid emer-
gence and spread of antibiotic resistance is probably the most
commonly recognized manifestation of this process. The mech-
anisms operating in bacteria that permit the uptake and incor-
poration of foreign DNA include transformation, conjugation,
and transduction. Although a great deal of work has provided
insight into the molecular mechanisms that are involved in
these processes, little is known about the functions of these
systems in natural environments.

Since biofilms are more representative of bacterial growth in
natural environments and S. mutans is an organism that relies
on adherence to hard, nonshedding surfaces (teeth) to colo-
nize, we set forth to investigate the ability of this bacterium to
transport and integrate exogenous DNA when living in its
biofilm state. We were fortunate to have the partially com-
pleted S. mutans database to search for and identify compe-
tence genes homologous to those recently described in other
streptococci, with the best example coming from S. pneu-
moniae (18). The genetic competence mechanisms in S. pneu-
moniae are among the best-described cell-cell signaling sys-
tems in gram-positive bacteria. In streptococci, competence
develops in the early to mid-exponential growth phase, with a
wide variation in the optimal conditions for different species
and strains. Details of genetic competence have been fairly
well characterized for S. pneumoniae (20, 21) and S. gordonii
(formerly some strains of Streptococcus sanguis) (32, 33, 34).
Competence in these and several other streptococci involves
the production, export, and subsequent uptake by neighboring
cells of a small peptide signal molecule known as CSP in S.
pneumoniae and competence factor (CF) in S. gordonii (26). S.
pneumoniae CSP was found to be a 17-residue peptide derived
from a 41-residue peptide precursor that is cleaved during
export via the ComA transporter (18). In S. gordonii, the CSP-
related CF had recently been characterized as a 19-amino-acid
peptide, which is processed from a 50-residue prepeptide con-
taining a 31-amino-acid double-glycine-type leader sequence
encoded by comX (33). When taken up by the cell, CF or CSP
initiates transcription of a cascade of competence-specific
genes encoding at least 14 different proteins (40). The genes
are generally grouped into early competence genes that encode
proteins involved in cell-cell signaling and middle to late com-
petence genes that encode proteins involved in DNA uptake
and processing (21).

After examination of the S. mutans locus encompassing the
comCDE genes, we found that the orientation of the genes in
this region was clearly different from those described in other
streptococci (20). In S. pneumoniae, S. mitis, S. oralis, S. gor-
donii, S. sanguis, and Streptococcus crista, as well as four or-
ganisms from the anginosus group, Streptococcus anginosus,
Streptococcus intermedius, Streptoccus constellatus, and Strepto-
coccus milleri, the comCDE genes are arranged in an operon
flanked by the genes encoding the tRNA for arginine (targ) and
glutamate (tglu). The S. mutans comCDE region was not de-
tected when PCR primers based on the tRNA sequences were
used to screen for the com locus (20), since they are not
flanked by these sequences. In S. mutans, the comC gene is also
encoded divergently on the strand complementary to the

comDE genes, and there were also promoterlike sequences
observed 59 proximal to both the comC and comE genes, again
a dissimilarity to the operonlike structures previously de-
scribed. The nearest ORF located 59 proximal to the comC
gene was 497 bp away and had homology to the blpO gene
encoding a hypothetical bacteriocin-like protein from S. pneu-
moniae (14). An ORF having homology to the dedA gene from
E. coli (unknown function) was identified 497 bp 59 proximal to
the S. mutans comE gene (42).

We were able to demonstrate that the S. mutans comCDE
homologs functioned in competence, since inactivation of the
individual genes resulted in a competence-deficient phenotype
and addition of the SCSP was able to restore transformability
to the comC mutant SMCC1. These data provided strong ev-
idence that the locus functions in the process of genetic com-
petence. The addition of SCSP enhanced the transformation
frequency by several orders of magnitude, even in wild-type
cells, allowing us to exploit this property in the construction of
mutants. Interestingly the comE mutant of S. mutans had a
fairly high residual level of transformation (Table 4) compared
with the comE mutants of S. pneumoniae, which had no de-
tectable transformation (7, 47).

The sequence of the ComC peptide precursor revealed the
characteristic Gly-Gly in the leader sequence typical of CSPs
(18). We were able to deduce the sequence of the active pep-
tide and to demonstrate its function in wild-type, chemically
mutagenized (JH1005) and defined (SMCC1) comC mutant
strains. Comparison of the sequences of six different S. mutans
comC genes revealed little significant difference, with the ex-
ception of strain JH1005, which had a nonsense mutation re-
sulting in a predicted peptide devoid of the three carboxyl-
terminal residues. This strain was chemically mutagenized to
increase bacteriocin production (22). This mutation probably
explains the low frequency of transformation of strain JH1005
compared to the other strains examined (Fig. 2). Interestingly,
strain JH1005 was transformed at rates similar to those of
other wild-type cells when grown on dead cells as a source of
transforming DNA (Fig. 6). One explanation for this observa-
tion is that JH1005 cells may have been activated by the intact
peptide that was possibly associated with the dead biofilm.

S. pneumoniae is known to have many different pherotypes,
or strains that produce a strain-specific peptide to facilitate
communication linearly along clonal boundaries (20, 48). The
conserved peptide sequence observed in S. mutans suggests
that S. mutans species may not have different pherotypes, or
strains that produce and recognize a CSP distinct from those of
strains outside their pherotype. Although the CSP seems to be
largely invariant in S. mutans, an examination of more strains
will be necessary to confirm that only one active form of CSP
exists within the species.

Since biofilms formed by gram-negative bacteria were pre-
viously observed to provide an optimal environment for quo-
rum-sensing mechanisms to function in (12, 38), it seemed
likely that a similar situation would occur with gram-positive
biofilm-forming bacteria. S. mutans proved to be an excellent
model organism to demonstrate the enhanced activity of a
quorum-sensing system in a gram-positive bacterium. A novel,
major finding of this study is that S. mutans cells growing in
biofilms are able to incorporate foreign DNA much more ef-
ficiently than their free-living counterparts. Under the defined
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growth conditions, natural transformation of S. mutans could
be readily assayed in biofilm populations, with transformation
frequencies of biofilm-grown cells 10- to 600-fold higher than
those of planktonic cells. To our knowledge, this report is the
first to provide direct evidence that biofilm-grown bacteria of
any species can be efficiently induced to become genetically
competent for transformation. The evidence from this study
suggests that the biofilm environments provide optimal condi-
tions for quorum-sensing systems, as found with the induction
of genetic competence, for bacteria that preferentially main-
tain a biofilm lifestyle in their natural ecosystem. Although we
made no attempt to estimate the natural transformability of S.
mutans strains in dental biofilms in vivo, our data strongly
suggest that the transformability of S. mutans isolates previ-
ously determined in liquid culture might be underestimated
(43, 45, 46). It seems that many “difficult or nontransformable”
S. mutans strains may in fact be capable of natural transfor-
mation when grown as biofilms.

Based on our observation that a higher frequency of natural
transformation occurred in actively growing biofilms than in
planktonic cells, we conclude that the cell-cell signaling system
controlling competence development in S. mutans is mediated
by a cell density-dependent quorum-sensing mechanism that
functions at optimal levels during the active accumulation
phase of biofilms. The scanning electron micrographs corre-
sponding to the times of optimal transformation clearly
showed that the cells were living in microcolonies. In the 24-
h-old mature biofilms, thick cell aggregates obviously provided
an environment conducive to the secretion and detection of
the natural signal peptide molecule capable of initiating the
cascade needed for competence development. In the early
growth phase preceding development of these microcolony
structures (,6 h), the bacteria appeared as individual cells and
chains from which a secreted molecule could easily diffuse into
the external environment without contacting neighboring cells.
In the older biofilms (40 h), the lower transformation fre-
quency was possibly the result of a diffusion barrier caused by
extracellular matrix (obviously visible in the electron micro-
graphs) or by cells that were less metabolically active or dead.
Since S. mutans is known to form extracellular polysaccharides
from sucrose and not glucose, we suspect that the polymer may
result from traces of sucrose available in the rich medium or
from polysaccharide, possibly glycogen, released from cells by
a yet-uncharacterized mechanism.

In addition to the genetic evidence presented, we conducted
a careful quantitative and microscopic evaluation of S. mutans
biofilm formation and transformability under steady-state cul-
ture conditions. Biofilm growth was characterized by an active
accumulation phase following initial adherence to surfaces
(Fig. 4). During the active accumulation phase, the number of
biofilm cells increased logarithmically at either a low or high
dilution rate. The logarithmic increase in cell numbers on the
surfaces during this phase could be attributed to the growth of
biofilm cells, since adherence alone did not result in a loga-
rithmic increase in cell numbers on surfaces (27). A similar cell
density-dependent multiplication during biofilm formation in
S. gordonii was previously demonstrated by Liljemark et al.
(28), who observed DNA synthesis using a [methyl-3 H]thymi-
dine incorporation method. These authors found that the den-
sity-dependent cell division phase of biofilm formation in vivo

contributed 90% of the biomass in the first 24 h of dental
plaque biofilm growth.

The utility of polystyrene plates as a substratum for biofilm
growth provided investigators a rapid and convenient method
to grow and quantify biofilms and to screen for mutant strains
defective in biofilm formation genes (29, 44). However, the use
of microtiter plates is limited when applied to define the con-
ditions required for the induction of genetic competence, a
transient physiologic event usually occurring in the early to
mid-log growth phase. The induction of genetic competence
requires a wide variety of conditions for different species and
strains (20, 21). In addition, this method seems to be biased
towards the initial events of biofilm formation, which may not
allow the identification of defects in late biofilm formation or
of transient gene expression as part of the dynamic process of
biofilm development (29). In contrast, a chemostat-based con-
tinuous-flow system allows researchers to observe physiologic
activities of a bacterial population under constant growth con-
ditions (16). By adjusting a single environmental or growth
parameter, it is possible to define optimal conditions required
for a certain function. Using these systems, we have deter-
mined that growth rate, culture pH, and biofilm age are im-
portant factors that influence the competence development of
S. mutans growing in biofilms. In addition, the continuous-flow
biofilm fermentor allowed us to generate reproducible quan-
titative data to compare differences between the physiologic
properties of planktonic cells and biofilms of various ages.

Horizontal gene transfer by genetic transformation among
bacteria has been confirmed in many natural ecosystems (30).
Dental plaque is a complex biofilm community that harbors the
most diverse resident microflora associated with humans (37).
Bacteria in dental biofilms, including S. mutans, are frequently
exposed to various stresses, such as extreme nutrient shortage
or excess, low pH, high osmolarity, oxidation, and frequent
consumption of antimicrobial agents by the host (2, 36). Ad-
aptation to an environmental stress by genetic transformation
was believed to be a very infrequent event. However, even a
very infrequent event can be highly significant if the transform-
ing DNA, such as an antibiotic resistance gene or a virulence
factor, provides a selective advantage to the recipient cells. In
the oral cavity, free DNA may be constantly available either
from dead cells of the resident organisms, from incoming bac-
teria, or from foods or any other objects introduced into the
mouth. Recent evidence also demonstrates that free DNA can
survive for a significant length of time in the presence of
human saliva (39). Since we demonstrated that dead cells can
serve as a good source of transforming DNA in vitro, it is
possible that S. mutans and other transformable streptococci
living in dental plaque can acquire foreign DNA and hence
new phenotypes from neighboring dead cells in the biofilm.

This study demonstrates that S. mutans uses a peptide pher-
omone quorum-sensing signal transduction system to stimulate
the uptake and incorporation of foreign DNA. The signal
peptide can be chemically synthesized and added to cultures to
stimulate transformation. We have demonstrated that S. mu-
tans is hypertransformable when grown in biofilms in vitro,
suggesting that the plaque environment may provide optimal
conditions for the function of this quorum-sensing system. We
also demonstrated that living cells are able to acquire chromo-
somal DNA from dead cells of the same species. The concept
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that dental plaque may provide streptococci with a vast reser-
voir of genetic information which can be readily incorporated
outside of their species boundaries has serious implications
when considering the potential for the transfer of antibiotic
resistance to pathogens that may transiently reside in dental
plaque. Future work will focus on the ability of these commen-
sal oral streptococci to act as donors of DNA to pathogenic
streptococci.
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