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Streptococcus mutans is a biofilm-forming bacterium that is adapted to tolerate rapid and dramatic fluctu-
ations in nutrient availability, carbohydrate source, and pH in its natural environment, the human oral cavity.
Dissecting the pathways used to form stable biofilms and to tolerate environmental stress is central to
understanding the virulence of this organism. Here, we investigated the role of the S. mutans rel4 gene, which
codes for a guanosine tetraphosphate and guanosine pentaphosphate [(p)ppGpp] synthetase/hydrolase, in
biofilm formation and acid tolerance. Two mutants in which rel4 was insertionally inactivated or replaced by
an antibiotic resistance determinant were constructed. Under normal growth and stress conditions, the
mutants grew slower than the wild-type strain, although the final yields were similar. The mutants, which were
still able to accumulate (p)ppGpp after the induction of a stringent response, showed significant reductions in
biofilm formation on microtiter plates or hydroxylapatite disks. There was no difference in the sensitivities to
acid Kkilling of the parent and rel4 strains grown in planktonic cultures. However, when cells were grown in
biofilms, the mutants became more acid resistant and could lower the pH through glycolysis faster and to a
greater extent than the wild-type strain. Differences in acid resistance were not correlated with increases in
F-ATPase activity, although bacterial sugar:phosphotransferase activity was elevated in the mutants. Expres-
sion of the /uxS gene was increased as much as fivefold in the rel4 mutants, suggesting a link between AI-2

quorum sensing and the stringent response.

During periods of nutrient starvation, bacteria undergo a
“stringent response” that is characterized by the inhibition of
rRNA synthesis, the induction or repression of metabolic path-
ways according to physiological needs, and the induction of
stationary-phase survival genes (12). Under nutrient-limiting
conditions, the synthesis of guanosine tetraphosphate and
guanosine pentaphosphate [(p)ppGpp], which function as
chemical messengers that allow bacteria to adapt their metab-
olism from a growth mode to a survival mode, is triggered by
the binding of uncharged tRNAs to ribosomes. In Escherichia
coli, relA encodes the (p)ppGpp synthetase and spoT is a
bifunctional enzyme with both (p)ppGpp synthetase and
(p)ppGpp hydrolase activities (12). In gram-positive bacteria,
RelA is a bifunctional enzyme with (p)ppGpp synthetic and
degradative activities (29, 31, 51).

Recently, a few reports have demonstrated that the reld
gene product is involved in a variety of fundamental physio-
logical processes, including biofilm formation in Listeria mono-
cytogenes and E. coli (4, 44), competence development in Ba-
cillus subtilis (21), and quorum-sensing in Pseudomonas
aeruginosa (47). It was shown that in Lactococcus lactis, in-
creased levels of (p)ppGpp lead to enhanced tolerance of
multiple stresses (38), and in L. monocytogenes, a rel4 mutant
strain that failed to accumulate (p)ppGpp displayed an osmo-
sensitive phenotype (34). Therefore, it appears that there is a
connection between intracellular levels of (p)ppGpp and stress
tolerance.

Streptococcus mutans, the principal etiological agent of hu-
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man dental caries, is an “obligate” biofilm bacterium that is
well adapted to tolerate rapid environmental fluctuations in
nutrient availability, carbohydrate source, and pH (7, 9). In
oral biofilms, organisms must deal with rapid and often sub-
stantial changes in nutrient availability, pH, oxygen tension,
and redox environment and other stressors. Of these variables,
pH and carbohydrate have been shown to have the most pro-
found impact on supragingival plaque ecology and the devel-
opment of dental caries. Carbohydrate concentrations can go
from roughly 10 uM during fasting periods to well in excess of
10 mM during intake of heavily sweetened foodstuffs. Concur-
rent with the influx of dietary carbohydrates is a dramatic fall
in pH to values as low as 4 and lower. This so-called feast-or-
famine lifestyle (11) demands that organisms such as S. mu-
tans, which take advantage of periods of high carbohydrate
concentrations and low pHs to emerge in cariogenic plaque,
thrive when environmental conditions are less favorable for
competing species in the biofilms. Thus, stress tolerance and
regulation of metabolism are key virulence attributes of this
organism. In the past few years, a number of studies have
sought to identify genes that are required by S. mutans to form
stable biofilms and tolerate acid stress (3, 18, 20, 23, 24, 27, 32,
53). Some of these gene products appear to play a dual role in
stress tolerance and biofilm formation, further demonstrating a
connection between these important virulence factors (23, 26).
Here, RelA-deficient strains were constructed and used to
demonstrate a link between the stringent response and path-
ways required for biofilm formation and acid tolerance.

MATERIALS AND METHODS

Bacterial strains and culture conditions. E. coli DH10B was grown in Luria
broth at 37°C. S. mutans strains were grown in brain heart infusion (BHI) broth
in a 5% CO, atmosphere at 37°C. If appropriate, ampicillin (100 pg ml™"),
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chloramphenicol (30 pg ml™!), or kanamycin (50 wg ml™" for E. coli or 500 pg
ml~! for S. mutans) was added to the medium. To evaluate the capacity of the
mutant strains to grow under different stress conditions, we grew strains over-
night in BHI broth, diluted 50-fold into fresh BHI broth, and incubated at 37°C
(control), at a high temperature (44°C), at a low pH (pH 5.0, 37°C), or at 37°C
in the presence of 0.0025% H,O,. For amino acid starvation studies, cells were
grown in the chemically defined medium FMC (45) to an optical density at 600
nm (ODg,) of about 0.35. Cells were then collected by centrifugation, and
aliquots were resuspended in experimental (FMC minus supplemented amino
acids) or control medium (complete FMC) for different periods of time. The
ability of cells to form stable biofilms was assessed by growing the cells in biofilm
medium (BM) (28) broth in 96-well polystyrene microtiter plates (Costar 3595;
Corning, Inc., Corning, N.Y.) for 24 or 48 h. For scanning electron microscopy
(SEM), biofilms were grown in BM on the surface of hydroxylapatite (HA) disks
that were deposited in the wells of a 24-well polystyrene tissue culture plate
(Falcon 3047; Becton Dickinson, Lincoln Park, N.J.). Biofilms used for acid
killing experiments, RNA extractions, or reporter gene assays were grown in the
wells of 24-well polystyrene plates.

DNA methods. Chromosomal DNA was prepared from S. mutans UA159 and
its derivatives as previously described (10). Plasmid DNA was isolated from E.
coli by using QIAGEN (Chatsworth, Calif.) columns, and restriction and DNA-
modifying enzymes were obtained from Invitrogen (Gaithersburg, Md.) or New
England Biolabs (Beverly, Mass.). PCRs were carried out with 100 ng of chro-
mosomal DNA by using 7ag DNA polymerase, and PCR products were purified
with the QIAquick kit (QIAGEN). DNA was introduced into S. mutans by
natural transformation (36) and into E. coli by the calcium chloride method (39).
Southern blot analyses were carried out under high-stringency conditions as
detailed by Sambrook et al. (39).

Construction of strains. To insertionally inactivate the rel4 gene, a DNA
fragment containing the gene of interest was amplified by PCR and directly
cloned onto pGEMS5 (Promega, Madison, Wis.) as a SphlI-Spel fragment. A
kanamycin resistance (Kan") gene that is flanked by strong transcription termi-
nators (2Kan) (35) was cloned into an Ncol site located 0.5 kbp from the rel4
start codon. A second rel4A mutant was constructed by replacing an 1,125-bp
EcoRV fragment containing the 5’ end of rel4 with the QKan element, elimi-
nating the possibility that any portion of the RelA could be produced. Plasmids
containing the Kan" gene marker were then isolated and used to transform S.
mutans. Transformants were selected on BHI agar containing the appropriate
antibiotic, and Southern blot analysis was used to confirm that the desired gene
inactivation had occurred by double-crossover recombination.

To express the relA gene in trans, the full-length rel4 gene was amplified by
PCR with primers containing BamHI (5’ primer) and Xbal (3’ primer) restric-
tion sites and cloned onto pMSP3535 (8, 15) that had been digested with BamHI
and Xbal. The resulting plasmid, pJL69, contains the intact rel4 gene under the
control of the lactococcal nisin promoter. Expression of rel4 was induced with 10
g of nisin ml~!, and the production of RelA protein was confirmed by Western
blotting. To construct a reporter gene fusion using the rel4 promoter region, a
0.5-kbp fragment containing the putative promoter region was cloned directly in
front of a promoterless chloramphenicol acetyltransferase (CAT) gene (cat) in
pCW24 (13) to yield plasmid pJL55. The reporter gene fusion was then excised
from plasmid pJL55, subcloned onto the S. mutans integration vector pBGK
(48), and integrated into the chromosome of the wild-type strain in a single copy
by double-crossover recombination at the gtf4 locus. The integration of the
reporter gene fusion into the S. mutans chromosome was confirmed by Southern
blot analysis.

SEM. Biofilms grown on HA disks for 24 h were rinsed by gently dipping the
disks in PBS buffer (50 mM sodium phosphate buffer [pH 7.0], 0.85% NaCl) and
fixed with Trump fixative solution overnight. Fixed samples were then dehy-
drated through a graded series of ethanol concentrations, mounted, and sputter
coated with gold-palladium. Samples were analyzed by SEM (Hitachi S-4000;
Hitachi Instruments Inc., San Jose, Calif.) at several magnifications (X500 to
X13,000) at the University of Florida EM core laboratory (Biotechnology Pro-
gram, University of Florida, Gainesville, Fla.).

(p)ppGpp measurements. Strains were grown in FMC medium to an ODgj, of
0.25. Two 1.3-ml aliquots were transferred to Eppendorf tubes, and control
cultures were labeled with 100 wCi of carrier-free *P; (Amersham Biosciences,
Piscataway, N.J.) ml~! for 1.5 h, at which point the cultures had reached an
ODy of 0.45. To trigger a stringent response, the test cultures were grown to an
ODyg of 0.45, at which point serine hydroxamate (1 mg ml~') was added,
inducing growth arrest, and the samples were labeled for 1.5 h with 100 pnCi of
carrier-free 3?P; ml~!. Extracts of the cells were obtained by concentrating the
samples 20 times before adding 1 volume of 13 M formic acid, followed by three
freeze-thaw cycles. Extracts were centrifuged at 13,000 rpm for 2 min in a
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microcentrifuge (model 5415C; Eppendorf, Westbury, N.Y.), and 30 pl of su-
pernatant fluid was spotted on a polyethyleneimine-cellulose plate (Sigma, St.
Louis, Mo.) for separation by thin-layer chromatography in 1.5 M KH,PO, (pH
3.4) of the phosphorylated guanosine nucleotides. Spots were identified by comi-
gration with similar extracts from E. coli cultures that had undergone a stringent
response or with [*?P]GTP as a standard (Amersham).

RNA methods. Total RNA was extracted from S. mutans strains grown in batch
cultures that had been subjected to amino acid starvation or from biofilm-grown
and planktonic cells that were cultured in tissue culture plates by using a previ-
ously described protocol (13). RNAs were transferred to nylon membranes
(GeneScreen Plus; NEN Life Science Products, Boston, Mass.) by a slot blot
apparatus (LTT) as described by Sambrook et al. (39). For Northern blot analysis,
total RNA was separated on a 0.9% formaldehyde gel as described elsewhere (2).
The integrity of the RNA was assessed, and confirmation that equal amounts of
RNA were analyzed in Northern blots was done by agarose gel electrophoresis
and ethidium bromide staining. RNAs were UV cross-linked to nylon mem-
branes, and the membranes were probed with internal fragments of the desired
genes that had been labeled with psoralen-biotin by using the Brightstar labeling
kit (Ambion, Inc., Austin, Tex.). All hybridizations and washes were carried out
under high-stringency conditions. Signals obtained on autoradiographs were
quantified with an IS1000 digital imaging system (Alpha Innotech Corp., San
Leandro, Calif.).

Acid killing experiments. For acid killing of planktonic cells, strains were
grown in BHI broth to the mid-exponential phase (ODy, = 0.5) or the station-
ary phase, washed once with 0.1 M glycine buffer (pH 7.0), and resuspended in
one-half of the original volume of 0.1 M glycine buffer (pH 2.8) for up to 60 min.
For acid killing of biofilm-grown cells, cultures were grown in a 24-well polysty-
rene (flat-bottom) tissue culture plate containing BM. Cells were incubated at
37°C in a 5% CO, atmosphere for 24 or 48 h and then subjected to acid killing.
Briefly, cells in the planktonic phase were removed by discarding the medium
and blotting the plate on absorbent paper. Biofilms were then incubated in 0.1 M
glycine (pH 2.8) for up to 90 min. For each time point, biofilms from two
independent wells were resuspended in the glycine solution by repeated pipet-
ting, transferred to a 1.5-ml Eppendorf tube, and dispersed by vortexing at
high speed for 30 s. Dispersed cells were serially diluted, plated on BHI agar
plates, and incubated for 2 days before colonies were counted. Cell viability
at each time point was expressed as the percentage of viable cells (CFU m1™')
at time zero.

Physiological assays. The ability of S. mutans to lower the pH through glyco-
lysis was monitored with a pH meter (5). Briefly, biofilms grown in 24-well
polystyrene plates were removed by repeated pipetting, washed once with ice-
cold water, and concentrated 10-fold in 50 mM KCI-1 mM MgCl,. The suspen-
sion was then titrated with 0.1 M KOH to a pH of 7.2, and pH drops were
initiated by adding glucose to a final concentration of 55.6 mM. For F-ATPase
assays, biofilm-grown cells were permeabilized with toluene and incubated with
5 mM ATP in ATPase buffer as previously described (5). Samples were removed
at various intervals and assayed for inorganic phosphate released from ATP with
the Fiske-Subbarow reagent (Sigma). ATPase activity was expressed as nano-
moles of PO, min~! mg of protein™!. To measure glucose transport by the
phosphoenolpyruvate:sugar phosphotransferase system (PTS), cells obtained
from biofilms were washed and permeabilized with acetone:toluene (9:1). Per-
meabilized cells were assayed by the method of LeBlanc et al. (22). PTS activity
was expressed as nanomoles of NADH oxidized in a phosphoenolpyruvate-
dependent manner min~! mg of protein™.

CAT assay. Cell-free lysates were prepared as previously described (13). CAT
activity was measured by a spectrophotometric method (40) using the colorimet-
ric substrate 5,5'-dithio-bis-nitrobenzoic acid (DTNB; Boehringer Mannheim,
Indianapolis, Ind.). One unit of CAT activity was defined as the amount of
enzyme needed to acetylate 1 nmol of chloramphenicol min~".

Protein electrophoresis and Western blotting. Whole-cell lysates for protein
analysis were obtained by homogenization in the presence of glass beads with a
Bead Beater (Biospec, Bartlesville, Okla.) as previously described (13). Protein
lysates (10 wg per lane) were separated by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis, blotted onto Immobilon-P membranes (Millipore, Bed-
ford, Mass.), and subjected to Western blot analysis by standard techniques (2).
Membranes were incubated with Streptococcus dysgalactiae subsp. equisimilis
anti-RelA (anti-Relg,,) polyclonal antisera, a kind gift from H. Malke, Institute
for Molecular Biology, Jena University, Jena, Germany, at a dilution of 1:500.
The protein concentration of samples was determined by the bicinchoninic acid
assay (Sigma).
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FIG. 1. Schematic diagram of the rel4 locus and construction of two rel4 mutant strains. (A) ptsG is predicted to code for a putative PTS system
EII enzyme, while dexA codes for a dextranase precursor. ORF2 codes for a hypothetical protein, and ORF4 is predicted to code for a conserved
D-tyrosyl tRNA deacylase. Arrows indicate the direction of transcription. The numbers below the schematic indicate the sizes of the ORFs in base
pairs, and the numbers between ORFs indicate the sizes of the intergenic regions in base pairs. (B) The rel4 gene was mutated either by insertional
inactivation (TJ-rel4) or by allelic replacement of the gene encoding the N-terminal portion of RelA by a cassette containing the (JKan element
(JL-ArelA). The filled ovals indicate the transcriptional and translational terminators of the (JKan element.

RESULTS

Inactivation of relA leads to relaxed phenotype and reduc-
tion in growth rate. The gene encoding the putative RelA
protein was identified in the S. mutans UA159 genome (1). The
S. mutans relA gene (Smu2044; nucleotides 170983 to 171554)
encodes a 740-amino-acid protein with a predicted molecular
mass of 84 kDa that shared high levels of identity to the Relg,,,
protein (82% identity, 90% similarity). Located 7 bp 3’ of the
relA stop codon was an open reading frame (ORF) predicted
to encode a conserved D-tyrosyl tRNA deacylase, while 148 bp
upstream of the rel4 gene, an ORF coding for a conserved
hypothetical protein (Fig. 1A) was revealed by BLAST
searches.

In order to investigate the role of RelA in biofilm formation
and acid tolerance, two rel4 mutant strains were generated
(Fig. 1B). In the first mutant (TJ-rel4), a polar kanamycin
cassette ((QKan element) was used to insertionally inactivate
the gene between codons 167 and 168, so theoretically this
strain could express a truncated RelA containing almost one-
half of the N-terminal portion of the (p)ppGpp synthetase
domain and about two-thirds of the N-terminal portion of the
hydrolase domain, which overlaps the synthetase domain. The
C-terminal portion of RelA is devoted to the regulation of the
activity of the protein. Of note, the putative 167-amino-acid

truncated RelA could not be detected by Western blot analysis
using an anti-Relg,, antibody. Nevertheless, to be certain that
a strain completely devoid of RelA was examined, a second
mutant was included in our analyses. That strain, JL-Arel4, was
generated by allelic replacement of the 5’ portion of rel4 with
the QKan element, which was integrated 39 bp 3’ of the reld
start codon. The correct integration of (JKan, which is flanked
by transciption terminators, was confirmed by Southern blot-
ting, and a lack of production of RelA was confirmed by West-
ern blotting with anti-Relg,,, antibody (data not shown).

To confirm that the rel4 knockout strains had a relaxed
phenotype, two S. mutans genes coding for elongation factor G
and ribosomal protein L1, which have been shown to be down-
regulated during the stringent response in B. subtilis (6), were
used to probe RNAs isolated from the wild-type and mutant
strains that had been subjected to amino acid starvation. Tran-
scription of both genes was enhanced at least fourfold in the
relA mutant strains (Fig. 2). When grown in liquid media (BHI
broth, BM, or FMC), both rel4 mutants grew more slowly than
the wild-type strain yet were able to reach similar final ODs.
Interestingly, the difference in the growth rates of the reld
mutants was more pronounced in FMC medium than in the
nutritionally rich medium BHI broth (data not shown). The
ability of TJ-rel4 to grow under stress conditions was also
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FIG. 2. Northern blot analysis of S. mutans UA159 and its RelA-deficient strains (TJ-rel4 and JL-ArelA). Cells were grown in complete FMC
(+) or amino acid-depleted FMC (—) for 45 and 90 min. RNA (10 g per lane) was isolated, separated in a 0.9% formaldehyde gel, transferred
to a nylon membrane, and hybridized to probes specific for elongation factor G (A) and ribosomal L1 (si/) (B) genes.

assessed. Under all conditions tested (heat, acid, and oxidative
stress), the mutant strain grew more slowly than the wild-type
strain (Fig. 3).

Detection of (p)ppGpp in TJ-rel4 and JL-ArelA strains. To
determine whether disruption of the rel4 gene resulted in
alterations in the levels of (p)ppGpp pools, the accumulation
of (p)ppGpp was assessed (Fig. 4). Both wild-type and mutant
strains accumulated (p)ppGpp after the induction of a strin-
gent response with serine hydroxamate (an ~60% increase).
Most importantly, this result indicates that strains lacking
RelA were still able to synthesize and accumulate (p)ppGpp.

Effects of reld inactivation on biofilm formation. The capac-
ity of TJ-rel4 and JL-Arel4 to form stable biofilms was com-
pared with that of the wild-type strain. As stated above, al-
though the rel4 mutants displayed slower growth in BM, both
strains grew equally well over a 24- or 48-h period compared to
the parental strain. The data obtained after 48 h showed that
the relA mutants, when grown in the presence of glucose, had
a reduced capacity to form biofilms on the surfaces of micro-
titer plates, indicating that relA is required for efficient biofilm
formation (Fig. 5). Comparable results were obtained with

oxidative-stress
(0.0025% H,0,)

acid-stress (pH 5.5)

24-h biofilms (data not shown). To further investigate the bio-
film phenotypes of these strains, SEM analysis of biofilms
grown on the surfaces of HA disks was performed. After 24 h,
the wild-type strain was able to form a nearly uniform, thick
layer of cells. In contrast, biofilms of TJ-rel4 and JL-ArelA
contained fewer cells, with microcolonies being spread around
the disks and large parts of the disks being uncolonized (Fig.
6).

Acid tolerance by relA mutant strains. To determine
whether the RelA-deficient strains had altered resistance to
low pH, acid killing experiments were performed with plank-
tonic or biofilm-grown cells, which were submitted to acidifi-
cation at pH 2.8. Acid killing of mid-exponential-phase cul-
tures revealed no significant differences in acid resistance
between the wild-type and the mutant strains (data not shown).
Similar results were obtained with stationary-phase cells (over-
night growth), although exponentially growing cells were much
more sensitive to acid challenge than stationary-phase cells
were (data not shown). Interestingly, when the strains were
cultured as biofilms, both RelA-deficient strains became more
resistant to acid killing than the wild-type strain (Fig. 7). To

heat-stress (44°C)
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FIG. 3. Growth curves of S. mutans wild type (squares) and TJ-rel4 (circles) grown in BHI broth at 37°C (solid symbols) or under oxidative,
heat, or acid stress conditions (open symbols). Typical results representative of at least three experiments are shown.
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FIG. 4. Accumulation of (p)ppGpp in S. mutans UA159 (lanes 2
and 3), TJ-relA (lanes 4 and 5), and JL-Arel4 (lanes 6 and 7). Cells
were grown in FMC media and labeled with *?P; (100 wCi m1 ™) before
(lanes 2, 4, and 6) and after (lanes 3, 5, and 7) being treated with serine
hydroxamate (1 mg ml™') to induce the stringent response. Lane 1
shows the [**P]GTP standard.

assess whether the enhanced acid resistance of biofilm-grown
cells was related to the biofilm architecture or diffusion limi-
tation, acid killing was also carried out on biofilms that were
dispersed by repeated pipetting. The data obtained were com-
parable to what was found for intact biofilms, indicating that
biofilm-grown cells were inherently more resistant to acid kill-
ing (data not shown). To evaluate whether the acid-resistant
phenotype of the rel4 mutant biofilms was a result of a general
acquisition of stress tolerance, biofilm-grown cells of the TJ-
relA and UA159 strains were subjected to killing by 0.2%
H,O,. No significant differences in resistance to peroxide kill-
ing were found between these two strains (data not shown).
In agreement with the acid-resistant phenotype, biofilm cells
from both the TJ-rel4 and the JL-Arel4 strains were able to
lower the pH through glycolysis faster than, and to values lower
than, those achieved by the wild-type strain (Fig. 8 and Table
1). To assess whether the basis for the enhanced acid tolerance
and glycolytic capacity was an increase in the proton-translo-
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cating F-ATPase or the capacity to transport sugar through the
PTS, the activity of these enzyme systems was measured. Bio-
film-grown cells from the parent and mutant strains showed
comparable levels of F-ATPase activity. In contrast, glucose
PTS activity was approximately 70% higher in the rel4 mutant
strains grown in biofilms (Table 1) and 40% higher in plank-
tonic cultures (data not shown) than in the parent cultured
under the same conditions.

Complementation of rel4 mutation restores wild-type phe-
notype. Sequence analysis revealed that an ORF starting 7 bp
from the rel4 stop codon encodes a putative D-tyrosyl tRNA
deacylase. Considering the small degree of separation between
relA and this putative gene, it seems likely that the two genes
were cotranscribed and that mutation of rel4 with Kan would
create a polar effect on the downstream gene. The tight linkage
of the genes may be significant, since it has been demonstrated
that in E. coli, p-tyrosyl deacylase provides protection against
the toxic effects of p-aminoacyl tRNA molecules that accumu-
late during amino acid starvation (17). To confirm that the lack
of RelA was responsible for the biofilm-defective and acid-
tolerant phenotypes of strains TJ-rel4 and JL-ArelA, the intact
relA gene was provided in trans on plasmid pJL69 after induc-
tion with subinhibitory concentrations of nisin. The expression
of RelA from pJL69 in both rel4 background strains was con-
firmed by Western blotting (data not shown). The introduction
of relA onto pJL69 in strains TJ-rel4 and JL-ArelA restored the
levels of (p)ppGpp accumulated during exponential growth
and the capacity to form biofilms, and the acid tolerance ca-
pacity of the complemented strains was indistinguishable from
that of S. mutans UA159 (data not shown). Controls included
the wild-type strain and relA strains carrying the vector plasmid
that were treated identically to the experimental cultures. Of
note, we also determined that concentrations of nisin up to 16
pg ml~*, which is one-half of the MIC, have no effect on the
stress tolerance of S. mutans.

Expression of reld is constitutive. rel4 expression was as-
sessed by slot blot and promoter fusions in the wild-type strain.

B
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FIG. 5. Biofilm formation by S. mutans UA159 (wild type), TJ-rel4, and JL-ArelA. Cultures were grown in a 96-well microtiter plate containing
BM at 37°C in 5% CO, for 48 h. Growth (dotted bars) and biofilm formation (solid bars) were measured at absorbances of 600 and 575 nm,
respectively. (A) The graph shows the averages and standard deviations for three independent experiments. (B) Crystal violet-stained biofilms of
strains UA159 (lane 1), TJ-rel4 (lane 2), and JL-Arel4 (lane 3) on polystyrene plates. Typical results for three independent experiments are

presented.
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FIG. 6. Scanning electron micrographs comparing biofilm formation of S. mutans UA159 (wild type), TJ-relA, and JL-Arel4 on the surfaces of
HA disks. Images shown were obtained at X1,500 (A, D, and G), X6,000 (B, E, and H), and X13,000 (C, F, and I) magnification.

The detection of individual transcripts by Northern blot anal-
ysis proved unsatisfactory, most likely as a result of low-level
expression of rel4 coupled with rapid degradation of the reld
mRNA (data not shown). Therefore, quantitative detection of
relA mRNA was accomplished by slot blot analysis. RNA was
isolated from batch-grown cultures that were subjected to
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FIG. 7. Survival of S. mutans wild-type (squares), TJ-rel4 (trian-
gles), and JL-ArelA (circles) strains after acid challenge at pH 2.8. Cells
from 48-h biofilms grown on the surfaces of polystyrene plates were
collected and subjected to acid killing in 0.1 M glycine (pH 2.8). Cell
viability at each time point is expressed as the percentage of viable cells
(CFU ml of culture ') at time zero.
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FIG. 8. pH drop profile of S. mutans wild-type (squares), TJ-relA4
(triangles), and JL-ArelA (circles) strains grown in biofilms. Biofilms
grown for 24 h on the surfaces of polystyrene plates were resuspended
in ice-cold water and collected by centrifugation. Cells were resus-
pended in a 50 mM KCI-1 mM MgCl, solution, and pH drops were
initiated by the addition of glucose. pH drops were continuously mon-
itored for 50 min. Datum points were collected every 10 s, and data for
every 2 min and 30 s are presented. The graph shows the averages and
standard deviations for three independent experiments.
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TABLE 1. Acid tolerance responses of S. mutans UA159, TJ-relA,
and JL-ArelA biofilms

ATPase activity Glucose PTS activity

Strain pH after 50 min (nmol of PO, (nmol min~! mg of
of glycolysis” min~! mg of P bg
protein~ )¢ protein™)
UA159 3.727 £ 0.0639 2.391 £ 0.301 130.7 = 45.33
TI-relA 3.545 = 0.0755 2.231 = 0.468 233.65 + 56.7
JL-ArelA 3.608 £ 0.0548 2.177 £ 0.455 218.1 = 74.92

“Mean * standard deviation for three independent experiments.
> Mean + standard deviation for five independent experiments.

amino acid starvation and from biofilm or planktonic cells
grown in tissue culture plates. Under all circumstances, there
were no detectable differences in the levels of rel4 mRNA:s,
suggesting that rel4 expression is not regulated at the tran-
scriptional level (Fig. 9A). In agreement with these findings, a
transcriptional fusion to a promoterless cat gene demonstrated
that transcription from the rel4 promoter was not affected by
amino acid starvation (data not shown). Finally, Western blot
analysis with an anti-Relg,,, antibody confirmed the results
obtained by the RNA analysis and indicated that RelA levels
correlate well with transcription levels of the rel4 gene (Fig.
9B).

Transcriptional profile of genes involved in stress tolerance
and biofilm formation in rel4 mutant strains. S. mutans strains
lacking ClIpP or LuxS or producing lower levels of DnaK were
all acid sensitive and showed impaired biofilm formation (23,
24, 32; J. A. C. Lemos and R. A. Burne, unpublished data;
Z.T. Wen and R. A. Burne, submitted for publication). In an
attempt to elucidate the basis for the enhanced acid tolerance
and biofilm-defective phenotypes of the RelA-deficient strains,
the transcription of clpP, luxS, and dnaK was examined in the
wild-type and mutant strains by Northern blotting. The abso-
lute amounts of c/pP and dnaK mRNA did not appear to be
affected in the mutant strains and thus could not readily be
connected to the biofilm-defective or acid-resistant phenotypes
(data not shown). However, the expression of uxS was ele-
vated in the mutant strains approximately threefold compared
to that in UA159 and was increased up to fivefold after cells
were subjected to amino acid starvation (Fig. 10).

1 2 3 4
- eo» e o> o reld probe

anti- Relg,,

FIG. 9. Expression of relA mRNA and RelA from S. mutans
UA159 in response to amino acid starvation. (A) Slot blot of total
RNA; (B) Western blot analysis of RelA levels with an anti-Relg,,
polyclonal antibody diluted 1:500. RNAs (10 pg per lane) or total
protein (10 wg per lane) was isolated from samples grown in complete
FMC (1), in FMC minus supplemented amino acids for 45 min (2), and
in FMC minus supplemented amino acids 90 min (3) and from biofilm
(4) or planktonic (5) cells grown in BM.
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FIG. 10. Northern blot hybridization with luxS. Cells were grown in
complete FMC (+) or amino acid-depleted FMC (—) for 45 and 90
min. RNA (10 pg per lane) was isolated, separated in a 0.9% formal-
dehyde gel, transferred to a nylon membrane, and hybridized to a
luxS-specific probe.

DISCUSSION

Four factors are known to be critical in the development of
dental caries by oral bacteria: the abilities of the bacteria to
adhere to the tooth surface, to form biofilms, to metabolize
carbohydrates, and to tolerate fluctuations in the environment,
especially with regard to pH and nutrient limitation (9). Some
recent reports have linked the stringent factor RelA with en-
vironmental stress tolerance in and biofilm formation by bac-
teria (4, 34, 38, 44). The data presented here show that the
RelA-deficient strains of S. mutans had an impaired capacity to
form biofilms and exhibited enhanced resistance to acid killing
that was specific to cells grown in biofilms.

A (p)ppGpp-null phenotype has been obtained in E. coli
with the isolation of a rel4 spoT double mutant (52). In gram-
positive bacteria, insertional inactivations of rel4 genes have
generated truncated RelA proteins that retain residual levels
of (p)ppGpp (30, 34, 38, 42, 44), apparently by virtue of the
production of a truncated RelA protein that retains synthetase
activity. In our TJ-relA strain, the rel4 gene was inactivated by
insertion of an antibiotic resistance marker at codon 168. Al-
though we could not detect immunoreactive, truncated RelA
protein by Western blotting, we cannot exclude the possibility
that the cells produced a low level of a 167-amino-acid protein
that retained some (p)ppGpp synthetase activity. The creation
of the ArelA strain, lacking all RelA protein, demonstrated that
it was possible to isolate a rel4 null mutant of S. mutans.

To the best of our knowledge, rel4 null mutants have not
been isolated in gram-positive bacteria; unsuccessful attempts
to isolate a viable S. dysgalactiae subsp. equisimilis relA (rels,,)
deletion mutant have been reported (30). In the Streptococcus
pyogenes genome (16), Steiner and Malke (42) identified two
candidate proteins (Spy0873 and Spy1125) containing putative
GTP pyrophosphokinase domains that shared limited se-
quence homology with RelA. In searching the S. mutans ge-
nome, we have found three ORFs with putative GTP pyro-
phosphokinase domains (Smu926, Smu1046¢, and Smu1206c)
that share similarity with Spy0873 and Spy1125, albeit the
similarities are limited. Thus, it is possible that there are al-
ternative sources of (p)ppGpp production in S. mutans besides
RelA. In support of this idea, both the TJ-rel4 and the JL-
ArelA strains were still able to synthesize and accumulate
(p)ppGpp in a pattern similar to that of the wild type strain.
It has been demonstrated that the S. dysgalactiae subsp. equi-
similis relA gene (also known as rely,,) encodes a strong
(p)ppGpp 3'-pyrophosphohydrolase and a weaker (p)ppGpp
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synthethase (29). Since the levels of (p)ppGpp depend on its
rates of synthesis and degradation, we speculate that there are
other sources of (p)ppGpp production and that RelA may
constitute the only (p)ppGpp hydrolase enzyme in S. mutans.
Most importantly, though, our results clearly indicate that in-
sertional inactivation or deletion of rel4 does not yield a
(p)ppGpp-null phenotype.

It has been suggested that transcription of rel4 in L. mono-
cytogenes is induced upon adhesion to a model surface (44).
Using reporter gene fusions as well as Northern and Western
blot analyses, we did not detect the induction of rel4 during
amino acid starvation or in biofilm-grown cells, demonstrating
that increased synthesis of RelA protein is not a primary con-
trol point for (p)ppGpp production and that allosteric regula-
tion of RelA may be sufficient to control the levels of
(p)ppGpp in S. mutans. In fact, Wendrich et al. (50) demon-
strated that RelA hops between blocked ribosomes, allowing
low concentrations of RelA (1 for 200 ribosomes) to synthesize
(p)ppGpp at levels that are correlated with the number of
“starved ribosomes.” Therefore, it may not be necessary for the
cells to increase RelA production in response to stress or
starvation to mount an effective stringent response. Whether
the other (p)ppGpp synthases are differentially expressed in
response to environmental stress is not known.

In the present study, the capacity to form biofilms was clearly
impaired in both rel4 mutant strains. During the preparation
of this paper, Yoshida and Kuramitsu (53) explored the effects
of the inactivation of rel4 on biofilm formation by S. mutans
GS-5. In contrast to the data presented here, biofilm formation
by their rel4 mutant (strain AYRA1) was equivalent to that of
the parental strain in a microtiter plate assay (53). However,
there are critical differences between the mutants and growth
conditions used in these two studies. First, the GS-5-derived
mutant was cultured in a chemically defined medium contain-
ing 0.5% glucose, whereas our UA159-derived mutant was
cultured in BM containing 0.3% glucose. Perhaps more impor-
tantly, AYRA1 was constructed by single-crossover insertion
of a suicide plasmid in a way that could allow the production of a
233-amino-acid version of RelA. Truncated versions of RelA that
were even smaller have been shown to have residual (p)ppGpp
synthetase and hydrolase activities (30, 34, 42). Consequently,
in addition to differences in growth conditions, the retention of
RelA-dependent (p)ppGpp production or degradation in
AYRA1 may account for behavior unlike that of the reld
mutants described in this study.

It is intriguing that biofilms of the rel4 mutants became
more resistant to acid killing but planktonic cells did not dis-
play the same phenotype. It has been demonstrated that bac-
terial biofilms are partially protected from external agents by
multiple mechanisms, including diffusion limitation (14). Zhu
et al. (54) reported that after acid shock, the majority of live S.
mutans cells were found in deep layers of the biofilms, and Li
et al. (25) showed that cells from thicker and denser biofilms
had higher resistances to killing by low pH than planktonic
cells. However, it appears that in S. mutans, the physical bar-
rier of biofilms may play only a limited role in acid diffusion.
Indeed, the rel4 mutants in dispersed biofilms were as resistant
to acid killing as the same strains in intact biofilms and more
acid resistant than the parent strain, suggesting that changes in
cellular physiology, and not biofilm structure, were responsible
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for the increased acid resistance. Along these lines, Li et al.
(25) have suggested that the increased acid resistance of S.
mutans biofilms results from physiological changes mediated,
at least in part, by extracellular signals rather than diffusion
limitation.

Recently, it was demonstrated that a quorum-sensing system
essential for genetic competence in S. mutans (comABCDE
genes) is also involved in biofilm formation (27). The inacti-
vation of rel4 does not seem to affect DNA genetic transfor-
mation, as evidenced by our ability to readily transform the
mutants with a plasmid DNA. Thus, the impaired biofilm-
forming capacity of the rel4 mutants could not be associated
with a reduction in genetic competence and therefore is not
likely to result from altered expression of the com genes. More
recently, it was demonstrated that the inactivation of the S.
mutans luxS gene, which is involved in quorum sensing in a
wide range of bacteria, leads to impaired biofilm formation
(32; Wen and Burne, submitted for publication), as well as an
acid-sensitive phenotype (Wen and Burne, submitted for pub-
lication). In this report, it was shown that the expression of luxS
was induced by amino acid starvation and that the levels of luxS
were three- to fivefold higher in the rel4 mutants. It is possible
that alterations in the levels of LuxS could affect pathways that
are required for biofilm formation and acid tolerance, perhaps
providing some insight into the molecular basis for the pheno-
types of the rel4 mutants. Lending strength to this hypothesis,
Wen and Burne (submitted for publication) demonstrated that
the expression of acid stress-related genes such as ffi (a signal
recognition particle subunit), as well as that of the genes en-
coding the DNA repair enzymes RecA, SmnA, and Nth, was
down-regulated in an /uxS mutant. Further studies will be es-
sential for understanding the relationships between RelA and
LuxS.

The acid resistance of S. mutans has been directly related to
increased glycolytic capacities and increased activity of the
proton-translocating F-ATPase (5, 19). The F-ATPase appears
to be essential for pH homeostasis in S. mutans and is often
considered to be the major determinant of acid tolerance in
this organism (37). Cells isolated from biofilms of the RelA-
deficient strain showed no increase in F-ATPase activity. How-
ever, glucose PTS activity was higher in the rel4 mutant strains,
suggesting that PTS genes may be under RelA stringent con-
trol. In oral streptococci, the PTS is the primary sugar trans-
port system, particularly at low sugar concentrations (46), but
the PTS also plays important roles in the regulation of gene
expression (33, 43). Thus, the effects of elevated PTS activity
on acid tolerance in the rel4 mutants in biofilms could be
explained in at least two ways. First, increases in the PTS
activity may have imparted to the mutants an enhanced capac-
ity to effectively scavenge residual sugars in the biofilms, al-
lowing energy generation and enhancing survival. Whether this
could occur at pH 2.8 in glycine buffer is not known. Perhaps
a more palatable explanation is that pleiotropic effects on gene
expression caused by changes in expression of the PTS com-
ponents altered the acid resistance properties in the RelA-
deficient background. It is also noteworthy that the inactiva-
tion of the ccpA gene in S. mutans, which encodes a global
regulator of catabolite repression in gram-positive bacteria,
has been shown to affect biofilm formation in B. subtilis and S.
mutans (41, 49). Alterations in the DNA binding activity of
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CcpA induced by PTS-dependent changes in carbohydrate flux
could also provide a partial explanation of the linkage between
altered carbohydrate metabolism in the RelA strain and di-
minished biofilm formation.

In summary, we showed that RelA plays an important role in
biofilm formation and acid tolerance and thus intimately reg-
ulates the virulence of S. mutans. Analysis of genes under the
control of RelA by means of transcriptomics or proteomics
may lead to the discovery of essential determinants of acid
tolerance and biofilm formation for S. mutans.
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