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We used the streptococcal transposon, Tn916 to identify and isolate mutants of Streptococcus mutans with
altered intracellular polysaccharide (IPS) accumulation. We report on the isolation and characterization of S.
mutans SMS202, a transposon mutant which accumulated the glycogen-like IPS in excess of wild-type levels.
Southern blot analysis confirmed a single Tn916 insertion into the SMS202 chromosome. Moreover, quanti-
tative ultrastructural analysis revealed significantly increased concentrations of IPS in SMS202 relative to
those of the wild-type progenitor strain, UA130. The activities of ADPglucose pyrophosphorylase (GlgC) and
glycogen synthase (GIgA), enzymes required for the biosynthesis of bacterial IPS, were also elevated in the IPS
excess mutant. Furthermore, SMS202 was significantly more cariogenic on the molar surfaces of germ-free rats
than the wild type (P < 0.01), thus confirming a central role for IPS in S. mutans-induced caries formation. We
propose that the increased cariogenic potential of SMS202 is due to constitutive expression of genes which
encode glycogen biosynthesis in this oral pathogen. The coordinate expression of GIgC and GIgA along with the
results of ongoing nucleotide sequence analysis and Northern hybridization experiments support an operon-

like arrangement for the glg genes of this oral pathogen.

Streptococcus mutans, the principal etiologic agent of dental
caries in humans, infects more than 95% of the population
worldwide, often colonizing the oral cavity during the first year
of life (18). Prominent among the attributes which contribute
to S. mutans-induced caries formation is the ability of the
organism to metabolize exogenous dietary carbohydrates and
to produce lactic acid as a by-product; this acid production in
the oral cavity leads to the demineralization of tooth enamel
and the onset of dental decay.

Exogenous carbohydrates as substrates for S. mutans metab-
olism have received widespread attention (4, 18); however,
they represent only one source of S. mutans acid production in
the oral cavity. Interestingly, S. mutans may also produce acid
by metabolizing intracellular polysaccharides (IPS), glycogen-
like storage polymers containing o1,4- and al,6-glucosyl link-
ages (10). In fact, early reports indicate that streptococci iso-
lated from carious lesions were predominantly synthesizers of
IPS, while those isolated from caries-inactive plaque were poly-
saccharide-negative variants (9). Tanzer et al. later demon-
strated that the cariogenic potential of nitrosoguanidine-gen-
erated mutants of S. mutans with defects related to IPS differed
from that of the wild-type strain in vivo (33). It may be inferred
from these studies that S. mutans IPS promote the formation
of dental caries by prolonging the exposure of tooth surfaces to
organic acids, especially at non-meal times when exogenous
carbohydrates are lacking from the oral cavity. However, the
mutations generated in these early investigations were unchar-
acterized; that is, the lesions were chemically induced and were
never subsequently genetically or biochemically defined. The
construction of precise, well-defined mutants is therefore nec-
essary if our currently limited knowledge of S. mutans IPS
accumulation and the mechanism(s) which may regulate IPS
expression in the plaque environment is to be extended.

In contrast to what is known of IPS biosynthesis in gram-
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positive microorganisms, IPS accumulation has been well stud-
ied in the members of the family Enterobacteriaceae, notably
Escherichia coli (22) and Salmonella typhimurium (17, 31). In
these gram-negative microbes, the glgC gene product is an
ADPglucose pyrophosphorylase (EC 2.7.7.27) which catalyzes
the formation of ADPglucose. In a subsequent reaction, gly-
cogen synthase (EC 2.4.1.21), the gene product of glg4, cata-
lyzes the transfer of a glucosyl unit from ADPglucose to a
preexisting maltodextrin primer or al,4-glucan (23). Finally, a
glgB branching enzyme (EC 2.4.1.18) introduces 1,6 branch
points which constitute nearly 10% of the total linkages
present in bacterial glycogen (23). Interestingly, the gigC,
glgA, and glgB genes constitute an operon on the E. coli and
S. typhimurium chromosomes; however, the structural organi-
zation of the genes which code for activities analogous to
ADPglucose pyrophosphorylase, glycogen synthase, and branch-
ing enzyme in gram-positive microorganisms remains unex-
plored. The characterization of genes involved in S. mutans
IPS accumulation and an investigation of the role of IPS in
S. mutans-induced caries formation are therefore significant.
We recently used a streptococcal transposon, Tn916, to
generate isogenic mutants of S. mutans altered in IPS accumu-
lation. We demonstrated that S. mutans SMS201, an IPS-de-
ficient mutant bearing a single transposon insertion, is signif-
icantly less cariogenic than its wild-type progenitor in a
germfree rat model system (30). From these studies, we con-
cluded that S. mutans IPS are significant contributors to the
caries-forming process. The glg locus which flanks the transpo-
son insertion site on the SMS201 chromosome has since been
cloned, and its characterization is ongoing. In the present
study, we report on the isolation of S. mutans SMS202, a novel
transposon mutant which produces IPS in excess of wild-type
levels. We demonstrate that SMS202 is significantly hypercar-
iogenic (P < 0.01) in germfree rats, lending further support to
the possibility of a central role for IPS in S. mutans-induced
cariogenesis. Moreover, we propose that the increased cario-
genic potential of this mutant in vivo is the likely result of
constitutive expression of a streptococcal glg operon. Indeed,
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or “ Source and/or
plasmid Genotype and phenotype reference
E. coli
K-12 F~ endAI hsdR17 (ry~ mg") 11
DH5a supE44 thi-1 recAl gyrA96 relA1D 11
(lacZYA-argF)U1694:80d
(lacZ)DM15
S. mutans
UA130 S. mutans serotype ¢ Glg™* Caufield (21)
SMS201 UA130::Tn916 Glg~ 30
SMS202 UA130::Tn916 Glg*™* This work
PAMO620 pVA891::pAD1EcoRI F'::Tn916 36

Em" Tc"

“ Em, erythromycin; Tc, tetracycline; Glg* ", excess glycogen.

the coordinate expression of GlgC and GIgA activities in S.
mutans strongly supports the idea of an operon-like arrange-
ment for the glgC and glg4 genes on the chromosome. In
addition, ongoing nucleotide sequence analysis of the glg locus
and the results of Northern (RNA) hybridization experiments
further support the argument for a glg operon in this oral
pathogen.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in the
present study are described in Table 1.

Culture conditions. S. mutans UA130 (serotype c¢) and its isogenic mutant
SMS202 were routinely grown anaerobically at 37°C in Todd-Hewitt (TH) broth
(Difco Laboratories, Grand Island, N.Y.). The mutant was selected on TH agar
containing tetracycline (5 pg/ml). In the preparation of solid media, agar (Difco)
was added to a final concentration of 1.5%. Colony morphologies were examined
periodically on mitis salivarius agar (Difco), and streptococci were subsequently
checked for purity by microscopic examination.

To screen for mutants with altered IPS accumulation, S. mutans transposon
mutants were grown anaerobically for 5 days on Jordan’s medium (12) supple-
mented with 2% glucose and tetracycline. For quantitative determinations of the
IPS content, S. mutans cultures were grown anaerobically at 37°C in 10 ml of
chemically defined medium (CDM) (34) for 1, 3, and 5 days prior to harvesting
by centrifugation and cell disruption.

For growth rate and acid production determinations, S. mutans UA130 and
SMS202 were cultivated in TH broth either in the presence or absence of 2%
exogenous glucose, with selective pressure when appropriate. Samples were
withdrawn at various time intervals and measured for cell optical density at 560
nm (ODsgo) with a Milton Roy spectrophotometer or for pH with an Orion
digital pH meter.

In the preparation of crude enzyme extracts, 500 ml of TH broth supple-
mented with 2% glucose was inoculated with an overnight culture of UA130 or
its isogenic mutant. The mutant was grown in the presence of tetracycline as
described above. Cultures were grown standing at 37°C and were maintained at
pH 7.0 with 5 M NaOH for up to 12 h. Cells were subsequently harvested by
centrifugation, and extracts were prepared as described previously (1).

For ultrastructural analyses, cells were grown in glucose-enriched TH broth to
late logarithmic, early stationary, or stationary phase and harvested by centrifu-
gation. Cells were then pretreated with periodic acid and sodium chlorite to
enhance the affinity of IPS for subsequent staining with uranyl and lead acetate
salts (6).

For Northern blot analyses, cells were grown as standing overnight cultures at
37°C in TH broth or CDM supplemented with 1% glucose. The cells were
harvested by centrifugation, and total RNA was isolated as described below.

E. coli DH5o was grown at 37°C in Lennox broth with gentle aeration.

Mutag is of S. We used the E. coli plasmid pAM620 (27) which
harbors the streptococcal transposon Tn976 (Tc") to deliver the transposon to
the S. mutans genome. The resulting transposon library was plated onto TH agar
containing tetracycline. Tetracycline-resistant colonies were subsequently replica
plated onto Jordan’s medium supplemented with tetracycline and screened for
alterations in glycogen content by iodine staining as described previously (9).

Determination of IPS content. S. mutans IPS was measured qualitatively by
staining colonies grown on Jordan’s medium with a 0.2% I, 2% KI solution (9).
After a 15-min incubation in the dark, the color of the stained colonies was
recorded. Colonies with phenotypes deviating from the wild type were selected
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for further analysis. Quantitative cytological determinations of S. mutans IPS
were conducted by hydrolyzing streptococcal whole cells with hot KOH and
quantitating spectrophotometrically the amount of iodine-polysaccharide com-
plex formed (6).

Electron microscopy. Cells were prepared for electron microscopy as de-
scribed by DiPersio et al. (6). Specimens were examined on a Hitachi H-600
electron microscope at magnifications ranging from X40,000 to X150,000.

Virulence testing of S. mutans in germfree rats. The cariogenic potentials of S.
mutans UA130 and SMS202 were determined in gnotobiotic Fischer rats (20).
Specifically, weanling rats (aged 19 days) were challenged orally with saturated
swabs (2 X 10® CFU/ml) of UA130 or SMS202, and the animals were maintained
subsequently on caries-promoting diet 305 (containing 5% sucrose) provided
either ad libitum or at restricted feeding times (6 h/day). Colonization was
assessed at 2 days postchallenge and then weekly for the duration of the exper-
iment by collecting oral swab samples and culturing them on mitis salivarius agar
with or without tetracycline. The animals were sacrificed at 45 days postchal-
lenge, and plaque microbiology and caries scores were determined by the method
of Keyes (13). Postmortem cultures from infected rats were streaked onto mitis
salivarius agar plates with selective pressure when appropriate and then were
screened for glycogen content on glucose-enriched Jordan’s medium (12), as
previously described.

Isolation and purification of DNA. Chromosomal DNA from S. mutans was
isolated by using a modification of the method of Marmur (19); cell lysis at 37°C
was accomplished in TE buffer (10 mM Tris hydrochloride, 1 mM EDTA [pH
7.5]) containing 40 mg of lysozyme per ml and 200 U of mutanolysin per ml.
Plasmid DNA was extracted from E. coli by the alkaline lysis method of Birnboim
and Doly (2). DNA was digested with restriction enzymes (Promega Biotec,
Madison, Wis.) in accordance with the recommendations of the supplier.

Isolation of total RNA. An overnight culture of S. mutans UA130 was diluted
1:50 in TH broth or CDM plus 1% glucose and grown anaerobically in the
presence of 1% glycine to an ODs, of 0.7. The cells were then combined with
an equal volume of cold 100 mM Tris—2 mM EDTA, pH 8.0, and harvested by
centrifugation. Cells were resuspended in 2 ml of the same buffer containing
lysozyme (15 mg/ml) and incubated for 20 min at 37°C. Mutanolysin (2,500 U)
was added, and the cell suspension was incubated for an additional 20 min at
60°C prior to the addition of 0.3 ml of lysis buffer (0.5 M Tris [pH 8.0], 20 mM
EDTA, 10% sodium dodecyl sulfate [SDS]). Cell lysis was evident after the cell
suspension was placed in a boiling water bath for 2 min. Hot acid-saturated
phenol (Sigma) was added immediately, and the mixture was incubated at 65°C
for 4 min. The suspension was then frozen in a dry ice-ethanol bath and allowed
to thaw at room temperature before centrifugation at 5,800 X g for 5 min. The
aqueous layer was transferred to a fresh tube, and the phenol extraction and
freeze-thaw steps were repeated. The aqueous layer was removed and extracted
first with phenol-chloroform-isoamyl alcohol (125:24:1) and then with chloro-
form-isoamyl alcohol (24:1). The RNA was precipitated overnight with isopro-
panol, and the pellet was resuspended in 100 pl of DNase buffer (0.1 M sodium
acetate, 5 mM MgSO, [pH 5.0]). Ten units of DNase (Gibco-BRL) was then
added, and the mixture was incubated for 15 min at room temperature. The
phenol-chloroform-isoamyl alcohol extraction was repeated, and the RNA was
collected by ethanol precipitation. The dried pellet was resuspended in sterile
water to a final concentration of 1 pg/pl and stored at —80°C.

Electroporation of S. mutans UA130. S. mutans UA130 was prepared for
electroporation by dilution of overnight cultures into fresh TH broth (1:20) and
growth as a standing culture at 37°C for 3.5 h. The cells were harvested by
centrifugation, washed twice in succession with 1 ml of cold 300 mM raffinose,
and then resuspended in 120 pl of the same solution. A 40-.l aliquot of cells was
mixed with 10 pg of DNA suspended in sterile water and subsequently electro-
porated in chilled 0.2-cm-gap cuvettes (BioRad). The electroporation parame-
ters applied to the cell-DNA mixture were 25 pF, 1.25 kV, and 400 Q. Subse-
quent to the pulse (10 ms), the cells were allowed to recover in prewarmed TH
broth for 90 min. Electrotransformants were plated onto TH agar containing 5
ng of tetracycline per ml.

Preparation of radiolabeled probes. *’P-labeled pAM620 was prepared in
vitro by nick translation based on the procedure of Rigby et al. (25). The
unincorporated label was separated from radiolabeled DNA by chromatography
on Sephadex G-100 columns. [**P]dCTP (3,000 Ci/mmol) was purchased from
New England Nuclear.

Southern and Northern blot analyses. DNA was resolved on 0.8% agarose gels
submerged in Tris-borate-EDTA buffer at 40 V overnight. Resolved DNA was
transferred to nitrocellulose filters (Schleicher and Schuell, Inc., Keene, N.H.) by
the method of Southern (29). Hybridizations were performed with 50% form-
amide at 42°C for 16 h in the presence of radiolabeled pAM620. Filters were
washed in 2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate, pH
7.0)-0.1% SDS for 30 min with gentle agitation prior to two standing washes at
50°C in 0.5X SSC-0.1% SDS. The filters were air dried and exposed to film
(Kodak X-Omat XAR-5) for at least 24 h at —80°C.

Total RNA isolated from S. mutans UA130 and RNA markers (Sigma) were
fractionated on 0.8% agarose gels (8 pg per lane) containing 8% formaldehyde.
RNA was quantitated spectrophotometrically and by ethidium bromide staining
of rRNA subunits. Following electrophoresis at 40 V overnight, the RNA was
transferred directly onto nitrocellulose membranes and subsequently hybridized
with a DNA probe corresponding to an internal fragment from open reading
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FIG. 1. Generation of S. mutans SMS202. Transposon Tn916, harbored on
the E. coli plasmid pAMG620, was used to generate mutants of S. mutans with
altered IPS accumulation. The insertion illustrated gave rise to SMS202, which
produces IPS in excess of wild-type levels. Tc, tetracycline; Em, erythromycin.

frame 2 (ORF2), a putative S. mutans gigB analog. The probe was isolated and
purified from low-melting-temperature agarose gels (UltraPure BRL) and ra-
diolabeled as described above. Hybridizations, filter washings, and autoradiog-
raphy were also conducted as described above.

Assay for S. mutans ADPglucose pyrophosphorylase and glycogen synthase
activities. Crude protein extracts were prepared from S. mutans cultures as
described previously (1), with the following modifications. Cells were disrupted
in a Braun (Melsungen, Germany) homogenizer for 3 min in the presence of
glass beads and cooled with intermittent bursts of liquid CO,. The disrupted cell
suspension was centrifuged at 37,000 X g for 20 min at 0°C, and the supernatant
was standardized with a bicinchoninic acid protein assay reagent (Pierce). The
extracts were assayed for ADPglucose pyrophosphorylase (GlgC) and glycogen
synthase (GIgA) activities by the spectrophotometric measurement of ATP
(ADPglucose pyrophosphorylase)- or ADP (glycogen synthase)-linked reduction
of nitroblue tetrazolium (8). Measurements were recorded at an ODs,, with an
LKB enzyme-linked immunosorbent assay reader.

Statistical analysis. All data presented are expressed as the mean plus or
minus the standard error of the mean. Electron micrographs were used to
quantitate IPS, and the data were analyzed by the Student ¢ test. Caries scores
were evaluated by analysis of variance and multiple mean comparisons by the
Duncan test. Differences were considered to be significant when a value of P =
0.05 was obtained.

RESULTS

Identification and characterization of S. mutans SMS202.
Transposon Tn916 was used to generate glycogen-altered mu-
tants of S. mutans as well as to facilitate cloning of the struc-
tural genes involved in glycogen accumulation. As illustrated in
Fig. 1, the E. coli plasmid pAM620 (Tn916) was introduced
into the glycogen-proficient S. mutans strain UA130 by elec-
troporation. Since the plasmid functioned as a suicide vector in
the gram-positive background, the tetracycline resistance
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FIG. 2. Analysis of S. mutans IPS content by iodine staining. The IPS-profi-
cient S. mutans strain UA130 and isogenic mutants SMS201 and SMS202 were
grown anaerobically on Jordan’s medium and stained with an iodine solution as
previously described (9). S. mutans UA130 stains brown (A), indicating that it is
IPS proficient. The SMS201 IPS-deficient mutant stains yellow (B), while the
SMS202 IPS excess mutant demonstrates a superbrown phenotype (C).

marker resident on the transposon could only be rescued upon
integration of Tn916 into the S. mutans genome.

From the nearly 3,000 tetracycline-resistant electroporants
screened for alterations in IPS accumulation by I, staining, two
mutants were identified. We reported previously on the glyco-
gen-deficient transposon mutant, SMS201, which stained yel-
low in the presence of iodine (30); this was in contrast to
wild-type S. mutans, which stained light brown. In the present
study, we report on a single glycogen excess mutant, SMS202,
which demonstrated a superbrown phenotype upon iodine
staining (Fig. 2).

Specifically, ultrastructural analyses of S. mutans SMS202
thin sections revealed IPS as cytoplasmic electron-dense gran-
ules which were present at significantly higher levels (P < 0.05)
in the excess mutant (14 granules per cm?) than in the wild-
type strain (9 granules per cm?) and the IPS-deficient mutant
(5 granules per cm?) (Fig. 3). Cytological determinations of S.
mutans IPS also indicated that these storage polymers were
present in SMS202 at concentrations considerably higher than
those of the wild-type progenitor and the IPS-deficient mutant
strains (Fig. 4). Importantly, a single transposon insertion in
SMS202 was confirmed by Southern analysis, as revealed by
two hybridizing HindIII junction fragments when pAM620 was
used as a probe (data not shown); this result was expected,
since HindIII cuts only once within the transposon. Moreover,
infrequent reversion (rate, 10~7) of the IPS excess mutant to
wild-type glycogen proficiency correlated at all times with the
loss of tetracycline resistance; this correlation strongly suggests
that the hyperaccumulation of IPS in SMS202 occurred as a
direct result of transposon insertion.

SMS202 was further characterized prior to its analysis in
vivo. Firstly, the growth rates of SMS202 and its wild-type
progenitor were equivalent (data not shown), suggesting that
the mutant was not altered in carbohydrate uptake or trans-
port. Secondly, acid production levels in the presence and
absence of exogenous glucose appeared to be similar for the
SMS202 and the wild-type strains (data not shown); that is,
both S. mutans strains released acid into the surrounding me-
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SMS202

FIG. 3. Ultrastructural analysis of S. mutans IPS. S. mutans was grown to early stationary phase in TH broth, and thin sections were prepared for electron
microscopy. IPS appear as cytoplasmic electron-dense granules which are present in SMS202 at significantly higher concentrations than in the wild-type UA130 and

IPS-deficient SMS201 strains (P < 0.05). Scale: 1 cm = 167 nm.

dium during the late logarithmic phase of growth and both
strains reached and maintained a pH of 5 during stationary
phase (after 20 h). Thirdly, levels of adherence of the mutant
and wild-type strains to borosilicate glass tubes were indistin-
guishable; this result was consistent with our observations in
vivo in that the abilities of the strains to adhere to the surfaces
of rat molars were not significantly different (Table 2). Finally,
SMS202 proved to be a stable transposon mutant in that it
remained tetracycline resistant and IPS abundant for more
than 100 generations when passaged in vitro, even in the ab-
sence of antibiotic selection.

Cariogenic potential of SMS202 in germfree rats. The sta-
bility of S. mutans SMS202 facilitated subsequent in vivo in-
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FIG. 4. Cytochemical determination of IPS content in S. mutans UA130 and
isogenic mutants SMS201 and SMS202 grown in CDM (34). To represent bac-
terial concentrations as a linear function of photometric turbidity, IPS content is
reported in adjusted optical density units (35). The experiment for the data
shown is a representative one. The differences between the three strains are
significant (P < 0.05) on days 3 and 5.

vestigations of IPS and their role in the cariogenic process. The
virulence levels of S. mutans UA130 and SMS202 as deter-
mined with gnotobiotic Fischer rats are presented in Table 2.
The results reveal a significantly greater cariogenic potential
for the IPS excess mutant than for the wild type on the buccal
and sulcal surfaces of rat molars. This trend was significant for
animals maintained on a caries-promoting diet provided ad
libitum as well as for animals maintained on the same diet
provided for only 6 h/day; differences in cariogenicity were
slightly more pronounced for the restricted dietary regimen
than for the unrestricted diet.

Coordinate expression of GlgC and GIgA supports the pres-
ence of a glg operon in S. mutans. In previous reports, we
revealed activity levels for both ADPglucose pyrophosphory-
lase (GlgC) and glycogen synthase (GlgA) in the IPS-deficient
mutant SMS201 lower than those observed for the UA130
progenitor (30). In the present work, GlgC and GIgA activities
were both increased in SMS202 relative to those of the same
UA130 progenitor (Fig. 5). The parallel activities of these
enzymes in mutants bearing single-transposon insertions sug-
gest that the glgC and glgA genes are coordinately regulated in
S. mutans and that they are therefore likely to constitute an
operon on the streptococcal chromosome.

Nucleotide sequence analysis further supports the presence
of a glg operon in S. mutans. Ongoing nucleotide sequence
analysis of the S. mutans glg locus revealed two contiguous
ORFs. As previously reported, ORF1 shares no nucleotide
sequence homology with other sequences in the GenBank da-
tabase (30) while a second ORF, located immediately down-
stream, shares some sequence homology with the glgB genes
from Synechococcus sp. (15) and Bacillus stearothermophilus
(14). The latter observation provided the first evidence to sug-
gest the presence of a glgB analog in S. mutans. The nucleotide
sequence of the putative glg promoter region from S. mutans is
represented in Fig. 6. Importantly, the glg promoter, when
cloned as a 0.57-kb HindIII-Sphl fusion to a promoterless
chloramphenicol acetyltransferase (cat) reporter gene, di-
rected the expression of cat in E. coli (7) as well as in the S.
mutans fusion strain, GMS100 (unpublished observations).
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TABLE 2. Virulence of S. mutans UA130 and SMS202 in monoinfected germfree rats”

Mean caries score + SE¢

Cell
Strain  Diet” recovery Buccal Sulcal Proximal
(CFU/ml)*
E Ds Dm Dx E Ds Dm Dx E Ds Dm Dx
SMS202 AL 88 x 107 17.0°*0.6 153°*=1.0 11.3+*11 7.8 +11 19.0*=0.8 162°*0.7 100+ 1.1 52+09 6.0°*0.7 1304 0 0
UA130 AL 6.0x107 150=0.0 1225+0.7 95*08 70*x05 170=12 13.7+09 83=*08 3.7*x06 17+03 0303 0 0
SMS202 R 37x10° 151¢°*12 120°*05 7.7+06 51+06 183°*=09 147°*08 73°+04 27+08 1106 0604 0 0
UA130 R 1.5x10° 10.7 = 0.5 8703 63*x03 35+x05 142*+05 11.0*x06 47x0.7 1.0x0.7 1.0x07 0303 0 O

“ Groups of six rats were tested for all strains. The IPS excess mutant was significantly more cariogenic than its wild-type progenitor on buccal and sulcal surfaces.

b AL, ad libitum diet; R, diet restricted to 6 h/day.
¢ S. mutans recovered from rat molar surfaces 2 weeks postchallenge.

4 Caries scores were determined by the method of Keyes (13). Abbreviations: E, enamel involvement; Ds, slight dentinal involvement; Dm, moderate dentinal

involvement; Dx, extensive dentinal involvement.

¢ Significant difference (P < 0.01) between experimental strain score and UA130 score.

A single 6.2-kb mRNA species suggests that the S. mutans glg
genes are cotranscribed. Interestingly, the results of Northern
hybridization experiments revealed a single mRNA transcript
which hybridizes with an S. mutans glg-specific probe. Specifi-
cally, equivalent amounts of total RNA isolated from S. mutans
UA130 grown in various carbohydrate environments were frac-
tionated on formaldehyde-agarose gels; the RNA appeared
intact, since the 23S, 16S, and 9S rRNA subunits were clearly
visible on ethidium bromide-stained gels. An internal 0.36-kb
HindIII-Sphl fragment derived from ORF2 (a glgB analog in S.
mutans) was subsequently radiolabeled and hybridized to the
RNAs which had been immobilized on nitrocellulose mem-
branes. Consistent with the presence of a polycistronic mnRNA
was a single 6.2-kb glgB-specific transcript on Northern blots
(Fig. 7). The expression of this transcript appeared to be in-
duced by exogenous glucose (Fig. 7), suggesting that S. mutans
glg expression is subject to regulatory control.

DISCUSSION

While early reports suggest that IPS may play a significant
role in S. mutans-induced cariogenesis (33), the present studies
confirm a central role for IPS in the S. mutans caries-forming
process. We previously reported that an IPS-deficient mutant
was significantly less cariogenic in germfree rats than its wild-

type progenitor (30). We now demonstrate that an IPS excess
mutant, SMS202, is significantly hypercariogenic in this animal
model. Specifically, germfree rats monoinfected with S. mutans
SMS202 proved to be significantly more cariogenic than those
infected with the wild-type UA130 strain on the buccal and
sulcal surfaces of their molars (P < 0.01); since both strains of
S. mutans colonized rat molars with equal efficiency, the in-
creased cariogenicity observed in SMS202-infected rats reflects
a true increase in the cariogenic potential of the mutant and
not a difference which may be accounted for by variations in
colonization. Interestingly, differences in cariogenicity were
more pronounced when a restricted feeding regimen was fol-
lowed than when the caries-promoting diet was provided ad
libitum (Table 2). Thus, it is likely that the restricted dietary
regimen gives rise to an environment in which exogenous fer-
mentable substrates are depleted, such that S. mutans is forced
to resort to endogenous IPS to satisfy its metabolic needs.
Moreover, since we demonstrated that the amounts of acid
production in SMS202 and UA130 are equivalent, it is likely
that the prolonged exposure of host tissues to organic acids,
and not the rate at which acid is released into the oral cavity by
the mutant, is ultimately what contributes to the increased
cariogenic potential of SMS202. That is, as IPS are metabo-
lized, acid production by SMS202 and UA130 is extended to

A B

1.5 1.5
E 107 T 107
£ £
o (=]
S —e— UA130 g
S —— SMS201 5
~ —=— SMS202 =
& 0.5 g 0.5

Nl o 54
< <

0.0 0.0 T v T T

0 100 0 20 40 60 80 100
time (min) time (min)

FIG. 5. Biochemical analysis of IPS accumulation in S. mutans. Crude protein extracts prepared from S. mutans UA130 and SMS202 were standardized for protein
content and assayed for ADPglucose pyrophosphorylase (GlgC) (A) and glycogen synthase (GlgB) (B) activities. Both enzyme activities are repressed in SMS201 and
elevated in SMS202 relative to the wild-type UA130 strain. Such coordinate regulation supports the hypothesis of an operon-like arrangement for the glg genes on the

S. mutans chromosome. Standard errors of the means are indicated by the error bars.
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FIG. 6. Nucleotide sequence of the glg promoter region of S. mutans. Shown
is the S. mutans glg locus with its two contiguous ORFs, which are transcribed in
the same direction (as indicated by the arrows). The ORFs are preceded by a
common functional promoter region which directs the expression of a promot-
erless cat reporter gene in E. coli. The putative Shine-Dalgarno sequences are
underlined. Nucleotide position numbers are shown above the sequence.

include between-meal times when exogenous carbohydrates
are absent from the oral cavity; thus, SMS202 is significantly
more cariogenic than the wild-type strain since the latter har-
bors significantly more IPS than the former. Along the same
lines, the IPS excess mutant may be particularly well suited for
promoting caries formation between meals since it is during
these times that the acid-neutralizing effects of saliva are con-
siderably reduced. Finally, we previously reported that S. mu-
tans SMS201 harbored significantly fewer IPS than the wild
type and that its cariogenic potential was thus significantly
reduced in vivo (30). Taken collectively, these observations
confirm IPS as significant contributors to S. mutans virulence;
however, the mechanism(s) which may regulate IPS accumu-
lation still remains unclear.

Interestingly, the insertion in the S. mutans SMS201 glyco-
gen-deficient mutant decreased but did not eliminate the ac-
tivities of ADPglucose pyrophosphorylase and glycogen syn-
thase. The repression of both of these activities by a single
insertion suggests the disruption of a positive regulatory ele-
ment, possibly a promoter which directs the expression of both
glgC and glgA. The insertion in the SMS202 IPS excess mutant
increased the activities of both ADPglucose pyrophosphory-
lase and glycogen synthase relative to that of the wild type. This
constitutive expression suggests insertional inactivation of an
operator-like sequence on the S. mutans chromosome which
prevents the binding of a putative repressor protein. Alterna-
tively, a potential outward-reading promoter on the end of the

CDM +
THB 1y Glucose
r ¥ —
SR e —

| €m=62kb

FIG. 7. Northern blot analysis reveals a single glg-specific transcript in S.
mutans. Total RNA isolated from S. mutans cultures grown in TH broth (THB)
or CDM supplemented with 1% glucose were resolved on formaldehyde-agarose
gels (8 pg per lane) and transferred to nitrocellulose membranes. Hybridization
was carried out with a DNA probe derived from S. mutans ORF2, a glgB analog
in S. mutans. A 6.2-kb glg-specific transcript (arrow) is evident when cells are
grown in the presence of exogenous glucose. Because the glg-specific transcript
has undergone some degradation, its degradation products are likely to become
nonspecifically trapped by rRNA; we presume this phenomenon to be respon-
sible for the hybridization which is associated with bands corresponding in size to
the 23S and 16S rRNA subunits (*).
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transposon and adjacent to the chromosome-borne glg locus
may be responsible for driving the constitutive expression ob-
served in S. mutans SMS202. Indeed, a putative promoter site
was identified on the right end of Tn916 by Clewell et al. and
was shown to be responsible for the hyperexpression of En-
terococcus faecalis hemolysin (5). Transposon-mapping studies
along with sequence analysis across the transposon-chromo-
some junctions of S. mutans are planned to precisely determine
the orientation and location of the transposon insertions in
SMS201 and SMS202. In any event, the disruption of a putative
operator sequence and constitutive expression from a transpo-
son-borne promoter are both scenarios which are consistent
with an operon-like arrangement for the glg genes on the S.
mutans chromosome; the idea of such an arrangement is fur-
ther supported by the presence of the glycogen gene operons
previously described for the Enterobacteriaceae (26, 31). In
fact, nucleotide sequence analysis which has revealed at least
two ORFs at the S. mutans glg locus along with the identifica-
tion of a functional upstream promoter lends further support
to the likelihood of a glg operon in this oral pathogen. Finally,
the 6.2-kb glgB-specific transcript observed on Northern blots
exceeds the glgB coding regions reported for Synechococcus
sp., B. stearothermophilus, and E. coli by nearly 4 kb (14); this
difference suggests that the S. mutans glg genes are likely to be
cotranscribed and so further supports the idea of an operon-
like arrangement for the glg genes on the S. mutans chromo-
some.

The continued characterization of the S. mutans glg locus
will facilitate subsequent studies of regulatory control aimed at
understanding glg expression in the plaque environment. Pre-
liminary evidence suggests that IPS accumulation in S. mutans
is inducible, since the 6.2-kb glg-specific mRNA is expressed in
the presence of exogenous glucose but not in its absence (Fig.
7). It can be reasoned that the biosynthesis of an «l,4- or
al,6-glucan polymer would be induced by exogenous glucose.
In addition, preliminary evidence derived from Northern anal-
ysis indicates that the glg genes are also induced by fructose
(data not shown). Overall, the inducible expression of the S.
mutans glg transcript implies that the genes at the glg locus are
subject to regulatory control.

Interestingly, glg expression in the Enterobacteriaceae is ca-
tabolite repressible (24, 26). Whether the glg genes in S. mu-
tans are subject to similar regulatory control remains unknown.
Lane and coworkers recently described three glucose-repress-
ible promoters in S. mutans (16); the mechanism(s) responsible
for this catabolite-repressible regulation cannot involve the
conventional cyclic AMP (cAMP)-cAMP receptor protein
dimer found in gram-negative bacteria, however, since cAMP
and adenylate cyclase activities have never been detected in
gram-positive microorganisms (3, 28). More recently, Stewart
reported that inverted repeat sequences in staphylococci may
serve as targets for proteins involved in catabolite repression
(32). We can only speculate, on the basis of nucleotide se-
quence analysis of the S. mutans glg promoter region, that
inverted-repeat-like sequences centered at 83 and 34 bp up-
stream of ORF1 are functional in catabolite-repressible regu-
lation (Fig. 6).

Indeed, an operon-like arrangement for the S. mutans glg
genes reveals possible mechanisms of control for IPS accumu-
lation in the plaque environment; however, additional studies
are necessary to extend our understanding of the events which
contribute to acid production in the oral cavity. Overall, these
investigations will further our currently limited knowledge of
metabolic regulation in S. mutans and in gram-positive micro-
organisms in general.
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