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Streptococcus mutans normally colonizes dental biofilms and is regularly exposed to continual cycles of acidic
pH during ingestion of fermentable dietary carbohydrates. The ability of S. mutans to survive at low pH is an
important virulence factor in the pathogenesis of dental caries. Despite a few studies of the acid adaptation
mechanism of this organism, little work has focused on the acid tolerance of S. mutans growing in high-cell-
density biofilms. It is unknown whether biofilm growth mode or high cell density affects acid adaptation by S.
mutans. This study was initiated to examine the acid tolerance response (ATR) of S. mutans biofilm cells and
to determine the effect of cell density on the induction of acid adaptation. S. mutans BM71 cells were first grown
in broth cultures to examine acid adaptation associated with growth phase, cell density, carbon starvation, and
induction by culture filtrates. The cells were also grown in a chemostat-based biofilm fermentor for biofilm
formation. Adaptation of biofilm cells to low pH was established in the chemostat by the acid generated from
excess glucose metabolism, followed by a pH 3.5 acid shock for 3 h. Both biofilm and planktonic cells were
removed to assay percentages of survival. The results showed that S. mutans BM71 exhibited a log-phase ATR
induced by low pH and a stationary-phase acid resistance induced by carbon starvation. Cell density was found
to modulate acid adaptation in S. mutans log-phase cells, since pre-adapted cells at a higher cell density or from
a dense biofilm displayed significantly higher resistance to the killing pH than the cells at a lower cell density.
The log-phase ATR could also be induced by a neutralized culture filtrate collected from a low-pH culture,
suggesting that the culture filtrate contained an extracellular induction component(s) involved in acid adap-
tation in S. mutans. Heat or proteinase treatment abolished the induction by the culture filtrate. The results
also showed that mutants defective in the comC, -D, or -E genes, which encode a quorum sensing system
essential for cell density-dependent induction of genetic competence, had a diminished log-phase ATR. Addi-
tion of synthetic competence stimulating peptide (CSP) to the comC mutant restored the ATR. This study
demonstrated that cell density and biofilm growth mode modulated acid adaptation in S. mutans, suggesting
that optimal development of acid adaptation in this organism involves both low pH induction and cell-cell

communication.

Streptococcus mutans is an oral bacterium that depends on a
“biofilm life-style” for survival and persistence in its natural
ecosystem, dental plaque (43). Under appropriate environ-
mental conditions, this bacterium can rapidly produce acid
from fermentable dietary carbohydrates and initiate deminer-
alization of the tooth surface (7). S. mutans is therefore con-
sidered an important etiological agent of dental caries (34).
The environmental conditions encountered by S. mutans in
dental biofilms are highly variable, including frequent shifts in
pH from above 7.0 to as low as 3.0 during the ingestion of
dietary carbohydrates by the host (16). Thus, pH exerts a
significant ecological pressure on S. mutans, and its ability to
tolerate and grow in low-pH environments is crucial to its
survival and pathogenicity.

Considerable evidence indicates that S. mutans has evolved
several mechanisms to survive the pH changes encountered in
plaque. The best characterized include proton extrusion by
proton-translocating F(H™)-ATPase efflux (2, 24) and expul-
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sion of acid end-products (10). Other mechanisms include de-
creased proton permeability (1), increased synthesis of chap-
eronins (29), increased expression of the ffz gene involved in
targeting of membrane-associated proteins (21), changes in
membrane fatty acid composition (52), and up-regulation of
DNA repair systems (22, 26).

Studies using continuous cultures first showed that during a
shift to acidic pH, survival of S. mutans was enhanced when the
external pH was slowly lowered by natural generation of acid
end-products as opposed to being quickly dropped by rapid
addition of HCI to growing cultures (1, 3, 4, 24). In batch
culture, exposure of log-phase cells to a mild or moderately
acidic pH (5.0 to 6.0) for 2 h resulted in enhanced survival of
a significant proportion of the cell population upon exposure
to the lower pH of 3.0 to 3.5 (58). Although these in vitro
conditions are extreme, they provide a convenient assay for
distinguishing between unadapted and adapted cells. De novo
synthesis of proteins is required for the enhanced survival of S.
mutans log-phase cells at the low pH (25, 59). This pH-induc-
ible, growth phase- and time-dependent acid resistance has
been well characterized in a number of bacteria; it is called the
adaptive acid tolerance response (ATR) (18, 20). Although
many of the molecular mechanisms of the ATR in S. mutans
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TABLE 1. Bacterial strains and plasmid used in the study

Strain or plasmid

Relevant characteristics®

Source or reference

S. mutans

BM71 Wild type, Em®, Km* G. H. Bowden, University of Manitoba
SMCC-L1 BM71::pComC-KO, ComC ", Em", Km® This study

SMCD-L1 BM71::pComD-KO, ComD ™, Em', Km® This study

SMCE-L1 BM71::pComD-KO, ComE ", Em", Km® This study

Plasmid, pDL289"

E. coli/Streptococcus shuttle vector, Km"

D. J. LeBlanc, Indiana University

“ Em, erythromycin; Km, kanamycin.

® pDL.289 was used as donor DNA to confirm competence phenotype of all the mutants.

remain unclear, a signal pH that results in sublethal effects on
the cells for sufficient time to allow synthesis of protective
proteins appears to be important for induction of the ATR.

In addition to responses to physical and chemical stresses,
bacteria are known to regulate diverse physiological processes
in a cell density-dependent manner, where secretion of an
autoinducer (Al) is detected by neighboring cells that respond
by activation of regulons that result in a variety of phenotypic
changes (15). Examples include the initiation of biolumines-
cence in Vibrio fischeri (17), competence development in Strep-
tococcus sp. (37, 41) and Bacillus subtilis (13), biofilm differ-
entiation in Pseudomonas spp. (11, 48), bacteriocin production
in Lactococcus spp. (31), conjugal plasmid transfer in Entero-
coccus faecalis (14), induction of virulence factors in Staphylo-
coccus aureus (30), and stress responses in Escherichia coli
(42). Cell density-dependent regulation in these systems ap-
pears to follow a common theme, in which a small, self-
generated molecule is exported as the signal for intercellular
communication, commonly called quorum sensing (14). The
best-characterized Als in gram-positive bacteria are small pep-
tides while in gram-negative bacteria the Als are typically acy-
lated homoserine lactones. Notably, genomic analyses have
recently revealed potential peptide signaling systems that may
play a role in cell-cell signaling in gram-negative bacteria (45).

During adherent growth, bacteria can sense their population
size via quorum sensing and regulate gene expression and
cellular functions as they adopt a biofilm phenotype (49). The
changes in physiology and extracellular organization associated
with this response have often been equated to multicellular
behavior and organization in higher organisms (57). The ability
of bacteria to communicate with one another by quorum sens-
ing and behave collectively as a group can provide significant
benefits in colonizing a new host, defense against competitors
and deleterious environments, cellular differentiation, and spe-
cies evolution (12).

It is widely accepted that bacteria living in biofilms are more
resistant to mechanical, physical, and chemical stresses (9, 32,
48). Since S. mutans normally resides in a biofilm, the ability to
withstand acid in this physiological state is likely an important
adaptive response. The question of whether acid adaptation
involves cell density-dependent events or cell-cell signaling in
biofilms has not yet been addressed. Yet, in other bacteria it
has been documented that the changes in external pH can
significantly influence many physiological parameters, such as
energy coupling, ion transport, proton movement, and export
of metabolic products, thereby triggering numerous secondary
signals (35, 47). In E. coli and Salmonella spp., such signals

activate one or more global regulons that modulate expression
of multiple gene operons required for acid adaptation (18, 28).
Furthermore, during growth at pH 5.0, E. coli can signal acid
tolerance to other unadapted cells by secreting a protein-like
molecule, termed extracellular induction component (EIC)
(54, 55). Although the signal molecule remains unidentified,
induction of acid adaptation in E. coli presumably involves
cell-cell communication.

We have recently characterized a quorum sensing system in
S. mutans that utilizes a 21-amino-acid competence stimulating
peptide (CSP) that functions in the induction of genetic com-
petence during growth in biofilms (41). The system is typical of
peptide pheromone signal systems in streptococci and involves
comC, comD, and comE genes that, respectively, encode the
precursor to the CSP, a histidine kinase and a response regu-
lator. This is the first example of a discrete cell-cell signaling
mechanism that functions in biofilms of gram-positive bacteria.
Since we previously demonstrated that cell-cell signaling via
this system elicits phenotypic changes during S. mutans biofilm
growth, we initiated the present study to examine the ATR of
S. mutans biofilm cells and to determine the effect of cell
density on the ability of S. mutans to survive low pH. We also
assessed the ability of the CSP to enhance acid tolerance in
both wild-type cells and defined mutants defective in CSP
production and tested culture filtrates collected from low-pH
grown cultures for the ability to confer an acid-tolerant phe-
notype to unadapted cells.

MATERIALS AND METHODS

Bacterial strains and growth media. All strains used in this study and their
relevant characteristics are listed in Table 1. S. mutans BM71 (wild type) cells
were subcultured on Todd-Hewitt agar plates supplemented with 0.3% yeast
extract (THYE); the mutants were maintained on THYE agar containing 10 pg
of erythromycin/ml. The medium used for assaying acid adaptation in batch
cultures was tryptone (1%) yeast extract (0.5%) supplemented with 20 mM
glucose (TYG) and 40 mM potassium phosphate/citric acid at desired pH values.
For continuous cultures, TYG medium was diluted 4X and supplemented with
0.01% hog gastric mucin (type IIT; Sigma). In some experiments, glucose in the
medium was replaced by an equivalent concentration of sucrose to determine the
effect of extracellular polysaccharide on acid tolerance of biofilm cells.

We previously demonstrated the presence of the comCDE locus, the genes
encoding a quorum sensing system, in six S. mutans strains, including strain
BM71 (41). We also used two strategies to construct mutants of comC (SMCC1),
comD (SMCD1), and comE (SMCEI1) in S. mutans wild-type strain NG8. The
same strategy was employed in this study to construct mutants defective in the
same genes in S. rmutans strain BM71 (41). To make the comC mutant SMCC-L1,
we transformed pComC-KO plasmid DNA (pCR-Script harboring an inactivated
comC gene; Amp', Em") into S. mutans BM71 after the plasmid was linearized
by Scal digestion to disrupt the beta-lactamase gene. Transformed colonies were
selected on THYE-erythromycin (10 wg/ml) agar plates and then confirmed by a
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rapid PCR protocol using the existing primers and strategy as described previ-
ously (41). The knockout mutants of comD and comE were, respectively, gen-
erated by transforming pComD-KO (pVA8912 harboring a 292-bp internal
comD fragment; Em") and pComE-KO (pVAS8912 harboring a 462-bp internal
comE fragment; Em") into S. mutans wild-type strain BM71. Chromosomal DNA
was isolated from transformants selected on THYE-erythromycin (10 pg/ml)
agar plates to determine the presence of the erm gene at the desired loci by PCR
and Southern hybridization as previously described (41). The results confirmed
inactivation of the comC, comD, and comE genes with the resultant mutants
designated SMCC-L1, SMCD-L1, and SMCE-L1, respectively. Transformation
assays (41) demonstrated that all three mutant strains were defective in genetic
competence when compared with the parent strain BM71. Genetic competence
was restored in strain SMCC-L1 by exogenous addition of the CSP.

Assay for acid adaptation in planktonic batch cultures. To facilitate measure-
ment of acid adaptation in biofilm cells, S. mutans BM71 cells were first grown
in batch culture to assay the innate acid tolerance response in standard log- and
stationary-phase cells by using a modification of methods described previously
(33, 58). Mid-log-phase cells were obtained by transferring one volume of over-
night culture into nine volumes (1:10) of fresh TYG (pH 7.5) and incubated at
37°C in an atmosphere of 5% CO, for 2 h. These cells were then collected by
centrifugation at 8,000 X g for 10 min and resuspended in 2 ml of fresh TYG (pH
5.5) at various cell densities as determined by the optical density at 600 nm
(ODgqp). The cells were induced for acid adaptation by incubation at a “signal
pH” of 5.5 for 1 to 3 h at 37°C with 5% CO,. The adapted log-phase cells were
then exposed to the killing pH, which was predetermined by incubating un-
adapted, mid-log phase cells in TYG medium at pHs from 6.0 to 2.0 for 3 h.
Stationary-phase cells were prepared by resuspending late-log phase cells in TY
medium (tryptone-yeast extract) without glucose. The culture was incubated at
37°C for 2 h to allow the cells to enter stationary phase. Induction of acid
adaptation in stationary-phase cells followed a similar procedure to that for
log-phase cells except that glucose was omitted. Adaptation of both log- and
stationary-phase cells to acidic pH was determined by measuring the ability of
the bacteria to survive a killing pH for 3 h. Acid killing was initiated by resus-
pending cells in the same volume of fresh TYG medium (pH 3.5), and an aliquot
of cell suspension was taken immediately from each sample to determine the
total viable-cell number at time zero. The cells were then incubated for 3 h at
37°C with 5% CO,, and aliquots were taken at various times to determine the
percent survival by viable cell counts.

Acid adaptation of S. mutans biofilms grown in continuous culture. S. mutans
BMT71 cells were grown in a chemostat-based continuous flow fermentor for the
development of biofilms as previously described (39, 41). Adaptation of biofilm
cells to low pH was induced directly in the chemostat by pulsing 40 mM glucose
into steady-state cultures and disconnecting the pH control. The culture pH was
allowed to drop by the accumulation of acid end-products generated from glu-
cose metabolism. The growth of bacterial cells under this condition was limited
by glucose, as determined by assaying residual glucose in the cultures. Initial
experiments showed that following the glucose pulse without pH control at a
dilution rate of 0.1 h™!, the culture pH dropped rapidly to around pH 5.5 in the
first 40 min. The pH continued to decrease for about 6 h until reaching its lowest
point of pH 4.92. The pH remained at this level for about 1 to 2 h and slowly
returned to about pH 5.95. Adaptation of the cultures was allowed to occur for
at least one mean generation time (6.93 h at a dilution rate [D] of 0.1 h™').
Samples were then taken from both the biofilms and the planktonic phase to
assess survival of bacterial cells to the killing pH. Control samples (unadapted
cells) were also taken from a duplicate culture under pH control (at a constant
pH of 7.0) following glucose pulse.

Acid Kkilling of biofilm cells. Biofilms on glass rods were removed from the
chemostat and divided into two groups for acid killing experiments: one group of
biofilms was dissociated from the surfaces (dispersed biofilms), and the other
group remained attached to the surfaces (intact biofilms). Dissociation of bio-
films from surfaces was performed by sonication using the BioSonik IV (Bron-
will, Rochester, N.Y.) with a low power output at a setting of 20 for 20 s. This
procedure removed >99% of the attached cells as estimated by comparing plate
counts and scanning electron micrographs (41). The procedure resulted in dis-
persion of the majority of aggregates and disruption of chains into single cells, as
indicated by light microscopy. Aliquots (200 pl) of the cell suspension were taken
from the dissociated biofilm samples to determine the viable cell number at time
zero. Total cell numbers in intact biofilms were determined by growing eight rods
under identical conditions and using four rods for enumeration following soni-
cation and four rods for the acid killing experiments. Biofilm cells dispersed
from, or intact on, each rod were suspended in 2 ml of fresh TYG (pH 3.5) in a
5-ml glass tube and incubated at 37°C with 5% CO, for 3 h. Following acid
killing, intact biofilms were dissociated from the surface by sonication. All sam-
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ples were serially diluted in 10 mM potassium phosphate buffer (pH 7.2) and
plated on THYE agar plates by using a spiral plater (model D; Spiral System Inc.,
Cincinnati, Ohio). The number of surviving cells was determined by counting
colonies after the plates were incubated at 37°C with 5% CO, for 2 to 3 days.
Percent survival was expressed as the number of viable cells after acid killing over
the total number of viable cells at time zero when cells were exposed to killing pH
(3.5).

Preparation of culture filtrates and induction of acid adaptation. To deter-
mine if low-pH growing cultures contained EICs capable of inducing an ATR,
cell-free supernatants were prepared from chemostat cultures of S. mutans wild-
type strain BM71 and the comC mutant (SMCC-L1) grown in undiluted TYG
medium (3% tryptone, 1% yeast extract, and 20 mM glucose). Cell-free super-
natants were collected from chemostat cultures at a dilution rate (D) of 0.2 h™!
at 4 h after a pulse of 40 mM glucose with or without pH control. The cell-free
supernatant collected from the culture without pH control (pH 5.2 = 0.3
[mean =+ standard deviation {SD}]) was neutralized to pH 7.0 with KOH and
sterilized by passage through a 0.2-pm-pore-size filter (Millipore, Bedford,
Mass.), whereas the supernatant collected from the culture with pH control (pH
7.0) was filter sterilized without adjustment of pH. All culture filtrates were then
kept at —20°C until use. Some samples were treated either with heat (65°C) for
30 min or with proteinase K (37°C) for 1 h before addition to the cultures. Before
their use for induction of the ATR, culture filtrates were added to an equal
volume of fresh TYG (pH 7.5) to provide the cells with an energy source.
Induction of acid adaptation was initiated by incubating log-phase cells with the
culture filtrates for 2 h before exposing them to the killing pH. The effect of
culture filtrate concentration on acid adaptation was determined by diluting the
filtrates one- to eightfold in TYG.

Acid adaptation in comC, comD, and comE mutants. The comCDE operon
encodes a quorum sensing system that controls the cell density-dependent in-
duction of genetic competence in S. mutans (41). We examined the effects of
inactivation of the comC, comD, and comE genes on acid adaptation in S.
mutans. Assays for ATR in the mutants were performed by the same methods
described above. In addition, we used a 21-amino-acid synthetic signal peptide
deduced from the comC gene sequence (41) to determine if the CSP restored
acid tolerance in the comC mutant during acid adaptation. The CSP was freshly
dissolved in sterile distilled water to a concentration of 1 mg/ml. The solution was
then added to the cultures at a final concentration of 2 pg/ml 2 h after inocu-
lation of cells. To determine if secondary signals could augment the activity of
the CSP, the pH-adjusted culture filtrates from acid adapted cultures of the
comC mutant were used to assay ATR in conjunction with the CSP as described
above.

Scanning electron microscopy. To examine the spatial distribution and biofilm
density by scanning electron microscopy, biofilms of different ages were removed,
washed once with 10 mM KPO,, and fixed with 2 ml of 3.7% formaldehyde in 10
mM KPO, buffer overnight. The samples were then dehydrated with a series of
alcohol washes (30, 50, 70, 95, and 100%), critical point dried with liquid CO,,
mounted, and sputter-coated with gold. The samples were then examined using
a scanning electron microscope (model S-2500; Hitachi Instruments, San Jose,
Calif.).

RESULTS

pH limit for survival. To assess the ATR, the pH limit for
survival of S. mutans BM71 was first determined by measuring
viability after exposure of mid-log phase cells to media at pHs
from 2.0 to 6.0 for 3 h. S. mutans BM71 cells grew and main-
tained 100% viability at pH 6.0 to 5.5, and the cells still sur-
vived well at pH 5.0 (91 to 98%). At lower pH, the survival
rates rapidly decreased, with 100% of the cells killed after
exposure to pH 3.0. Since exposure to pH 3.5 for 3 h could kill
over 99.99% of unadapted log-phase cells, we used this pH as
the killing pH to assess the ATR in this study.

Cell density modulates induction of acid adaptation. The
ability of S. mutans to tolerate exposure to pH 3.5 via pH-
induced ATR in log-phase cells was modulated by the popu-
lation density (Fig. 1). At the higher cell densities (ODg, of
0.6 or higher, approximately 10° cells/ml or more), S. mutans
BMT71 cells rapidly became adapted to low pH; the induction of
adaptation was optimal after 2 h of incubation at pH 5.5 (Fig.
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FIG. 1. Effect of cell density on induction of acid adaptation in S.
mutans BM71 log-phase cells. Cells were collected from pH 7.0 cul-
tures and resuspended at various cell densities during the adaptation
phase at pH 5.5 for 2 h and were then exposed to the killing pH of 3.5
for 3 h. Results are the mean * SD of at least three independent
cultures.

2). Additional exposure (3 h in total) to this signal pH did not
further enhance survival of cells to acid challenge. Induction of
ATR in log-phase cells at a low cell density (0.2 at ODyg, or
10° cells/ml) by exposure to the signal pH for 2 h was insuffi-
cient for optimal development of acid adaptation. Increasing
the induction time further enhanced acid adaptation, although
the magnitude of acid resistance at the low cell density was still
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FIG. 2. Effects of cell density and adaptation time on induction of
acid adaptation by S. mutans BM71. Cells were adapted by incubation
in pH 5.5 TYG medium at low (ODg, = 0.2) or high (ODy,, = 0.6)
density for various times before exposure to the killing pH of 3.5 for
3 h. Results represent the mean number of surviving cells = SD from
at least three independent cultures.
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FIG. 3. Survival kinetics of S. mutans BM71 exposed to killing pH
of 3.5. Both adapted and unadapted stationary- and log-phase cultures
were sampled at various time points after exposure to the killing pH of
3.5. The number of survivors was determined from at least three
independent cultures.

lower than that observed with the higher cell density (Fig. 2).
In this study, we used the cell density of 0.6 at OD, for most
experiments unless specified. To test whether increased cell
density was specific to the adaptation phase, we performed an
additional experiment in which S. mutans cells were induced
for acid adaptation at pH 5.5 for 2 h at a high density (0.6 at
ODgq,) and then diluted to ODgqy’s of 0.1 and 0.2. These
diluted cells and the undiluted sample were exposed to pH 3.5
for 3 h. The results demonstrated that there was no statistical
difference in the percentage of survival found between the
different groups with T-test (P value of 0.05) (data not shown).

S. mutans BM71 exhibits both log- and stationary-phase
ATR. We tested the ATR of planktonic cells in log and sta-
tionary phase for comparison to biofilm-grown cells. The re-
sults from batch cultures indicated that survival of S. mutans
BMT71 to killing pH involved at least two adaptive systems that
were dependent of growth phase (Fig. 3). The first system
appeared during log phase growth in which preexposure of
cells to pH 5.5 for 2 h protected the cells against subsequent
killing at pH 3.5. The adapted log-phase cells survived approx-
imately 50- to 100-fold better than the unadapted cells follow-
ing exposure to the killing pH for 3 h.

Acid protection was also induced by entry into carbon star-
vation-induced-stationary phase by incubation in medium de-
void of glucose as described. These stationary-phase cells had
an equivalent or slightly increased resistance to the killing pH
3.5 than the log-phase pH-induced cells (Fig. 3). Further ex-
posure of stationary-phase cells to pH 5.5 for 2 h only slightly
enhanced resistance to the killing pH.

Culture filtrate induces log-phase ATR. The observation
that high cell density promoted induction of acid adaptation
(Fig. 1), suggested that S. mutans BM71, during exposure to a
low (signal) pH, utilizes a cell density-dependent mechanism to
enhance induction of acid adaptation in the population via
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FIG. 4. The neutralized culture filtrate collected from the chemo-
stat at pH 5.2 = 0.3 (mean * standard deviation) was able to induce
a log-phase ATR. The culture filtrate was diluted with fresh TYG
medium (pH 7.5) to illustrate a dose-dependent effect. The results are
the mean = SD of at least three independent cultures.

release of an extracellular signal molecule(s). To test this hy-
pothesis, we collected cell-free supernatants from S. mutans
chemostat cultures grown at low pH (5.2 = 0.3) and assayed
acid adaptation conferred by neutralized culture filtrate, as
described in Materials and Methods. After incubation in the
neutralized culture filtrate for 2 h, log-phase cells of S. mutans
BM?71 became more resistant to the killing pH than cells in-
cubated in the filtrate collected from the culture at pH 7.0 (Fig.
4). Dilution of the culture filtrate with fresh TYG (pH 7.5)
resulted in a titratable decrease in acid resistance, demonstrat-
ing that the acid adaptation was dependent on the concentra-
tion of the culture filtrate and, consequently, EICs. The culture
filtrates at dilution factors of 1:1 and 1:2 revealed no significant
difference in the effect on induction of acid adaptation. This
suggested that the culture filtrates at both dilutions might rep-
resent a saturated concentration of the EIC required for acid
adaptation. The EIC(s) in the culture filtrate were probably
proteinaceous since heat or proteinase treatment abolished
their effect on induction of acid adaptation (Fig. 5).

Inactivation of comCDE genes results in reduced log-phase
ATR. Since the S. mutans comCDE operon encodes a peptide
pheromone quorum sensing system that controls the cell den-
sity-dependent competence phenotype in S. mutans biofilms
(41), we examined the ability of mutants with defects in the
signaling system to withstand acid challenge. Disruption of the
comC, comD, or comE genes resulted in a diminished log-
phase ATR (Fig. 6). Even after exposure to adaptive pH for
2 h, the mutants were still 10-fold more sensitive to the killing
pH than the wild-type strain. However, unadapted mutants did
not show substantial defects in their ATR relative to the parent
strain BM71. Addition of CSP to the culture of the comC
mutant during acid adaptation partially restored the wild-type
ATR. These results demonstrated that the quorum sensing
system plays a role in induction of acid adaptation.
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FIG. 5. Effect of heat or proteinase treatment on induction of acid
adaptation in S. mutans BM71 by pH-neutralized culture filtrates col-
lected from pH 5.2 (adapted) and pH 7.0 (unadapted) cultures. The
results are the mean * SD of at least three independent cultures.

To further test for the presence of secondary molecules that
augment the ATR mediated by the signal peptide, we tested
the cell-free culture supernatants collected from the comC
mutant for their ability to enhance the ATR in the comC
mutant in the absence or presence of exogenous CSP. The
pH-adjusted culture filtrate from the comC mutant plus the
synthetic CSP almost completely restored the log-phase ATR,
whereas the CSP or the culture filtrate alone only partially
restored the ATR (Fig. 7). The results suggested the presence
of a second signal molecule(s) in S. mutans culture supernatant
that could augment the ATR.

Physical characteristics of biofilms formed in chemostat. To
induce acid adaptation in biofilm cells without disrupting the
biofilm architecture, we used a chemostat-based biofilm fer-
mentor to establish acid adaptation via acid generated from
glucose metabolism of the cells. The cell density of S. mutans
biofilms grown under glucose limitation, in terms of total bio-
mass, biofilm thickness, and number of viable cells, is a func-
tion of the accumulation time (38). The relative cell densities
of biofilms, as represented by the number of viable cells, after
glucose pulse with or without pH control are shown in Table 2.
Generally, the density of S. mutans BM71 biofilms increased
with accumulation time and glucose availability, with or with-
out pH control. Interestingly, the cell number in the biofilms
after glucose pulse but without pH control was about twofold
higher than that of biofilms grown under pH control. Con-
versely, the yield of planktonic cells present after the natural
pH drop ([8.4 * 2.8] X 10’CFU/ml) was lower than that with
pH control ([27.6 + 6.4] X 10’CFU/ml). The results suggested
that active multiplication of the planktonic cells after a glucose
pulse without pH control was rapidly reduced or even arrested
by the acid generated from the culture. In contrast, the biofilms
continued to accumulate on the surface during the pH shift,
resulting in a three- to fivefold increase in the number of viable
cells. When cultures were pulsed with sucrose, S. mutans BM71
cells formed even thicker and denser biofilms than with glu-
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FIG. 6. Acid tolerance was assayed in mutants defective in comC, comD, and comE, the genes encoding a quorum sensing system essential for
cell density-dependent induction of genetic competence in unadapted and adapted S. mutans log-phase grown cells. Addition of CSP into the
culture of comC mutant partially restored the wild-type acid tolerance. The results are the mean * SD of four independent cultures.

cose; extracellular polysaccharide was clearly visible with scan-
ning electron microscopy (data not shown).

Acid tolerance of biofilm-grown cells. To determine the ef-
fects of biofilm integrity on the ability of the cells to withstand
acid stress, we compared acid tolerance of S. mutans in both
intact and disrupted biofilms. Disruption of structural integrity
showed little effect on acid resistance of biofilms grown with
glucose as a carbon source (Fig. 8). However, the thicker,
intact biofilms formed in sucrose-containing medium showed

01 e ——
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Filtrate 1 Filtrate 2

FIG. 7. The pH-adjusted culture filtrates collected from comC mu-
tant (SMCC-L1) cultures that were maintained at pH 7.0 (filtrate 1) or
pH 5.2 (filtrate 2) were added either individually or with synthetic CSP
to unadapted SMCC-L1 cultures before exposure to the killing pH 3.5
for 3 h. The percentage of survivors = SD was determined from four
independent cultures.

three- to fivefold more resistance to killing pH than the resus-
pended biofilm cells (Fig. 8), demonstrating that extracellular
polysaccharide enhanced acid resistance of bacteria within bio-
films. To minimize the difference in cell numbers in biofilm-
grown cells for acid killing experiments, we resuspended the
dispersed biofilm-grown cells in TYG medium to a cell density
of 0.6 at ODg, prior to exposure to the killing pH. The results
indicated that the development of acid adaptation in actively
growing biofilms varied with the cell density or thickness of the
biofilms regardless of whether the films were dispersed or left
intact. Cells from the thicker and denser biofilms had a much
higher resistance to the killing pH than the planktonic cells and
adapted log-phase cells (Fig. 9). For example, cells recovered
from 5-day biofilms that contained the highest cell density per
unit area (over 10%cm?) were about 30-fold more resistant to
the killing pH than the planktonic cells or even the 12- to 24-h
biofilms. The results provided further evidence that biofilms

TABLE 2. Viable cell numbers of S. mutans (BM71) biofilms
grown at D of 0.1 h™! following 40 mM glucose pulse with
or without pH control

Viable cell number (mean *+ SD) of:

Culture conditions

12-h biofilms 24-h biofilms 5-day biofilms

(10%/cm?) (10%/cm?) (10%/cm?)

G-pulse, pH 7.0¢ 8.6 £3.8 21.5*+53 474 =83
G-pulse, pH 5.2° 26.5 = 6.8 745 = 21.7 176.2 £29.4

“ Glucose pulse with pH control in which biofilms were taken as unadapted
cells.

® Glucose pulse without pH control (pH was decreasing down to 4.89) in which
biofilms were taken as adapted cells for assaying acid killing.
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FIG. 8. Effect of biofilm integrity on acid resistance of biofilms.
Biofilms were either intact or dissociated from the surfaces by sonica-
tion. The biofilms were grown under the condition of either glucose or
sucrose as a carbon source as described in Materials and Methods.

with high cell density facilitated induction of acid adaptation in
S. mutans.

DISCUSSION

Since dental caries develops in an intermittently acidic en-
vironment, one of the most significant virulence properties of
cariogenic bacteria like S. mutans is their acid tolerance. Under
high-carbohydrate conditions, S. mutans outcompetes some of
the most acidogenic and aciduric species in dental plaque (3, 5,
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7). The evidence from these studies suggests that induction of
acid adaptation in S. mutans is an important virulence factor
since its aciduricidy is a feature that sets it apart from a number
of other oral bacteria (58). Adaptation of S. mutans to low pH
in its natural ecosystem of dental plaque is usually character-
ized by active transport of carbohydrates, increased glycolytic
activity, and an increase in cell number (7, 10, 23, 27, 46).

In planktonic culture, exposure of S. mutans to an extracel-
lular signal pH between 5.5 and 5.0 results in the synthesis of
a subset of proteins that enhances its ability to survive low-pH
challenges (25, 59). The molecular mechanisms of the S. mu-
tans ATR remain poorly understood, especially during growth
in biofilms, where the cells are known to exhibit a phenotype
different from that of planktonic cells. Since S. mutans nor-
mally encounters acid while living in dense biofilm communi-
ties, we proposed that high cell densities of S. mutans may
facilitate its survival against low-pH challenges. Testing this
hypothesis led us to the unprecedented finding that the ATR
interfaces with a density-dependent signaling pathway that also
initiates genetic competence.

Since S. mutans relies on a biofilm lifestyle for survival and
utilizes a quorum sensing system to modulate genetic compe-
tence via a cell density-dependent mechanism (41), we set
forth to investigate a possible connection between cell density,
biofilm growth, and quorum sensing in the process of acid
adaptation by S. mutans. Our results clearly showed that cell
density modulated acid adaptation in S. mutans log-phase cells,
since S. mutans grown at high cell density established adapta-
tion to the signal pH more rapidly than the cells at the lower
density. Similarly, S. mutans cells grown in a high cell density

10
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> 1
& :
n L
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FIG. 9. Acid tolerance response of S. mutans BM71 biofilm cells. LPC, log-phase cells; PLC, planktonic cells; 12HB, 12-h biofilm; 1DB, 1-day
biofilm; SDB, 5-day biofilms. Results are the means * standard deviation of four cultures.
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biofilm were more resistant to the killing pH than planktonic-
phase cells. In fact, S. mutans cells grown in biofilms not only
survived better than the planktonic cells but were also capable
of growth at the lower pH following a glucose pulse (Table 2).
It is likely that optimal induction of acid adaptation in a pop-
ulation of S. mutans requires a coordinated activity through
mechanisms involving both low pH induction and cell density-
dependent intercellular communication.

Based on the evidence obtained from this study, we propose
that S. mutans, upon exposure to low pH in a growing culture,
releases an extracellular signal molecule(s) to enhance induc-
tion of acid adaptation in the population. The evidence that
neutralized culture filtrates prepared from acid-adapted cells
induced a log-phase ATR in cells that had never encountered
the signal pH and that the extent of the acid tolerance varied
with cell density and concentration (titration) of the culture
filtrate strongly supports this hypothesis. The EIC(s) produced
during acid adaptation probably acted as a secondary signal to
amplify the induction of acid adaptation in the population.
Upon detection of falling pH this signal is likely secreted and
detected by neighboring cells to activate the ATR to protect
them from the impending pH drop, caused by sugar metabo-
lism. In addition, our preliminary results indicated that the
extracellular component(s) in the culture filtrate responsible
for the induction of acid adaptation were protein-like mole-
cule(s).

We have recently identified and characterized a peptide-
mediated quorum sensing system essential for the cell density-
dependent induction of genetic competence in S. mutans (41).
Since this quorum sensing system functions optimally during
biofilm growth, we investigated the role that this system plays
in the induction of acid adaptation. This quorum sensing sys-
tem consists of at least five gene products, including a 21-
amino-acid CSP (amino acid sequence, SGSLSTFFRLFNRS-
FTQALGK) whose precursor is encoded by comC, a histidine
kinase sensor protein encoded by comD, and the cognate re-
sponse regulator encoded by comE. The comCDE genes are
located in the same locus and together constitute a signal
sensing system for generating and responding to the active
CSP. Two other genes required for peptide processing and
export, csIAB (comAB), are located on a separate region of the
chromosome and encode a CSP-specific secretion system con-
sisting of an ATP-binding cassette transporter csl4 (ComA)
and its accessory protein cs/B (ComB) (50; J. H. Lee, P. C. Y.
Lau, Y.-H. Li, M. Meloche, A. J. Cuttichia, R. P. Ellen, and
D. G. Cvitkovitch, submitted for publication). Our previous
experiments demonstrated that this cell-cell signaling system
produced optimal genetic competence when the cells were
living in actively growing biofilms. In the present study, we
found a connection between the competence signaling pathway
and the ATR, suggesting that the CSP may function as an EIC.

The results clearly showed that mutants defective in the
comC, comD, or comE genes had a diminished log-phase ATR,
although cells exposed to the signal pH still remained more
resistant to the killing pH than unadapted cells, suggesting that
induction of acid adaptation in S. mutans is regulated by more
than one system or signal. To test if a second secreted signal
molecule was involved, we collected the cell-free culture su-
pernatants from cultures of acid adapted and unadapted comC
mutant SMCC-L1 (unable to produce the CSP) and assayed
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for the ability of the pH-neutralized filtrate to enhance the
ATR in unadapted SMCC-L1 in the presence or absence of
exogenous CSP. The results demonstrated that the pH-ad-
justed culture filtrate collected from the adapted comC mutant
did contain a signal molecule(s) that contributed to the overall
ATR. In fact, addition of both the pH-adjusted culture filtrate
and the synthetic CSP almost completely restored the log-
phase ATR in SMCC-L1, demonstrating that CSP and at least
one other signal molecule present in the S. mutans culture
supernatant contribute to induction of the ATR.

This study also demonstrated that S. mutans BM71 was able
to survive low-pH challenge after exposure to a signal pH of
5.5 and was modulated by cell density. This result was consis-
tent with the findings of Svensiter et al. (59), who demon-
strated that exposure of log-phase S. mutans to the signal pH
(5.0 to 5.5) up-regulated the synthesis of 64 proteins, 25 of
them acid specific, although 49 proteins exhibited diminished
synthesis upon low-pH exposure. Preliminary studies with S.
mutans strain NG8 demonstrated, by comparison of two-di-
mensional (2-D) gel profiles, that at least 10 identical proteins
were induced by both low pH and by the CSP (data not shown).
To further support the hypothesis that EIC(s) were involved
and we were not simply observing a phenomenon resulting
from cells forming physical aggregates, the acid shock at pH
3.5 was repeated with cells at various densities, and no differ-
ence in percent survival was observed.

Acid tolerance was also enhanced during stationary phase
brought about by carbon starvation. These conditions provided
the cells with an equivalent or even slightly higher level of acid
resistance than the log-phase ATR. A similar result was ob-
served by Svensiter et al. (59), who showed that carbon star-
vation in S. mutans resulted in a 7- to 12-fold increase in the
resistance to acid killing when compared with the cells grown
in medium with 20 mM glucose. More recently, Zhu et al. (60)
reported that starvation induced by resuspending S. mutans
cells in 40 mM phosphate buffer (pH 7.0) for 24 h resulted in
a significant increase in survival of both biofilm and planktonic
cells to killing by lactic acid (pH 3.8). In Salmonella spp. and E.
coli, this stationary phase acid tolerance system is part of a
general stress resistance induced by entry into stationary phase
and regulated by an alternative sigma factor, RpoS (18, 36).
The system provides cross-protection against a number of
other stresses, such as heat, cold, oxidation, high osmolarity,
and heavy metals (18, 19, 28). A similar general stress resis-
tance has been identified in several gram-positive bacteria,
including Lactococcus lactis (53), Lactobacillus acidophilus
(56), and B. subtilis (51), although the molecular mechanism
controlling the general stress resistance in gram-positive bac-
teria remains unclear. We anticipate that starvation-induced
acid resistance in S. mutans represents the same general stress
resistance observed in other gram-positive organisms. The sta-
tionary phase stress resistance mechanism is likely very impor-
tant for the survival of S. mutans in biofilms since it is believed
that the biofilm phenotype is akin to the physiological state
that cells exist when in stationary phase (60).

It has been widely reported that bacteria grown as a surface
biofilm are more resistant to various stress challenges and
antimicrobial agents than planktonic cells (9). The results from
our present work and other studies demonstrated that S. mu-
tans grown as a biofilm is more resistant to low-pH challenge
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than the cells in suspension (60). The underlying mechanisms
that lead to increased resistance of biofilms to stress are not
well understood. It was originally believed that the increase in
resistance was provided to bacterial cells by the physical barrier
that exists within biofilms, resulting in diffusion-limiting gradi-
ents (8). With S. mutans, however, the physical barrier of
biofilms appears to play a limited role in acid diffusion, since
use of a proper buffering system in liquid phase provides a
relatively good control of biofilm pH, as shown by monitoring
the in situ pH of biofilms in an in vitro experimental system (6,
40). Biofilms grown in aquatic environments usually form a
3-D, mushroom-like structure with numerous water channels
within the biofilms, which allow various ions and small mole-
cules to diffuse throughout the biofilms (9, 49). The data from
this study also showed that intact biofilms grown with glucose
as a carbon source did not provide significant physical protec-
tion against lethal acid, since cells that were removed from
biofilms and were dispersed and resuspended in medium were
equally resistant to acid stress, as were cells in intact biofilms.
This suggests that the increased acid resistance observed with
S. mutans biofilm cells probably resulted from changes in the
cells’ physiology, mediated in part by extracellular signal mol-
ecules. When sucrose was added to the biofilm cultures, there
was a marked increase in acid resistance. It is likely that this
arises partly from the altered biofilm architecture resulting
from accumulation of extracellular polysaccharide formed un-
der these conditions.

Biofilms, particularly thicker biofilms, may provide bacterial
cells with a unique environment to fully express their adaptive
survival mechanisms. Because of 3-D structures, high cell den-
sity, and diffusion barriers, bacterial cells at different locations
within a biofilm may not sense the same degree of pH stress
simultaneously. The cells that first sense a pH stress may rap-
idly process the information and pass their secondary signal to
the other members of the population through cell-cell signaling
systems to initiate a coordinated protective response against
potentially lethal acid. Unlike planktonic cells that need to
reach a critical concentration of signal molecules and cell den-
sity, biofilms can allow signal molecules to accumulate rapidly
in the local environment to initiate coordinated activities far
more quickly (44, 49). In addition, physiological states of bac-
terial cells living in a biofilm, in terms of growth rate, growth
phase, or metabolic activities, are heterogeneous. This allows
the cells to respond to stress in different ways. Apparently, a
biofilm population has several advantages since the cells have
more time, a sufficient concentration of signal molecules, and
high population density to adapt to stress relative to planktonic
cells.

We conclude that the ATR in S. mutans has both a log-phase
ATR and a general acid resistance system in stationary-phase
cells. Population density and cell-cell signaling modulate acid
adaptation in S. mutans log-phase cells. Since S. mutans cells
grown in high-cell-density biofilms were invariably more resis-
tant to the killing pH than the planktonic cells, we propose that
high-cell-density biofilms provide a unique environment for
induction of acid adaptation via quorum sensing in S. mutans.
The quorum sensing pathway significant for the ATR inter-
sects the regulatory pathway for genetic competence. It is likely
that the biofilm growth mode allows S. mutans to utilize mul-
tiple mechanisms for survival during low pH stress, and these
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are dependent on carbohydrate availability, external pH,
growth phase, population density, and various coordinated ac-
tivities.
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