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The development of competence by the dental caries pathogen Streptococcus mutans is mediated primarily through the alterna-
tive sigma factor ComX (SigX), which is under the control of multiple regulatory systems and activates the expression of genes
involved in DNA uptake and recombination. Here we report that the induction of competence and competence gene expression
by XIP (sigX-inducing peptide) and CSP (competence-stimulating peptide) is dependent on the growth phase and that environ-
mental pH has a potent effect on the responses to XIP. A dramatic decline in comX and comS expression was observed in mid-
and late-exponential-phase cells. XIP-mediated competence development and responses to XIP were optimal around a neutral
pH, although mid-exponential-phase cells remained refractory to XIP treatment, and acidified late-exponential-phase cultures
were resistant to killing by high concentrations of XIP. Changes in the expression of the genes for the oligopeptide permease
(opp), which appears to be responsible for the internalization of XIP, could not entirely account for the behaviors observed. In-
terestingly, comS and comX expression was highly induced in response to endogenously overproduced XIP or ComS in mid-ex-
ponential-phase cells. In contrast to the effects of pH on XIP, competence induction and responses to CSP in complex medium
were not affected by pH, although a decreased response to CSP in cells that had exited early-exponential phase was observed.
Collectively, these results indicate that competence development may be highly sensitive to microenvironments within oral bio-
films and that XIP and CSP signaling in biofilms could be spatially and temporally heterogeneous.

The ability of bacteria to internalize exogenous DNA and to
assimilate DNA fragments into their gene repertoires has likely

contributed to their persistence and to evolutionary changes via
horizontal gene transfer (1, 2). The Gram-positive bacteria Bacil-
lus subtilis and Streptococcus pneumoniae have served as model
organisms for the study of genetic transformation, which involves
coordinately regulated expression of a conserved set of genes en-
coding DNA uptake and recombination machinery. Competence
development in most transformable bacteria occurs only under
certain growth conditions and when particular signals, both en-
dogenous and environmental, are present in appropriate concen-
trations (3). However, the mechanisms that coordinate the ex-
pression of the competence cascade and the conditions that favor
optimal competence development in most bacteria are still not
completely understood. In many streptococci, peptides serve as
the primary signals for the induction of competence gene expres-
sion by activating the expression of the gene for the alternative
sigma factor ComX (sometimes called SigX), which guides RNA
polymerase to a group of late competence genes that encode the
proteins for DNA binding, import, and recombination (4–9). Rel-
ative to these highly conserved late com genes, the early com genes
involved in signal perception and activation of comX are more
diverse among various species of bacteria (3, 10).

Competence for genetic transformation in Streptococcus mu-
tans, an opportunistic pathogen associated with human dental
caries (11), was originally reported to develop transiently at low
cell densities when the organism was cultured in a rich medium
with heat-inactivated horse serum (HS) (12–14). Because a variety
of studies have linked competence with known virulence traits of
this organism (29), including biofilm formation and acid toler-
ance, further studies have been directed at understanding how
competence is regulated in this organism. It is now clear that S.
mutans displays some significant differences in the regulation of

early competence signaling from B. subtilis and the pneumococ-
cus. Several regulatory systems, including the serine protease
HtrA, the HdrRM and BsrRM regulatory systems, the two-com-
ponent systems (TCSs) CiaHR and ComDE, and the more re-
cently identified ComRS regulatory circuit, regulate early com
genes in S. mutans (15–20). The role of the quorum-sensing two-
component system ComDE in competence development has been
recognized for more than a decade, and this is the most intensively
studied of the competence regulatory systems in S. mutans. CSP
(competence-stimulating peptide) is encoded by comC as a 46-
amino-acid (aa) cationic peptide that is processed and exported by
the ComAB secretion apparatus as a 21-aa peptide, which serves as
the signal peptide for the ComDE TCS. The 21-aa extracellular
peptide can be further processed by a membrane-associated pro-
tease, SepM, to generate an 18-aa peptide that is apparently more
active than the 21-mer (21). CSP is believed to be bound by the
histidine kinase receptor ComD, which in turn activates its cog-
nate response regulator ComE through phosphoryl transfer. Mi-
croarray-based expression profiling showed that the activation of
ComE enhanced the expression of 37 genes, including comAB,
comC, comDE, and comX (8), although genes encoding a diverse
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repertoire of bacteriocins were targets for direct activation by
ComE.

Two recent findings significantly advanced the understanding
of comX regulation and competence development in streptococci.
One is the finding that the activation of comX expression in S.
mutans relies on a novel signal peptide-mediated regulatory cir-
cuit called ComRS (20). The comS gene encodes a 17-aa propep-
tide that is secreted and appears in the supernatant fluid as the
active sigX-inducing peptide (XIP), consisting of the seven C-ter-
minal residues of ComS (ComS11-17) (20). XIP is imported via the
Opp oligopeptide permease system back into the cells (22), where
it is bound by the cytoplasmic Rgg-type transcriptional regulator
ComR (20). The ComRS complex can directly activate the tran-
scription of comX and comS, constituting a positive-feedback loop
(20). Competence in S. mutans is almost completely abolished in
comR, comS, or oppD deletion mutants, and the transformability
of a comR mutant cannot be restored by the addition of CSP (20).
Thus, the current model predicts that ComRS directly activates
the transcription of comX, whereas CSP and ComDE may act in-
directly to enhance comX expression and transformation effi-
ciency. It has also been proposed that at least some of the regula-
tors that influence transformation efficiency in S. mutans, such as
HtrA, HdrRM, BsrRM, CiaHR, and ComDE, exert their effects on
competence via the ComRS system through as yet undefined
mechanisms (20). It is also not well understood how the ComRS
and ComDE systems overlap to regulate competence gene expres-
sion or how the addition of XIP or CSP at high concentrations
induces growth inhibition or cell death (23, 24). Also of note, it
was shown recently that the ability of the ComRS system to acti-
vate comX can be affected by a third peptide that influences com-
petence through the TCS ScnRK (25).

The other key finding that has shed light on competence devel-
opment in S. mutans is that the composition of the growth me-
dium determines which extracellular signal peptide (CSP or XIP)
affects comX induction in S. mutans (20, 26, 27) and whether the
response is unimodal (shared throughout the population) or bi-
modal (limited to a subpopulation of cells) (27). In peptide-rich
media, exogenous CSP induces comX in a subpopulation of cells,
but peptide constituents in complex media interfere with the re-
sponse to exogenously supplied XIP, apparently due to competi-
tion for transport by the Opp oligopeptide permease. In contrast,
XIP signaling is highly efficient in peptide-free, chemically defined
media, and exogenous XIP activates comX in the entire popula-
tion. Notably, neither CSP-dependent activation of competence
genes nor CSP-dependent transformation has been observed in
any defined medium tested to date (27).

In the oral cavity, S. mutans and other commensal bacteria are
often subjected to rapid and substantial environmental fluctua-
tions, particularly in pH and in the source and availability of car-
bohydrates. Usually, the pH in the mouth is around neutrality,
which is thought to be favorable for the growth of the majority of
oral microorganisms (28). However, after the intake of heavily
sweetened foodstuffs, carbohydrate levels can rapidly increase
�1,000-fold over those present during fasting periods. A variety of
organisms, including S. mutans, metabolize carbohydrates rap-
idly, resulting in the accumulation of acidic end products and a
dramatic reduction in pH to values of 4 and below. The availability
of carbohydrates also has a profound influence on the growth of
oral streptococci such as S. mutans, since they are almost entirely
dependent on glycolysis for ATP generation. Importantly, it is

known that these changes in pH and carbohydrate concentration
profoundly impact supragingival biofilm ecology and the devel-
opment of dental caries (29, 30). Given the intimate linkages be-
tween competence and the phenotypic properties associated with
the virulence of S. mutans, we investigated competence develop-
ment in response to XIP and CSP in the context of the growth
phase and certain environmental conditions in order to begin to
understand how fluctuating conditions in the biofilms in the oral
cavity may affect the behavior of a primary caries pathogen.

MATERIALS AND METHODS
Bacterial strains, growth conditions, and reagents. Escherichia coli
DH10B was grown in Luria broth (31). S. mutans UA159 and its deriva-
tives were grown in brain heart infusion (BHI) broth (Difco). For the
selection of antibiotic-resistant colonies after genetic transformation,
erythromycin (300 �g ml�1 for E. coli or 10 �g ml�1 for S. mutans),
kanamycin (50 �g ml�1 for E. coli or 1 mg ml�1 for S. mutans), or spec-
tinomycin (50 �g ml�1 for E. coli or 1 mg ml�1 for S. mutans) was added
to the medium when needed. To measure cell growth in the chemically
defined medium FMC (32), overnight cultures were diluted 1:20 into
fresh medium, and growth was monitored using a Bioscreen C growth
monitor (Oy Growth Curves, Helsinki, Finland) at 37°C. Sterile mineral
oil (50 �l per well) was placed on top of the cultures to minimize the
growth-inhibitory effects of oxygen (33, 34), and the optical density at 600
nm (OD600) was measured every 30 min for 48 h, with shaking for 15 s
before each reading. Synthetic XIP (sXIP) (amino acid sequence, GLDW
WSL), corresponding to residues 11 to 17 of ComS, was synthesized and
purified to 96% homogeneity by NeoBioScience (Cambridge, MA). The
lyophilized sXIP was reconstituted with 99.7% dimethyl sulfoxide
(DMSO) to a final concentration of 2 mM and was stored in 40-�l aliquots
at �20°C.

Construction of mutant strains and reporter gene fusions. Standard
DNA manipulation techniques were used to engineer plasmids and strains
(18, 35). All the strains and plasmids used in this study are listed in Table
1. The comS-deficient strain of S. mutans, SAB310, was created using a
PCR ligation mutagenesis approach (36) to replace nearly all of the open
reading frame (ORF) with a nonpolar erythromycin marker (NPEm)
(27). For endogenous overproduction of ComS or of a version of XIP to
which an N-terminal methionine initiation codon had been added (des-
ignated mXIP), the coding sequences were engineered to be expressed
from a strong promoter in the shuttle expression plasmid pIB184 (37)
(kindly provided by I. Biswas, University of Kansas Medical Center) and
introduced into S. mutans UA159 to create strain SJ436 or SJ452, respec-
tively. S. mutans UA159 harboring an empty pIB184 plasmid was used as
a control (SJ422). The gene encoding mXIP was amplified from a strain
lacking aa 2 to 10 of ComS (S. mutans SAB322) that had been engineered
by mutagenesis using overlap extension PCR (38). PcomS-lacZ and PoppA-
lacZ reporter gene fusions were constructed by double-crossover homol-
ogous recombination, as described previously for the PcomX-lacZ strain
(27), and a PcomS-lacZ fusion was transformed into S. mutans to create
strain SQ01. The constructs were also transformed into S. mutans SJ436,
SJ452, and SJ422 to create reporter strains in ComS- or mXIP-overpro-
ducing genetic backgrounds or the wild-type genetic background, respec-
tively. All engineered strains were verified by PCR and DNA sequencing.

�-Galactosidase assays. Cells from overnight cultures were collected
by centrifugation and were resuspended in an equal volume of fresh me-
dium to remove any residual XIP or CSP that may have accumulated in
the supernatants. LacZ assays were performed with cells growing in FMC
or BHI medium in early-, mid-, or late-exponential phase (OD600, 0.2, 0.4,
or 0.8, respectively), as well as with different combinations of cells and
culture supernatants from these different growth phases. Prior to LacZ
assays, cultures were incubated for 1 h in the absence or presence of 2 �M
sXIP or 0.32 �M synthetic CSP (sCSP). Cultures were centrifuged to
separate cells (pellets) from supernatants, and the supernatant fluids were
subsequently filtered through a 0.22-�m-pore-size filter. �-Galactosidase

Guo et al.

228 jb.asm.org Journal of Bacteriology

http://jb.asm.org


activity was measured by using a modification of the Miller protocol (39).
Briefly, cells were harvested by centrifugation, washed once with Z buffer
(Na-phosphate buffer [pH 7.0], 10 mM KCl, 1 mM MgSO4, 5 mM �-mer-
captoethanol), and resuspended in 1.3 ml Z buffer. Then 400 �l of the
sample was vortexed with 20 �l of a toluene-acetone mix (1:9) for 2 min
and was kept at 37°C. The rest of the suspension was used to determine the
OD600. The LacZ reaction was initiated by the addition of 80 �l of ONPG
(o-nitrophenyl-�-D-galactopyranoside) solution (4 mg/ml) and was ter-
minated by the addition of 400 �l of 1 M Na2CO3. Samples were centri-
fuged at 15,250 � g for 1 min using a tabletop centrifuge, and the OD of
the supernatant fluid was measured at 420 and 550 nm. Activity was ex-
pressed in Miller units (39).

Transformation assays. S. mutans was grown overnight and was then
diluted 1:40 in 200 �l of FMC medium at 37°C under a 5% CO2 aerobic
atmosphere. When the cell cultures reached OD600 values of 0.2, 0.4, or
0.8, sXIP was added to a final concentration of 2 �M. Cultures were then
incubated for 10 min at 37°C before the addition of 0.5 �g of purified
plasmid pDL278 (18), which harbors a spectinomycin resistance (Spr)
gene. After 2.5 h of incubation at 37°C, appropriate dilutions of cells were
plated onto BHI agar plates with or without 1 mg ml�1 spectinomycin.
CFU were enumerated after 48 h of incubation at 37°C under a 5% CO2

aerobic atmosphere. The transformation efficiency was calculated by
dividing the number of transformants by the total number of viable
bacteria.

RESULTS
The growth phase influences XIP signaling in FMC. Spontane-
ous competence development in S. mutans occurs transiently at
low cell densities in exponential phase (12–14, 40). To begin to
understand how the organism responded to exogenously added
XIP in different growth phases, a PcomX-lacZ reporter strain (27)
was grown to optical densities corresponding to the early-, mid-,
or late-exponential-growth phase (OD600, 0.2, 0.4, or 0.8, respec-
tively) in FMC, and 2 �M synthetic XIP (sXIP) was then added.
After 1 h, LacZ assays were performed to monitor comX promoter
activity. Figure 1A demonstrates that comX induction by sXIP was
highest in early-exponential phase and then decreased 7-fold or
23-fold as cells entered the mid- or late-exponential growth phase,
respectively. The same pattern was observed for a PcomS-lacZ re-
porter strain (see Fig. S1 in the supplemental material). The de-

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) Source or reference

Strains
E. coli DH10B F� mcrA �(mrr-hsdRMS-

mcrBC) �80lacZ�M15
�lacX74 recA1 endA1
araD139 �(ara-leu)7697
galU galK rpsL nupG 	�

Gibco-BRL

S. mutans strains
UA159 S. mutans wild-type reference

strain
Lab stock

SAB310 �comS::NPEmr This study
SAB322 �comSaa2–10 This study
SJ422 UA159::pIB184; Emr This study
SJ436 UA159 carrying plasmid

pIB184::ComS; Emr

This study

SJ452 UA159 carrying plasmid
pIB184::mXIP; Emr

This study

SAB358 UA159::PcomX-lacZ; Kmr 27
SQ01 UA159::PcomS-lacZ; Kmr This study
SQ13 SJ422:: PcomS-lacZ; Emr Kmr This study
SQ14 SJ422:: PcomX-lacZ; Emr Kmr This study
SQ15 SJ452:: PcomS-lacZ; Emr Kmr This study
SQ16 SJ452:: PcomX-lacZ; Emr Kmr This study
SQ17 SJ436:: PcomS-lacZ; Emr Kmr This study
SQ18 SJ436:: PcomX-lacZ; Emr Kmr This study
SQ22 SJ422:: PoppA-lacZ; Emr Kmr This study
SQ23 SJ452:: PoppA-lacZ; Emr Kmr This study
SQ24 SJ436:: PoppA-lacZ; Emr Kmr This study

Plasmids
pIB184 E. coli-Streptococcus shuttle

vector with the constitutive
P23 promoter; Emr

I. Biswas, University
of Kansas
Medical Center

pMZ LacZ fusion integration vector
based on pMC195 and
pMC340B; Kmr

52

pDL278 E. coli-Streptococcus shuttle
vector; Spr

18

FIG 1 Competence gene expression and transformation efficiency in response to exogenously added sXIP as a function of growth phase. (A) LacZ activity
measured from a reporter fusion with the comX promoter. The PcomX-lacZ strain was grown to an OD600 of 0.2 (early-exponential phase), 0.4 (mid-exponential
phase), or 0.8 (late-exponential phase) in FMC medium and was then incubated with 1% DMSO (to match the concentration of the solvent for XIP) or 2 �M sXIP
for 1 h. Then LacZ assays were performed. (B) Transformation efficiency of UA159 as a function of growth phase. A plasmid (pDL278) was added to growing
cultures in FMC medium at OD600 values of 0.2, 0.4, and 0.8 after the addition of 2 �M sXIP, as described in Materials and Methods. After 2.5 h, cultures were
plated onto BHI agar plates, and CFU were enumerated after 48 h of incubation at 37°C under a 5% CO2 aerobic atmosphere. Transformation efficiency was
calculated by dividing the number of transformants by the total number of viable bacteria. Data are means 
 standard deviations (error bars) for three biological
replicates conducted in triplicate. Statistical analyses were performed using Student’s t test. *, P � 0.05; **, P � 0.01.
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creases in the expression of comX or comS correlated well with the
decreases in transformation efficiency (Fig. 1B).

The response to XIP could also be influenced by supernatants
obtained from cultures in different growth phases. Figure 2A
shows that supernatants derived from cultures at an OD600 of 0.4
or 0.8 were capable of suppressing the induction of comX by XIP in
early-exponential-phase cells. In contrast, resuspension of late-
exponential-phase cells in culture supernatants of early-exponen-
tial-phase cells or in fresh FMC medium restored the induction of
comX by XIP (Fig. 2B). Intriguingly, though, supernatants from
early-exponential-phase cells or fresh FMC medium could not
restore responsiveness to XIP in mid-exponential-phase cells (Fig.
2B). It was also determined that the decreased response to sXIP as
cells progressed through exponential growth was not due to glu-
cose depletion, since the addition of 25 mM glucose to the growth
medium caused no appreciable change in the induction of comX
by XIP in mid- or late-exponential-phase cells (Fig. 2B).

pH has a potent effect on XIP signaling. The pH of the envi-
ronment decreases as a consequence of the fermentative growth of
S. mutans, so the effects of pH on the responses to XIP were ex-
plored. Figure S2 in the supplemental material shows that the
culture pH falls fairly steadily from 7.0 to 5.5 as cells progress into
late-exponential phase. The PcomX-lacZ strain was grown to an
optical density of 0.4 (pH 6.5) or 0.8 (pH 5.8), and then, prior to
the addition of sXIP, the pH of the supernatant fluid was adjusted
to 6.9, which was the pH attained by cultures that had reached an
OD600 of 0.2. Interestingly, induction of comX by XIP was signifi-
cantly restored in late-exponential-phase cells but not in mid-expo-
nential-phase cells (Fig. 3A). Thus, pH is a critical factor influencing
XIP signaling. Still, it is equally important that mid-exponential-
phase cells were again unresponsive to XIP treatment.

To further examine the influence of pH on XIP signaling, the
PcomX-lacZ strain was grown in FMC containing 100 mM potas-
sium phosphate buffer, pH 7.0, and LacZ activity was measured in
early-, mid-, and late-exponential-phase cells. Although a growth
phase-dependent response to sXIP during the transition from
early- to mid-exponential phase was still evident, comX induction
was markedly less repressed (Fig. 3B) than with plain FMC

(Fig. 1A), and no further repression was observed when cells en-
tered late-exponential phase. When the PcomS-lacZ strain was ex-
amined under these conditions, there was even a moderate en-
hancement in the induction of comS by sXIP, although it was not
statistically significant (see Fig. S3 in the supplemental material).
Lastly, we adjusted the pH of cultures in early-exponential phase
to values ranging from 5.0 to 9.0 and measured the induction of
comX by sXIP. Under these conditions, optimal induction oc-
curred between pH 6.5 and 8.0, but the level of induction de-
creased by more than 60% at pH 6.0 and pH 8.5. LacZ activity was
near baseline levels at pH values of 5.5 and below, or at pH 9.0 (Fig.
3C).

XIP inhibition of growth is alleviated by an acidic environ-
ment. A role for XIP in growth inhibition and cell death has been
reported recently (23, 26). Given that the induction of comX or
comS by sXIP was most pronounced in early-exponential-phase
cells, we tested whether the growth of S. mutans was affected by
high concentrations of XIP if sXIP was added after cells had exited
early-exponential phase. The growth of S. mutans UA159 was
monitored in FMC to which various concentrations of XIP were
added either when the cultures were first inoculated or when they
reached an OD600 of 0.2, 0.4, or 0.8. As expected, the effect of XIP
on growth was dependent on the time when XIP was added to the
culture medium (Fig. 4). In particular, S. mutans growth was
strongly inhibited by more than 0.2 �M sXIP added at the begin-
ning of the incubation period, but the effect of sXIP was substan-
tially reduced when it was added to mid- or late-exponential-
phase (OD600, 0.4 or 0.8, respectively) cultures. When XIP was
added later in the growth phase, the doubling times and final ODs
of the cultures approached that of the control to which only
DMSO was added to a final concentration of 1% (see Table S1 in
the supplemental material).

Endogenously overproduced XIP or ComS can induce com-
petence genes in an acidic environment. When comS is endoge-
nously overexpressed, comX and comYA are robustly induced,
leading to high levels of transformation (S.-J. Ahn et al., unpub-
lished data). To further understand how a low pH interferes with
XIP signaling, we tested comX induction as a function of growth

FIG 2 Effects of supernatants from cultures at different growth phases on comX induction by exogenous sXIP. The PcomX-lacZ strain was grown to optical
densities of 0.2 (early-exponential phase), 0.4 (mid-exponential phase), and 0.8 (late-exponential phase) in FMC medium and was then centrifuged. (A) Cell
pellets from cultures at an OD600 of 0.2 were resuspended in supernatants derived from cultures at different growth phases and were incubated with 1% DMSO
or 2 �M sXIP for 1 h. Then LacZ assays were performed. (B) Cell pellets from cultures at an OD600 of 0.4 or 0.8 were resuspended in supernatants from cultures
at an OD600 of 0.2 or in fresh FMC medium. The supernatants were also supplemented with 25 mM glucose. The resuspended cultures were incubated with 1%
DMSO or 2 �M sXIP for 1 h, and LacZ assays were performed. Data are means 
 standard deviations (error bars) for three biological replicates conducted in
triplicate. Statistical analyses were performed using Student’s t test. *, P � 0.05.
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phase in a strain overexpressing comS (SJ436). Since XIP was re-
ported to be the active form of ComS (20, 41), we also created a
strain (SJ452) overexpressing only the start codon and the seven
C-terminal residues of ComS (designated mXIP; amino acid se-
quence, MGLDWWSL) by using the same shuttle expression plas-

mid, pIB184 (37). The PcomX-lacZ reporter construct was trans-
formed into the strains overproducing ComS or mXIP and into a
strain containing the empty pIB184 vector. The strains were
grown in FMC to an OD600 of 0.2, 0.4, or 0.8, and LacZ activity was
measured. No decrease in comX expression was observed when
cells exited early-exponential phase, and in fact, mid-exponential-
phase cells showed the highest level of comX promoter activity
(Fig. 5A). A similar pattern of comS induction was observed in the
ComS- or mXIP-overproducing genetic background (see Fig. S4
in the supplemental material), clearly showing that mid-exponen-
tial-phase cells could be responsive to endogenously overpro-
duced ComS or mXIP.

It was notable that endogenously overproduced ComS was
more effective at stimulating comX and comS expression than
mXIP, particularly since the current dogma dictates that ComS is
first secreted and processed, and then XIP is transported back into
the cells to activate ComR. Interestingly, when we performed the
same experiments with cells growing in BHI broth, which contains
peptides that appear to interfere with the entry of XIP by compet-
ing for uptake by the Opp permease (27), endogenously overpro-
duced ComS was still more effective at stimulating comX expres-
sion than endogenously overproduced mXIP (Fig. 5B). Our data
add further support to the idea that ComS itself may have the
capacity to activate ComR, as previously proposed (27).

Since the internalization of exogenous XIP was shown to re-
quire the Opp permease (20, 27), we constructed reporter strains
containing the promoter region of oppA fused to lacZ (PoppA-lacZ)
in a ComS- or mXIP-overproducing genetic background, or in the
wild-type genetic background, and measured LacZ activity at an
OD600 of 0.2, 0.4, or 0.8. The results showed that under the con-
ditions we tested above, oppA expression levels were very consis-
tent, although a modest reduction in the level of oppA expression
occurred in late-exponential phase in the wild-type genetic back-
ground (P, �0.05) (see Fig. S5 in the supplemental material).
Thus, while the decreased responsiveness of mid-exponential-
phase cells is not correlated with changes in opp expression levels,
we cannot exclude the possibility that decreased Opp production
may contribute in a minor way to the attenuated response of late-
exponential-phase cells to sXIP.

Environmental effects on CSP signaling in a complex me-
dium. We also investigated the responses to CSP as a function of
growth phase in an effort to provide further insights into how S.
mutans coordinates the two signaling pathways to regulate the
expression of competence genes. Since comX is not induced in
response to CSP in a defined medium (FMC), and the addition of
BHI medium or other peptide-containing formulations is re-
quired for the induction of comX by exogenous CSP (27), we grew
the PcomX-lacZ reporter strain in BHI medium and measured the
induction of comX by sCSP (0.32 �M) (27) at an OD600 of 0.2, 0.4,
or 0.8. Interestingly, we found that the response of comX to CSP
decreased during growth in a manner similar to that observed for
XIP (Fig. 6A). However, it did not appear that glucose depletion or
pH was responsible for the loss of responsiveness to CSP in cells
growing in BHI medium. In particular, the repression seen later in
the growth cycle was not alleviated by neutralization of the cul-
tures or by the addition of glucose, although slight, though not
significant, derepression was noted when mid-exponential-phase
cultures were neutralized (Fig. 6B). Supernatant swap assays like
those performed above revealed that induction of comX by CSP
could be partly or completely restored in cells at an OD600 of 0.4 by

FIG 3 pH effects on induction of comX by exogenous sXIP. (A) The PcomX-
lacZ strain was grown to an optical density of 0.4 (pH 6.5) or 0.8 (pH 5.8) in
FMC medium and was then centrifuged. The supernatant pH was adjusted to
the same value (pH 6.9) as that of the culture at an OD600 of 0.2 by use of 1 M
NaOH and was incubated with 1% DMSO or 2 �M sXIP for 1 h. Then LacZ
assays were performed. Nonneutralized supernatants were used as controls.
(B) The response of comX to exogenous XIP was analyzed in cultures at an
optical density of 0.2 (early-exponential phase), 0.4 (mid-exponential phase),
or 0.8 (late-exponential phase) in FMC medium that had been buffered at pH
7.0 with 100 mM K-phosphate. (C) Cells from cultures at an OD600 of 0.2 were
centrifuged to separate pellets from supernatants. The supernatants were then
adjusted to pH values ranging from 5.0 to 9.0 by using 6 M HCl or 1 M NaOH.
The pellets were resuspended in the pH-adjusted supernatants and were incu-
bated with 2 �M sXIP for 1 h. The pellets were also resuspended in superna-
tants without pH adjustment, incubated with or without sXIP, and then used
as positive or negative controls, respectively. The expression of comX was mea-
sured by LacZ assays. Data are means 
 standard deviations (error bars) for
three biological replicates conducted in triplicate. Statistical analyses were per-
formed using Student’s t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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resuspension in supernatants from cultures at an OD600 of 0.2 or
in fresh BHI medium, but late-exponential-phase cells remained
unresponsive to CSP (Fig. 6C).

DISCUSSION

Many oral bacteria that colonize the teeth and soft tissues live a
“feast-or-famine” lifestyle (42), wherein the limitation of nutri-
ents, particularly carbohydrates, during fasting periods leads to

lower growth rates, adaptation to nutrient limitation, and a more
neutral pH. Likewise, oral biofilm bacteria experience a dramatic
decrease in pH due to the metabolism of carbohydrates intro-
duced in the diet. Low pHs favor the growth of S. mutans and
other acid-tolerant bacteria over many health-associated organ-
isms (28, 29), so acidification of oral biofilms via glycolysis is con-
sidered to be the major driving force for the compositional and
biochemical changes that are evident during the initiation and

FIG 4 Growth inhibition by addition of sXIP to cells at different growth phases. Overnight cultures of S. mutans UA159 were diluted 1:20 into fresh FMC
medium, and growth was monitored by using a Bioscreen C growth monitor. sXIP at 0.2, 2, or 20 �M was added either at the beginning of culture (A) or when
the OD600 reached 0.2 (B), 0.4 (C), or 0.8 (D). DMSO (1%) was added to the culture as a control. The optical density was measured every 30 min for 48 h, with
shaking for 15 s before each reading. Data points are averages for triplicate samples.

FIG 5 Expression of comX in cells engineered to endogenously overproduce ComS or mXIP and grown in FMC medium (A) or BHI broth (B). Strains
pIB184ComS/PcomX-lacZ (overexpressing ComS), pIB184mXIP/PcomX-lacZ (overexpressing mXIP), and pIB184/PcomX-lacZ (vehicle control) were grown to
optical densities of 0.2 (early-exponential phase), 0.4 (mid-exponential phase), or 0.8 (late-exponential phase) in FMC medium or BHI broth, and the expression
of comX was then measured by LacZ assays. Data are means 
 standard deviations (error bars) for three biological replicates conducted in triplicate. Statistical
analyses were performed using Student’s t test. *, P � 0.05; **, P � 0.01.
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progression of dental caries. The results described here demon-
strate that an acidic pH does not provide the preferred environ-
ment for XIP-mediated competence development, and they sup-
port the idea that the growth environment and growth state of
cells have a profound influence on competence regulation. In fact,
previous transcriptional profiling data have shown that key com-
petence genes for genetic transformation, including comEA,
comEC, comYA, comYD, and comX, were substantially downregu-
lated in cells exposed to acidic pHs (43), suggesting that an acidic
environment could negatively impact competence development.

It should also be noted that although a number of peptide
preparations can block the induction of comX by XIP, human
saliva does not (27). Thus, our finding that environmental pH is a
major factor that influences the behavior of comX when cells are
grown in a peptide-free FMC medium may have significant ram-
ifications for the way S. mutans controls competence during caries
development. And since competence is intimately linked with
known virulence attributes of S. mutans, including biofilm matu-
ration, acid and oxidative stress tolerance, and bacteriocin pro-
duction, the influence of the ComDE and ComRS signaling path-
ways in the context of dental biofilm microenvironments may be a
highly significant factor for the cariogenic potential of tooth bio-
films.

In addition, it is noteworthy that our results are not entirely
consistent with the those reported by Desai et al., showing the
development of competence in the chemically defined medium
CDM as cultures approached stationary phase (26). CDM is rela-
tively heavily buffered by K-phosphate (8.5 mM) and Na-phos-
phate (74.9 mM) (44), whereas FMC contains only 10 mM K-
phosphate (32). Taking into account the fact that CDM cultures
are more buffered than FMC, it is possible that XIP peptide accu-
mulation in CDM cultures could induce competence develop-
ment later in the growth phase, because the culture pH may allow
for XIP-mediated competence induction. Indeed, we also buff-
ered FMC with the same concentrations of K-phosphate and
Na-phosphate as those in CDM and found better comX reporter
responses in mid- and late-exponential-phase cells grown in this
buffered FMC, similar to those in CDM, even in the absence of
sXIP (see Fig. S6 in the supplemental material). The possibility
that pH affects the expression of the genes for ComRS and/or
ComX, or the stability of the protein components of these regula-
tory circuits, also cannot be excluded. Finally, one must also con-
sider that the relatively high concentration of sodium in CDM
(compared to that in FMC) could impose bioenergetic constraints
associated with the maintenance of the membrane potential (��)
component of the proton motive force that would influence cel-
lular physiology in a way that affects competence signaling, com-
petence gene expression, or DNA uptake.

One of the more interesting observations arising from this
study is that mid-exponential-phase cells remained refractory to
XIP treatment, even when the pH was adjusted to neutrality or
when cells at an OD of 0.4 were resuspended in early-exponential-
phase culture supernatants or in fresh FMC medium. We posit
that this occurs because a negative-feedback loop turns off com-
petence gene expression. In particular, ComRS are produced in
early-exponential-phase cells and activate comX and late com gene
expression in this population of cells. These findings are consis-
tent with the high transformation efficiencies observed for cells at
an OD of 0.2. However, competence is transient, and we propose
that as the cells move into mid-exponential phase, they accumu-

FIG 6 Responses of comX to exogenously added CSP at different growth phases in
BHI medium. (A) The PcomX-lacZ strain was grown to an optical density of 0.2
(early-exponential phase), 0.4 (mid-exponential phase), or 0.8 (late-exponential
phase) in BHI medium and was incubated with or without 0.32 �M sCSP for 1 h.
Then LacZ assays were performed. (B) Effects of pH on comX expression in re-
sponse to exogenous CSP. The PcomX-lacZ strain was grown to an optical density of
0.4 (pH 6.4) or 0.8 (pH 5.3) in BHI medium and was then centrifuged. The super-
natants were either neutralized to the pH value (6.8) of cultures at an OD600 of 0.2
or supplemented with 11.1 mM glucose. The resuspended cultures were then
incubated with or without 0.32 �M sCSP for 1 h. Nonneutralized supernatants
were used as controls. Then LacZ assays were performed. (C) Effects of culture
supernatants on comX induction by CSP. Cell pellets from cultures at an OD600 of
0.4 or 0.8 were resuspended in supernatants from cultures at an OD600 of 0.2 or in
fresh BHI medium and were incubated with or without 0.32 �M sCSP for 1 h.
The expression of comX was measured by LacZ assays. Data are means 

standard deviations (error bars) for three biological replicates conducted in
triplicate. Statistical analyses were performed using Student’s t test. *, P � 0.05;
**, P � 0.01.
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late or produce signals that negatively regulate competence gene
expression and DNA uptake. Then, once the competence cascade
is shut off, cells regain responsiveness to XIP in late-exponential
phase, as evinced by the fact that neutralization of the medium or
resuspension of cells at an OD of 0.8 in supernatants at an OD of
0.2 or in fresh FMC medium restored the inducibility of comX by
XIP. Similar types of circuits that shut off competence in B. subtilis
(45) and S. pneumoniae (46, 47) have been characterized recently.
Evidence for the existence of factors in S. mutans that can control
comX expression and impact the ability of ComX to activate
comYA and other late com genes has been presented in studies
from our laboratory with the rcrRPQ operon (48).

Although an acidic environment could significantly inhibit re-
sponses to exogenously supplied XIP, it seems not to have nearly
as great an effect on the response when mXIP, or even ComS, is
overproduced endogenously. In fact, in strains engineered to
overexpress mXIP or ComS, no decline in comX activation was
noted in mid-exponential phase. Rather, mid-exponential-phase
cells displayed higher levels of induction of both comS and comX in
FMC medium than did early- and late-exponential-phase cells
overproducing mXIP or ComS. A partial explanation for these
results is that a low pH simply inhibits the activity of the Opp ABC
transporter, which is required for XIP internalization, and endog-
enous overproduction of ComS or mXIP obviates the internaliza-
tion of XIP by Opp. However, since overproduction of ComS or
mXIP also restores transformability to mid-exponential-phase
cells, we suggest that high endogenous levels of mXIP or ComS
can overcome the negative-feedback mechanism discussed above.
Likewise, since mXIP or ComS can overcome this inhibitory
mechanism, negative regulation of ComRS-dependent activation
of comX expression is a likely target for downregulation of com-
petence in mid-exponential-phase cells.

The possibility that the decreased expression of oppA in late-
exponential-phase cells could influence responsiveness to XIP and
transformability also cannot be excluded. However, considering
that opp mRNA levels in late-exponential-phase cells are only
about 20% lower than those in early- or mid-exponential-phase
cells, it seems unlikely that the decreases in opp gene expression
would be sufficient to elicit such a dramatic decline of comS and
comX expression in cells at an OD600 of 0.8. Moreover, simply
neutralizing the culture supernatants of late-exponential-phase
cells rapidly restores XIP responsiveness. We also tested the sta-
bility of sXIP at pH 5, 6, 8, or 9 and found that pretreatment under
acidic or alkaline conditions did not at all impair the ability of
sXIP to induce comX reporter activity (data not shown). Thus, the
simplest interpretation of these observations is that low XIP re-
sponsiveness in the late-exponential phase is associated mainly
with diminished activity of the Opp transporter at a lower pH. At
this time, however, we cannot exclude the possibility that modifi-
cation of the charge of XIP by pH may influence the findings.

Another interesting finding was that the induction of comX by
CSP in a complex medium does not appear to be nearly as sensi-
tive to pH as XIP signaling in a defined medium. Moreover, late-
exponential-phase cells were not at all responsive to CSP, suggest-
ing a transiently expressed signaling system or the presence of
factors inhibitory to ComDE-dependent activation of comX or
competence. In fact, comDE expression was shown to be down-
regulated about 5-fold during the transition from early-exponen-
tial phase to late-exponential phase in a previous microarray anal-
ysis (49). Another factor contributing to the lack of comX

induction by CSP in late-exponential-phase cells growing in BHI
medium could be linked to inactivity of the ComRS system, which
is required for direct activation of comX. Since ComR-deficient S.
mutans strains have greatly decreased transformation efficiencies,
even in a complex medium supplemented with CSP (20), the fail-
ure of ComRS to activate comX expression in late-exponential
phase would have a strong influence on the behavior of cells in a
complex medium when exposed to CSP. In fact, our results clearly
show that ComRS-dependent activation of comX is inhibited by
environmental conditions associated with late-exponential-phase
growth.

The ComDE and ComRS regulatory systems have different
basic architectures and mechanisms of signaling, but in both cases,
the maximal induction effects of the signaling peptides were ob-
served in early-exponential phase, and a dramatic drop in respon-
siveness to these peptides was evident in mid- and late-exponen-
tial-phase cells. Thus, the responses to CSP and XIP in S. mutans
are similar to what has been reported for comX induction by ComS
in Streptococcus thermophilus. Specifically, Gardan et al. (50) re-
ported that comX expression in a ComS-deficient strain of S. ther-
mophilus was optimal when a synthetic ComS17-24 peptide was
added to cultures during early- or mid-exponential phase, but no
comX expression was detected at the end of the exponential-
growth phase (50). Further experiments measuring endogenous
comS and comX expression showed that competence gene expres-
sion was independent of the initial OD600 of the culture and that
the ComRS system functions more as a timing device than as a
quorum-sensing system (50). These similarities between the re-
sponses of S. mutans and S. thermophilus to XIP, coupled with the
fact that late-exponential-phase S. mutans cells could regain re-
sponsiveness to XIP, may indicate that S. mutans ComRS func-
tions as a mechanism for transient induction of gene expression
and that this function may be widespread in the streptococci.

In oral biofilms, the natural habitat of S. mutans, a high density
of microorganisms and an extracellular polymeric substance
(EPS) matrix, coupled with various channels and voids through-
out biofilms, create diverse microenvironments in which gradi-
ents of nutrients, pH, and oxygen develop. Indeed, it has been
demonstrated that considerable heterogeneity in pH over rela-
tively short distances is present within biofilms (51). As we show
here, XIP signaling is far more sensitive to environmental influ-
ences than CSP signaling. Therefore, in certain microenviron-
ments, XIP and CSP signaling may function independently in
competence regulation and may be spatially and temporally het-
erogeneous as biofilms mature. Consequently, competence regu-
lation in vivo may be highly complex and asymmetric in terms of
its distribution and the timing of its occurrence in oral biofilms.
Given the tight interrelationship of competence and virulence ex-
pression, microenvironmental effects on competence signaling
are likely to be a critical factor in the initiation and progression of
dental caries. Further studies are needed to probe molecular as-
pects of competence in health-associated and pathogenic biofilms.
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