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Streptococcus mutans and Streptococcus sobrinus are the bacteria most commonly associated with human
dental caries. A major virulence attribute of these and other cariogenic bacteria is acid tolerance. The acid
tolerance mechanisms of S. mutans have begun to be investigated in detail, including the adaptive acid
tolerance response (ATR), but this is not the case for S. sobrinus. An analysis of the ATR of two S. sobrinus
strains was conducted with cells grown to steady state in continuous chemostat cultures. Compared with cells
grown at neutral pH, S. sobrinus cells grown at pH 5.0 showed an increased resistance to acid killing and were
able to drive down the pH through glycolysis to lower values. Unlike what is found for S. mutans, the enhanced
acid tolerance and glycolytic capacities of acid-adapted S. sobrinus were not due to increased F-ATPase
activities. Interestingly though, S. sobrinus cells grown at pH 5.0 had twofold more glucose phosphoenolpyru-
vate:sugar phosphotransferase system (PTS) activity than cells grown at pH 7.0. In contrast, glucose PTS
activity was actually higher in S. mutans grown at pH 7.0 than in cells grown at pH 5.0. Silver staining of
two-dimensional gels of whole-cell lysates of S. sobrinus 6715 revealed that at least 9 proteins were up-regulated
and 22 proteins were down-regulated in pH 5.0-grown cells compared with cells grown at pH 7.0. Our results
demonstrate that S. sobrinus is capable of mounting an ATR but that there are critical differences between the
mechanisms of acid adaptation used by S. sobrinus and S. mutans.

The oral cavity is a dynamic environment that undergoes
rapid and often substantial changes in pH, nutrient availability,
carbohydrate source, and oxygen tension. The capacity of oral
bacteria to tolerate acidic environments is of major importance
in the ecology of dental plaque and is directly related to the
pathogenesis of dental caries. Two species of mutans strepto-
cocci, Streptococcus mutans and Streptococcus sobrinus, were
implicated as etiologic agents of dental caries when elevated
proportions of these organisms were detected in dental plaque
from caries-active subjects (15, 32). S. mutans and S. sobrinus,
which can grow and continue to carry out glycolysis at low pH,
are thought to gain a competitive advantage over other plaque
bacteria during the periods of sustained acidification that are
conducive to caries development.

Acid tolerance by S. mutans has been studied in some detail,
and it is established that this organism possesses an inherent
acid resistance that distinguishes it from organisms not com-
monly associated with dental caries. S. mutans can grow and
carry out glycolysis at pH values below 5.0 and can drive the
pH to values well below 4.0 (3). The aciduricity of these or-
ganisms has been attributed in large part to the possession of
a proton-extruding F-ATPase that is expressed at higher levels
than in many oral bacteria and that functions well at pH values
of 5.0 and below, allowing the organisms to maintain adequate
�pH when the external pH falls to 4.0 and lower. In addition
to having constitutive acid tolerance properties, S. mutans is
also capable of mounting an adaptive acid tolerance response
(ATR). Adaptation to growth in moderately acidic conditions

renders the organisms less susceptible to lethal acidification
and is associated with enhanced glycolytic capacities and in-
creased activity of the proton-translocating F-ATPase (3, 16).
Several other mechanisms of resistance to acid stress have
been identified in S. mutans, including the induction of stress
proteins (23, 30), DNA repair enzymes (14, 20), changes in the
cell membrane composition (12, 36), an H�-glucose symporter
that operates at pH 5.0 (8), and, recently, an ammonia- and
polyamine-generating pathway (13). Moreover, response reg-
ulators and quorum-sensing genes have also been shown to
play a role in acid adaptation by S. mutans (31, 48). Although
S. sobrinus is considered to be the most acidogenic bacteria
among the oral streptococci (9, 10, 21), very little is known of
the responses of this organism to environmental acidification.
While it is known that the organisms produce relatively high
levels of F-ATPase, other acid resistance mechanisms have not
been explored. In a previous study, mid-exponential-phase
batch cultures of S. sobrinus CH125/43 were unable to induce
an ATR after a 2-h incubation in medium buffered at an acidic,
nonlethal pH value (43). In the same study, three different
strains of S. mutans were shown to induce a strong ATR when
grown under the same conditions. From this work emerged the
current concept that S. mutans is capable of inducing a strong
ATR and that S. sobrinus, although relatively acid tolerant, is
unable to mount an ATR. Other than the ATR, the tacit
assumption has been that the acid tolerance mechanisms of S.
sobrinus are the same as those in S. mutans.

The ability of oral streptococci to efficiently transport and
metabolize a wide variety of sugars, especially at low pH, is
another characteristic that allows these bacteria to grow and
persist in the mouth and is directly linked to their ability to
elicit dental caries. The phosphoenolpyruvate:sugar phospho-
transferase system (PTS) is the primary sugar transport system
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in oral streptococci, especially under carbohydrate-limiting
conditions, and plays important roles in global control of gene
expression (33, 35, 38, 41, 45). The PTS consists of two proteins
that are common to all PTS substrates, enzyme I (EI) and the
heat-stable phosphocarrier protein Hpr, as well as a variety of
sugar-specific permeases, known as EII complexes, that cata-
lyze the transport and concomitant phosphorylation of their
cognate substrates. Previous research with S. mutans strain
Ingbritt has demonstrated that glucose PTS activity is markedly
decreased in cells grown at pH 5.5, compared to that for those
grown at neutral pH values, and it was suggested that repres-
sion occurs at the level of EII synthesis (46, 47). It is believed
that an H�-glucose symport system may be the primary trans-
porter for glucose at low pH (8). Thus, while the PTS is be-
lieved to be critical for high-affinity and high-capacity transport
of carbohydrate and a major contributor to acidogenesis, its
role in acid tolerance is not established.

Continuous chemostat cultures are considered to be partic-
ularly advantageous for studies of acid tolerance and carbohy-
drate metabolism specifically because steady-state cultures that
are grown at different pH values do not differ in growth rate,
availability of nutrients, growth phase, and other important
physiological parameters. By using chemostats to tightly con-
trol the physiology of the organisms, one can effectively rule
out the possibility that variables other than pH influence the
phenotypic properties. This has been demonstrated repeatedly
in studies with S. mutans. The purpose of this report was to
conduct a more detailed analysis of the responses of S. sobrinus
to environmental acidification. The results indicate that S. so-
brinus does indeed possess an ATR but that there are critical
differences in the molecular mechanisms of acid adaptation by
S. sobrinus and S. mutans.

MATERIALS AND METHODS

Bacterial strains and growth conditions. S. sobrinus 6715 and SL1 and S.
mutans UA159 were routinely grown in brain heart infusion media in a 5% CO2

aerobic atmosphere at 37°C. To investigate the responses of S. sobrinus and S.
mutans to acid shock and acid adaptation, cells were grown in a BioFloIII
chemostat (New Brunswick Scientific, Edison, N.J.) with a working volume of
600 ml in TY base medium (3% tryptone, 0.5% yeast extract) containing 25 mM
glucose, as previously described (23). The dilution rate of the culture was 0.3 h�1,
corresponding to a generation time of 2.3 h, and the pH of the vessel was
maintained by addition of 1 N KOH. Cells growing at steady state, pH 7.0, were
acid shocked from pH 7.0 to 5.0 with 1 N HCl. The total time for titration of the
vessel to pH 5 was about 2 min. Subsequently, cells were grown for a minimum
of 10 generations to achieve steady state at pH 5.0. Samples were obtained from
the chemostat by aspiration from the vessel into ice-cold tubes at selected time
points. In all cases, cells from at least three independent chemostat runs were
collected immediately by centrifugation at 4°C and subjected to acid killing and
pH drop experiments or quick-frozen in a dry ice-ethanol bath and stored at
�80°C for further analysis.

Acid killing and pH drop experiments. For acid killing experiments, steady-
state chemostat cells were washed once with 0.1 M glycine (pH 7.0) and resus-
pended in 0.1 M glycine (pH 2.8). Samples were stirred continuously at room
temperature, and aliquots of cells were removed at 30, 60, and 90 min. Cells were
serially diluted, plated on brain heart infusion-agar plates, and incubated at 37°C
for 2 days before colonies were counted. Cell viability at each time point was
expressed as the percentage of viable cells (CFU per milliliter) at time zero. The
ability of S. sobrinus and S. mutans strains to lower the pH through glycolysis was
monitored as described by Belli and Marquis (3). Briefly, cells from steady-state
chemostat cultures were harvested, washed with 1 culture volume of cold distilled
water, and resuspended in a solution of 50 mM KCl and 1 mM MgCl2 in 1/10 of
the original culture volume. The suspension was titrated with 0.1 M KOH to a
pH of 7.2, pH drops were initiated by addition of 55.6 mM glucose, and the pH
was recorded over a 50-min period.

Biochemical assays. For F-ATPase assays, cells collected from the chemostat
were permeabilized with toluene and incubated with 5 mM ATP in ATPase
buffer, as previously described (3). Samples were removed at various intervals
and assayed for inorganic phosphate released from ATP with the Fiske-Sub-
barow reagent (Sigma, St. Louis, Mo.). To measure sugar transport by the PTS,
cells obtained from the chemostat were washed twice with 0.1 M sodium-potas-
sium phosphate buffer (pH 7.2) and suspended in 10% of the original volume
with the same buffer. The cell suspension was then permeabilized with 50 �l of
toluene-acetone (1:9) per ml of cells. Permeabilized cells (10 to 50 �l) were
assayed by the method of LeBlanc et al. (28). Protein concentrations were
determined by a bicinchoninic acid assay (Sigma) with bovine serum albumin as
the standard.

DNA methods. Chromosomal DNA was prepared from S. sobrinus 6715 as
previously described (5). Sequences used to create oligonucleotide primers were
obtained from the S. sobrinus genome sequencing project at The Institute for
Genomic Research. The following primers were used: dnaK sense, 5�-GGTGG
TGTCATCACTG-3�; dnaK antisense, 5�-GCAGCATCACGTTCAG-3�; atpB
sense, 5�-CCTCATCAGAAATCTTGG-3�; atpB antisense, 5�-CGAAAGCTGT
CGCTG-3�; ptsG sense, 5�-TGGGTGATGGCTTCGCTGTTC-3�; ptsG anti-
sense, 5�-AGGAGCCCATAAGCGTGTTTCG-3�. PCRs were carried out with
100 ng of chromosomal DNA and Taq DNA polymerase, and PCR products
were purified with the QIAquick kit (QIAGEN).

RNA methods. Cell lysates were obtained by mechanical disruption with a
Bead Beater (BioSpec, Bartlesville, Okla.) in the presence of chilled glass beads
(0.1 mm diameter) for 3 cycles of 30 s, with cooling on ice for 1 min during the
intervals. RNA was extracted from S. sobrinus and S. mutans chemostat-grown
cells as described by Chen et al. (7). For quantitative slot blot analysis, equivalent
amounts of denatured RNA were transferred to nylon membranes (GeneScreen
Plus; NEN Life Science Products, Inc., Boston, Mass.) by a slot blot apparatus
(Life Technologies Inc., Rockville, Md.) as described elsewhere (39). RNAs were
UV cross-linked to the membranes, and filter membranes were probed with
internal fragments of the genes of interest that had been labeled with psoralen-
biotin with the Brightstar labeling kit (Ambion, Inc., Austin, Tex.). Hybridiza-
tions and washes were carried out under high-stringency conditions. Signals
obtained on autoradiographs were quantified by densitometry with an IS1000
digital imaging system (Alpha Innotech Corp., San Leandro, Calif.).

Western blotting and 2-D gels. Cells grown in the chemostat as described
above were collected by centrifugation, washed twice with Tris-buffered saline
(TBS; 10 mM Tris-HCl [pH 7.4], 0.9% NaCl), and suspended in sodium dodecyl
sulfate (SDS) boiling buffer (60 mM Tris-HCl [pH 6.8], 5% SDS, 10% glycerol).
Cell lysates were obtained by mechanical disruption with a Bead Beater. Protein
lysates (10 �g) were subjected to SDS-polyacrylamide gel electrophoresis, blot-
ted to Immunobilon-P membranes (Millipore, Bedford, Mass.), and analyzed by
Western blotting (2). Membranes were incubated with antibodies raised against
the Streptococcus pyogenes DnaK and GroEL proteins (29) or the Streptococcus
salivarius EI or HPr protein at dilutions of 1:1,000, 1:500, 1:200, or 1:200,
respectively, in TBS. Antibodies against EI and Hpr were a gift from C. Vaden-
bocoeur, Universite Laval, Quebec, Canada. Immune reactivity was detected by
incubation with peroxidase-conjugated goat anti-rabbit immunoglobulin G, fol-
lowed by detection with 4-chloro-1-naphthol. Two-dimensional (2-D) gel elec-
trophoresis was performed at Kendrick Labs, Inc. (Madison, Wis.) by following
the protocol described by O’Farrell (34), and the gels were stained with silver.
Densitometric analysis was used to compare the intensities of the spots.

RESULTS

Acid-adaptive response of S. sobrinus. To determine if S.
sobrinus had the ability to mount an ATR, acid killing and pH
drop experiments were performed with cells obtained from
steady-state chemostat cultures. To confirm that the growth
conditions were adequate to induce an ATR, chemostat cul-
tures of S. mutans UA159 grown under the same conditions
were also analyzed. Steady-state pH 7.0 or 5.0 cultures of S.
sobrinus 6715 and SL1 and S. mutans UA159 were subjected to
acid killing at pH 2.8. After 90 min of incubation, all of the
organisms showed an increase of at least 1 log unit in the
number of survivors (Fig. 1 and Table 1). In pH drop experi-
ments, cells grown at pH 5.0 were able to decrease the pH
through glycolysis to values lower than that for cells grown at
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pH 7.0 (Fig. 2 and Table 1). In cells growing at pH 7.0, steady
state, S. sobrinus 6715, S. sobrinus SL1, and S. mutans UA159
lowered the pH to 3.57 � 0.09, 3.65 � 0.02, and 3.52 � 0.1,
respectively, after 50 min. When cells cultured at pH 5.0 were
used, the final pH values attained in the pH drops by the same
strains were 3.21 � 0.03, 3.15 � 0.09, and 3.29 � 0.18, respec-
tively (Table 1).

Contribution of F-ATPases to acid tolerance by S. sobrinus
and S. mutans. Previous data have shown that acid adaptation
of S. mutans is correlated with an increase in proton-extruding
F-ATPase activity (3, 16). Indeed, data from this study dem-
onstrated about a twofold increase in F-ATPase activity in S.
mutans UA159 growing at pH 5.0 compared to that in cells
grown at pH 7.0. In contrast, there was no significant increase
in the F-ATPase activity of the S. sobrinus strains when grown

at pH 5.0 (Table 2). It has been suggested that increases in
F-ATPase activity correlate with increased transcription of the
F-ATPase operon (37). Quantitative slot blots of total RNA
were used to test whether the levels of F-ATPase activity for S.
mutans UA159 and S. sobrinus 6715 and SL1 correlated with
mRNA for the F-ATPase genes. An internal fragment of the S.
sobrinus atpB gene, which encodes the ATP synthase subunit of
the F-ATPase enzyme, was used as a probe. In S. mutans, there
was a 2.4-fold increase of atpB mRNA at pH 5.0, whereas in S.
sobrinus 6715 and SL1 the transcriptional levels of atpB were
not affected by growth pH (Fig. 3).

PTS activity in S. sobrinus and S. mutans. The glucose-
specific PTS activities of chemostat-grown S. sobrinus and S.
mutans cells were assessed. In agreement with previous results
(17), the S. mutans glucose-specific PTS was repressed by 50%
at pH 5.0, compared to that for cells grown at pH 7.0. Inter-
estingly, glucose-specific PTS activity in both S. sobrinus strains
was higher in cells grown at pH 5.0 than in cells grown at pH
7.0, particularly in strain SL1, which showed a 2.6-fold induc-
tion at pH 5 (Table 3). It has been demonstrated that the levels
of the Hpr and EI proteins are not affected by changes in some
environmental conditions, whereas synthesis of the sugar-spe-
cific EII enzymes can be down-regulated at low pH (47). West-
ern blot analysis using antibodies raised against the Hpr and EI
proteins from S. salivarius confirmed that the levels of these
proteins are not affected by pH in S. sobrinus 6715 (data not
shown). On the other hand, slot blot analysis using a ptsG
probe, which encodes the glucose PTS permease EIIGlc,
showed that the putative S. sobrinus ptsG was induced after 60
min of acid shock (titration of cells from pH 7 to 5 with dilute

FIG. 1. Survival of S. sobrinus 6715 (squares), SL1 (circles), and S.
mutans UA159 (triangles) during acid challenge. Cells were collected
from a steady-state chemostat held at pH 7.0 (open symbols) or 5.0
(solid symbols) and subjected to acid killing at pH 2.85. Cell viability at
each time point is expressed as the percentage of viable cells (CFU per
milliliter of culture) at time zero.

FIG. 2. Glycolytic pH profile of S. sobrinus 6715. Cells were col-
lected from a steady-state chemostat held at pH 7.0 (squares) or 5.0
(circles), washed once with ice-cold water, and resuspended in a 50
mM KCl/1 mM MgCl2 solution. Glucose was added to the cell sus-
pension to initiate glycolysis, and pH drops were continuously moni-
tored for 50 min. Data points were collected every 10 s, and data for
every 2 min 30 s are presented. The graph shown is a representative of
five independent experiments.

TABLE 1. Acid-adaptive response of S. sobrinus 6715 and SL1 and
S. mutans UA159a

Organism Growth
pH

50-min
glycolytic pH

(final pH)

% Survival
after 90 min

S. sobrinus 6715 7.0 3.57 (0.09) 2.5 � 10�3 (1 � 10�3)
5.0 3.21 (0.03) 4.9 � 10�1 (2.7 � 10�1)

S. sobrinus SL1 7.0 3.65 (0.02) 3.8 � 10�2 (1 � 10�2)
5.0 3.15 (0.09) 4.7 � 10�1 (0.9 � 10�1)

S. mutans UA159 7.0 3.52 (0.10) 9.0 � 10�3 (1.0 � 10�3)
5.0 3.29 (0.18) 3.8 � 10�1 (1.8 � 10�1)

a The results are the means (� standard deviations) of at least three indepen-
dent experiments.

TABLE 2. F-ATPase activity of S. sobrinus 6715 and SL1 and
S. mutans UA159 grown in chemostat cultures

Organism Growth
pH

ATPase activitya

(�mol min�1 mg
of protein�1)

Fold
induction

S. sobrinus 6715 7.0 21 (�3) 1.0
5.0 23 (�6.5) 1.0

S. sobrinus SL1 7.0 19 (�1) 1.0
5.0 23 (�12) 1.2

S. mutans UA159 7.0 20 (�12) 1.0
5.0 43 (�3) 2.1

a The values are the means (standard deviations) of at least three independent
experiments.
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HCl over the course of 2 min) and remained elevated in pH 5
steady-state cells (Fig. 4).

Studies with S. mutans have also demonstrated that sugar
transport by other PTS permeases was repressed by low pH
and that this repression was associated with reduced activity of
the corresponding sugar-specific EII enzymes (47). To inves-
tigate whether the divergent regulation of the glucose PTS in S.
sobrinus and S. mutans by pH was restricted to glucose trans-
port, mannose and fructose PTS activity was measured. In S.
mutans, mannose and fructose PTS activities were reduced at
low pH, but there were no alterations in the levels of transport
of these sugars in S. sobrinus 6715 or SL1 (data not shown).

Protein expression patterns of chemostat-grown cells. 2-D
electrophoresis was used to compare proteins from pH 7.0 and
5.0 steady-state cultures of S. sobrinus 6715 cells. By silver
staining the gels, it was found that at least 9 proteins were
up-regulated and 22 proteins were down-regulated in cells
grown at pH 5.0 (Fig. 5), compared to results for cells grown at
pH 7.0. In S. mutans UA159, the heat shock proteins GroEL
and DnaK were up-regulated after acid shock (23, 30). Slot
blot analysis revealed that the levels of S. sobrinus dnaK
mRNA were increased about threefold when pH 7.0, steady-
state cultures were subjected to acid shock but that there were
no significant differences in the dnaK mRNA levels in steady-
state cells grown at pH 7.0 or 5.0 (Fig. 6A). Western blotting
confirmed that the levels of DnaK were elevated following acid
shock but returned to basal levels in pH 5.0, steady-state cul-

tures (Fig. 6B). Similar results were obtained in Western blot
analyses using an anti-GroEL antibody (Fig. 7).

DISCUSSION

Tolerance of acidic environments by cariogenic organisms is
a critical factor in the ecology of oral biofilms and the patho-
genesis of dental caries. S. mutans and S. sobrinus, along with
lactobacilli, are the bacteria most commonly isolated from
human dental caries. Some studies have indicated that S. sob-
rinus is more acidogenic and more cariogenic than S. mutans
(9, 10). Several epidemiological studies found that S. mutans is
more prevalent than S. sobrinus in dental plaque samples (6,
27, 32), although others have shown that high numbers of S.
sobrinus cells are more closely associated with caries (10, 11,
22). These apparently contradictory results are likely attribut-
able to heterogeneity among mutans streptococci in their aci-
dogenic and aciduric properties, as well as in study popula-
tions, diet, and environmental factors. Regardless, S. mutans
and S. sobrinus have consistently been implicated as the pri-
mary cariogenic organisms in human dental plaque directly as
a result of their ability to tenaciously adhere to the tooth
surface and to produce and tolerate copious quantities of or-
ganic acids.

The inherent acid tolerance of S. mutans and its ability to

FIG. 3. Slot blot analysis of atpB mRNA in response to environmental acidification. (A) Total RNA was isolated from S. sobrinus 6715 and SL1
and S. mutans UA159 grown in the chemostat under the conditions indicated in the figure (s.s., steady state). Hybridization was performed with
internal fragments of the S. sobrinus and S. mutans atpB genes against DNA from the parent organism. RNase-treated samples were used as
controls (data not shown). (B) Bar graph of atpB mRNA levels as measured by densitometry.

FIG. 4. Slot blot analysis of the S. sobrinus 6715 putative ptsG gene
in response to changes in environmental pH. Total RNA was isolated
from S. sobrinus 6715 grown in the chemostat under the conditions
indicated in the figure (s.s., steady state). Hybridization was performed
with an internal fragment of the S. sobrinus ptsG gene. RNase-treated
samples were used as controls (data not shown).

TABLE 3. Glucose-specific PTS activity of S. sobrinus 6715 and
SL1 and S. mutans UA159 grown in the chemostat

Organism Growth
pH

Glucose
PTS

activitya

Fold
induction

S. sobrinus 6715 7.0 83 (�30) 1.0
5.0 129 (�44) 1.6

S. sobrinus SL1 7.0 73 (�38) 1.0
5.0 197 (�88) 2.7

S. mutans UA159 7.0 84 (�35) 1.0
5.0 42 (�17) 0.5

a The values are the means (standard deviations) of at least three independent
experiments. PTS activity is expressed as nanomoles of NADH oxidized in a
PEP-dependent manner per minute per milligram of protein.
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mount an ATR have been studied in some detail (3, 4, 16), but
this is not the case for S. sobrinus. A single report classified S.
sobrinus CH125/43 as a non-acid responder, i.e., unable to
induce an ATR, while S. mutans Ingbritt and LT11 were con-
sidered strong responders (43). The results presented here
demonstrate that S. sobrinus 6715 and SL1 do indeed have the
ability to induce an ATR. The increased resistance to killing at
low pH as a result of acid adaptation during growth at pH 5.0
was of a magnitude comparable to that observed for S. mutans
UA159. Differences between the results obtained in this study
and those of the previously published report (43) are most
likely attributable to differences in growth conditions and
strains. Most notably, a major difference is that we used steady-
state cells grown in continuous chemostat culture instead of
batch-cultivated cells and buffered media (43). In fact, when we
tried to induce an ATR by using a batch culture approach, the
enhanced survival of acid-adapted S. sobrinus cells was not
appreciably different from that of cells cultivated at neutral pH
(data not shown). We also noted that the ATR induced in S.
mutans cells in batch culture is not as robust as that induced in
chemostat-grown cells. The contrast in the phenotypic proper-
ties of steady-state chemostat cells and cells grown batchwise
probably reflects other influences on the physiologic properties
of the organisms arising from differences in growth rate, nu-
trient availability, and growth phase in the cells grown in batch
culture with buffered media. Another important factor when
comparing these studies is that it is generally recognized that
there are significant variations in acidogenicity, aciduricity, and
the ability to elicit caries in experimental animals among dif-
ferent strains of mutans streptococci. S. sobrinus 6715 is com-
monly used in experimental caries models specifically because
of its ability to strongly induce both smooth-surface and sulcal

caries. Likewise, S. mutans UA159 is strongly cariogenic in rats
and capable of inducing a potent ATR. The cariogenic prop-
erties of S. sobrinus CH125/43, a nursing caries isolate, and of
strain SL1 have not, to our knowledge, been assessed since the
strains were isolated and subjected to laboratory passage.
Thus, it is not possible to determine from existing information
whether an ATR is a necessary trait for cariogenic microor-
ganisms.

The ability of S. mutans to survive environmental acidifica-
tion appears to be directly related to the membrane-bound,
proton-translocating ATPase (F-ATPase) (37). In S. mutans, it
was demonstrated that a decrease in the external pH causes an
increase in F-ATPase activity and that this enhanced activity is
correlated with the mounting of an ATR (3, 16, 37). Proton
extrusion via the F-ATPase results in an internal pH that is
more basic than that of the environment, conferring some
protection to acid-sensitive glycolytic enzymes and maintaining
a �pH for bioenergetic processes. Here, the enhanced acid
tolerance and glycolytic capacities of pH 5.0-grown S. sobrinus
could not be attributed to increased F-ATPase activities. Also
of note, the enhanced acid resistance of S. sobrinus was not
correlated with constitutive levels of ATPase activity higher
than those for S. mutans or to differences in the optimum pH
for enzyme activity. The S. sobrinus F-ATPase enzyme was
expressed at a level of approximately 20 �mol min�1 mg of
protein�1, essentially identical to the levels found for S. mutans
UA159. Also, optimal activity at the S. sobrinus ATPase was
near pH 6.0 (data not shown), similar to what was described for
S. mutans (42). Collectively, these results reveal a striking and
fundamental difference in the mechanisms underlying adaptive
acid tolerance in two closely related oral bacteria.

Differences in acid tolerance mechanisms between these two

FIG. 5. 2D protein patterns of S. sobrinus 6715 grown in the chemostat. Double-line arrows, proteins with enhanced expression at pH 5.0, steady
state; single-line arrows, proteins with reduced synthesis; solid triangle, tropomyosin, which was loaded on the gel as an internal control.
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organisms were not restricted to ATPase expression. In S.
mutans UA159, acid-adapted cells were shown to have in-
creased proportions of monounsaturated membrane fatty acids
compared with unadapted cells grown at pH 7.0 (36). How-
ever, in the same study, S. sobrinus 6715 showed only minimal
changes in its membrane fatty acid composition when grown at
low pH. Similarly, a lack of sustained up-regulation of DnaK in
S. sobrinus growing at pH 5.0, in contrast to what was been
observed in S. mutans (23), is yet another major difference in
the behavior of these organisms during acid adaptation. The
lack of up-regulation of the DnaK chaperone also indicates
that the cells are not perceiving a stress condition when grown
at pH 5.0, indicating that the cells are maintaining an adequate
�pH to avoid protein denaturation. Thus, S. sobrinus must

possess other mechanisms to reduce proton permeability or to
prevent acid damage to the cells.

Among the more intriguing findings in our results is the
linkage of elevated glucose PTS activity with enhanced acid
resistance. At low sugar concentrations, which are thought to
exist for sustained periods in dental plaque due to fasting by
the host, the high-affinity sugar PTS is the primary transport
system and plays an important role in carbohydrate uptake (19,
25, 26, 45). Early chemostat studies with S. mutans Ingbritt
suggested that the glucose PTS was repressed under a variety
of conditions, including growth at low pH, faster growth rates,
and growth under glucose excess conditions (17, 18). Subse-
quent continuous-culture studies with S. mutans Ingbritt dem-
onstrated that repression of the glucose PTS was associated
with reduced synthesis of the sugar-specific permease EIIGlc

(47). Our results with the S. mutans strain UA159 followed the
same patterns described above. On the other hand, S. sobrinus
6715 and SL1 grown at steady state at pH 5.0 had 1.6- and
2.7-fold more glucose PTS activity, respectively, than cells
grown at pH 7.0, which correlated well with expression of the
gene for EIIGlc. It is also noteworthy that, compared to that for
S. mutans UA159 growing at pH 5.0, overall glucose PTS
activity in S. sobrinus is some three- to fivefold higher. In-
creases in S. sobrinus PTS activity caused by acidification of the
growth medium were restricted to the glucose PTS, since the
fructose and mannose PTS activities were not affected by pH.
Because the PTS also plays important roles in the regulation of
gene expression (1, 24, 35, 38, 40, 41, 45), we speculate that
changes in expression of the glucose PTS could modify S.
sobrinus acid tolerance by modulating gene expression patterns

FIG. 6. Induction of S. sobrinus 6715 dnaK mRNA and DnaK in response to environmental acidification. (A) Slot blot of total RNA isolated
from cells grown in the chemostat under the conditions indicated (s.s., steady-state). Hybridization was performed with an internal fragment of the
S. sobrinus dnaK gene. RNase-treated samples were used as controls (data not shown). (B) Western blot analysis of DnaK with a polyclonal
antibody against S. pyogenes DnaK (1:1,000). (C) Bar graph of DnaK levels as measured by densitometry.

FIG. 7. Western blot analysis of S. sobrinus 6715 GroEL in re-
sponse to environmental acidification. Total cell lysates obtained from
cells grown in the chemostat under the conditions indicated in the
figure (s.s., steady-state) were probed with a polyclonal antibody
against S. pyogenes GroEL (1:1,000).
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in a way that enhances protection against environmental acid-
ification. In Escherichia coli, EIIGlc was shown to negatively
regulate expression of the �S (rpoS) subunit of RNA polymer-
ase, which controls transcription of a variety of stationary-
phase and stress survival genes (44). Although, to the best of
our knowledge, oral streptococci lack rpoS, it is possible that
other stress regulators are under EIIGlc control. Another pos-
sibility is that increases in the glucose PTS result in higher rates
of ATP generation through glycolysis, thus enhancing the abil-
ity of the cells to maintain �pH. However, in our pH drop
experiments with S. sobrinus 6715, the rates of glycolysis of pH
7.0- and pH 5.0-grown cells, as measured by the time it took
the cells to lower the pH to 3.8, appear to be the same. There-
fore, the role of the glucose PTS in acid tolerance is potentially
complex, and additional studies are needed to better under-
stand the linkage of the PTS enzymes with the ATR.

In summary, the data presented in this study indicate that S.
sobrinus is constitutively acid tolerant and is capable of devel-
oping an adaptive ATR during cultivation at acidic pH values
that can readily be achieved in dental plaque. Elucidation of
the molecular genetics mechanisms governing adaptation of S.
sobrinus to acid will lead to a better understanding of the
pathogenic mechanisms of this bacterium. The opportunity to
contrast the acid-adaptive strategies of S. sobrinus and S. mu-
tans should provide much-needed insight into the genetic and
physiologic control of acid tolerance in important human
pathogens.
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