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Streptococcus mutans-free Osborne-Mendel rats were used to study the ability
of well-characterized S. mutans strains of Bratthall serotypes c, d, and E to form
plaque and cause caries when the animals consumed either sucrose- or glucose-
containing diets. All of the serotype representatives successfully infected, colo-
nized, and emerged in the oral ecology of animals, independent of the carbohy-
drate supplementation ofthe diet. However, the sucrose-containing diet supported
higher percentages of S. mutans of all the serotypes in the plaque and greater
amounts of plaque on the teeth. Smooth surface caries was essentially S. mutans
dependent and sucrose dependent; fissure caries, although it was neither depend-
ent on S. mutans infection nor sucrose consumption, was augmented by both.
This sucrose-associated emergence of all three serotype representatives in the
plaque flora and their virulence in the production of caries can be ascribed to
their production of alkali-soluble a-(1 -* 3)-rich glucans from sucrose.

The widely held notion that dental caries in-
volving smooth surfaces of the teeth is sucrose
dependent has recently come into question. It
has been shown that the initial sorption of Strep-
tococcus mutans to the teeth occurs in the ab-
sence of sucrose as well as in its presence (3).
Also, the minimal colonizing dose of S. mutans
for Sprague-Dawley rats is not dramatically dif-
ferent in the presence of sucrose- or of glucose-
containing diets (35) when the infectant strain is
a Bratthall serotype c (1) representative, al-
though the minimal colonizing dose of S. mutans
serotype d strains may be lower when rats are
fed sucrose- than when they are fed glucose-
containing diets (35). Furthermore, it is known
that S. mutans can colonize the teeth of sucrase-
deficient children who consume negligible
amounts of sucrose (36) and of wild rats living in
a relatively sucrose-free environment (4). Our
group has recently shown that, whereas adher-
ence in vitro of several serotype a, b, and d
strains of S. mutans to tooth enamel and ni-
chrome surfaces is supported by sucrose but not
by glucose, serotype c and E strains colonize
those surfaces with resultant good plaque
growth in the presence of either sugar (34),
although with perhaps less tenacity in the pres-
ence of glucose.
Abundant evidence indicates that serotype c

cells of S. mutans are the ones most frequently
isolated from human subjects in various parts of

the world, with serotype d and E cells less fre-
quently recovered, and serotype a and b cells
only rarely recovered (2, 18, 28, 33). Nonetheless,
the early experimental caries studies using ro-
dents, in which the plaque-forming ability and
cariogenicity of microorganisms were studied in
the presence ofsucrose or ofother carbohydrate-
containing diets, employed serotype a, b, or d
cells and led to the conclusion that sucrose is by
far the most cariogenic carbohydrate (7-9, 12,
15, 22, 24, 25). It is noteworthy that these sero-
types are now known to be rather strictly sucrose
dependent in their plaque formation, in contrast
to serotype c and E cells (34).

It has thus become important to determine
the in vivo plaque-forming ability of serotype c
and E cells and to determine whether such cells
induce comparable caries activity in vivo when
used to infect animals consuming high glucose-
as compared with high sucrose-containing diets.
The present report demonstrates that serotype
c and E representative strains, as well as sero-
type d strains, induce heavy plaque formation
and are highly cariogenic in animals consuming
a high sucrose diet but not in animals consuming
a high glucose diet, although the successful col-
onization of animals by these strains is not de-
pendent on sucrose consumption.

MATERIALS AND METHODS
Microorganisms. Spontaneously streptomycin-re-
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sistant strains 6715-13 (Bratthall serotype d, 1,31),
NCTC 10449S (Bratthall serotype c, 1,32), and LM7S
(Bratthall serotype E, 1,13) were used. All strains were
maintained in lyophile until ready for virulence test in
experimental animals, at which time they were cul-
tured in fluid thioglycolate medium containing 20%
(vol/vol) meat extract (Difco Laboratories, Detroit,
Mich.) and excess CaCO3.

Animals, diets, and infection. Weanling Os-
borne-Mendel rats derived from specific-pathogen-
free Osborn-Mendel (SPFOM) rats of the National
Institutes of Health Animal Production Unit and free
of indigenous S. mutans infection were used esentially
under the conditions previously detailed (30-32). This
animal strain was Caesarean-derived, suckled by
SPFOM foster mothers, and specifically infected by
four microorgainisms constituting normal indigenous
rodent gut flora: two lactobacilli of unknown species,
a strain of S. faecalis, and a strain of Bacteroides of
unknown species (26). After weaning, the animals were
provided caries test diet 2000 (23) containing either
56% sucrose or 56% glucose (Zeigler Brothers, Inc.,
Gardners, Pa.). The diet was supplied ad libitum, as

was demineralized water. Three days after institution
of this diet, each animal was orally infected with 0.2
ml of a fresh thioglycolate culture containing approx-

imately 1.3 x 10i colony-forming units (CFU) of one

of the three S. mutans strains studied per ml, or they
remained uninfected. Thus, there were 12 groups with
8 animals in each group. Other data (not reported
here) indicated thet this infectious dose exceeds by at
least two orders of magnitude the infectious dose
required to establish colonization of these strains of S.
mutans in all of the animals.
Recovery of microorganisms. The animals were

cultured after being provided caries test diet and be-
fore bacterial challenge to monitor for possible extra-
neous S. mutans contamination. The recovery of in-
fectants was tested generally 12 and 48 days after
infectious challenge. The teeth were swabbed, and the
swabs were placed into 0.05% yeast extract in 67 mM
phosphate buffer (pH 7.0). The swab-containing tubes
were immediately agitated in a Vortex mixer, and
serial dilutions made in buffered yeast extract were

spread on Mitis Salivarius agar with Chapman tellurite
(MS; Difco), MS supplemented with 200 jtg of strep-
tomycin (MSS) per ml, and Trypticase soy agar sup-

plemented with 5% sheep blood (B; BBL, Cockeysville,
Md.). After incubation in candle jars, recoveries were

recorded as the percentage of CFU on B which grew
on MSS agar. Thus, the recoveries of streptomycin-
labeled infectants with the morphology of S. mutans
could be expressed in terms of total facultative flora.
Also, the presence of non-streptomycin-resistant S.
mutans infectants could be detected on MS agar.
Logarithmic transformations of percent recoveries
were carried out to improve the normalcy of distribu-
tion of data and to enable analysis of variance (29).
The problems of sampling plaque from the teeth of
small animals and of plate counts of streptococci (32)
should be recognized. The identites of recoverants
were confirmed by well-established biochemical, phys-
iological, and morphological techniques (28, 33).
Plaque and carious lesion evaluation. Upon

sacrifice 50 days after infectious challenge, jaws were

examined with plaque in situ and photographed. The
jaws were defleshed by beetles, and carious enamel
areas were scored by the method of Keyes (21). The
so-called morsal category of carious lesions was plotted
as a component of smooth surface caries, as recently
indicated to be appropriate (L. A. Rinehimer and J.
M. Tanzer, J. Dent. Res., in press). The experimental
history of the jaws was unknown to the scorer. Differ-
ences among group caries score means were tested by
analysis of variance.

RESULTS

There were no differences in animal weight
gains during the course of the experiments,
either between the animals infected by different
microorganisms or between the animals consum-
ing the glucose or sucrose diets.

Oral swabs ofuninfected animals always failed
to yield recovery of either streptomycin-resist-
ant or streptomycin-sensitive S. mutans. Table
1 gives the percent recoveries of streptomycin-
tagged S. mutans strains at 12 and 48 days
postinfection. At 12 days postinfection, the re-

covery percentages of 6715-13 and of 10449S
were much higher from sucrose-consuming than
from glucose-consuming rats. Although a similar
tendency was apparent for LM7S-infected rats,

TABLE 1. Infectants recovered"
Day 12 Day 48

Infectant
Glucose diet Sucrose diet Glucose diet Sucrose diet

NCTC-10449S 1.9 + 0.5 37.1 + 10.2 12.3 + 3.9 46.9 ± 7.4"
LM7S 2.6 ± 1.2 7.4 ± 3.0c 5.4 ± 2.7 28.1 ± 2.8b
6715-13 0.9 ± 0.3 19.1 ± 6.9" 1.8 ± 1.2 53.0 ± 8.9b
Uninfectedd 0.0 0.0 0.0 0.0

a Values indicate mean percent ± standard error of the mean.
'For comparison of infectant percent recoveries from sucrose-consuming rats to corresponding glucose-

consuming rats, P < 0.001.
' For comparison of infectant percent recoveries from sucrose-consuming rats to corresponding glucose-

consuming rats, P > 0.05.
d Uninfected animals yielded no recovery of either streptomycin-sensitive or streptomycin-resistant S.

mutans.
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the difference was not statistically significant at
this time. At 48 days postinfection, all infected
rat groups showed much higher recovery of the
tagged S. mutans from sucrose-consuming than
from glucose-consuming groups of animals. In
no case were streptomycin-sensitive S. mutans
recovered from any ofthese rats; therefore, there
was no evidence of extraneous contamination of
the animal groups or of the presence of an indig-
enous S. mutans infectant. Although there was
a tendency for the percent recovery of the sero-
type c (10449S) and E (LM7S) representatives
to be higher than that for the serotype d repre-
sentative (6715-13) from animals consuming the
glucose diet, this was statistically significant only
in the case of 10449S (P < 0.05) at 48 days. The
percent recovery of both 10449S and 6715-13
was significantly higher (P < 0.05) than that of
LM7S at 48 days.
Before the animal jaws were cleaned, they

were examined for plaque in situ and photo-
graphed. Rats infected by any of the three rep-
resentatives of serotypes c, d, andE of S. mutans
had more plaque on the teeth if they had been
consuming the sucrose- rather than the glucose-
containing diet (Fig. 1). In fact, jaws from in-
fected animals consuming the glucose diet could
not be distinguished on this basis from the jaws
of animals uninfected by S. mutans.

Figure 2 illustrates the scores of carious en-
amel areas from all animal groups studied, and
Table 2 summarizes the statistical comparisons
of the data. S. mutans-infected animals consum-
ing the sucrose-containing diet had higher caries
scores than similarly infected ones consuming
the glucose-containing diet. This difference was
quantitatively most impressive with respect to
smooth surface caries scores; glucose supported
little smooth surface caries activity. Sucrose con-
sumption also significantly augmented sulcal
caries activity beyond the level supported by
glucose diet consumption for the 10449S-in-
fected animals.
As expected (30), infection by any of the three

S. mutans serotype representatives greatly in-
creased smooth surface caries activity by com-
parison with the uninfected control animals con-
suming the sucrose diet. The level of this in-
crease was not quite statistically significant (P
< 0.05) for LM7S-infected animals. However,
this effect was not observed in animals consum-
ing the glucose diet. Infection by all of the three
serotype strain representatives augmented sul-
cal caries activity beyond the level caused by
the indigenous flora of the rats if the animals
had consumed either sucrose-containing or glu-
cose-containing diets. This augmentation was
just below the level of statistical significance for
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FIG. 1. Linguo-occlusal view of typical safranine-
stained mandibular first and second molars with
plaque in situ. (a) NCTC-10449S, sucrose diet; (b)
NCTC-10449S, glucose diet, (c) LM7S, sucrose diet;
(d) LM7S, glucose diet; (e) 6715-13, sucrose diet; (f)
6715-13, glucose diet; (g) uninfected, sucrose diet; (h)
uninfected, glucose diet. Note that food residues and
impacted hairs, as well as microorganisms, stain in
the tooth fissures.

sucrose-consuming LM7S-infected rats and for
glucose-consuming 6715-13-infected rats, but
was otherwise statistically significant at the lev-
els stipulated in Table 2. It was most impressive
in the case of 10449S-infected rats.
Among all rat groups not infected by S. mu-

tans, consumption of the sucrose-containing diet
supported no more sulcal caries activity than did
consumption of the glucose-containing diet;
however, among these same groups, sucrose con-
sumption supported slightly more smooth sur-
face caries activity in one experiment than did
glucose consumption.

DISCUSSION
Early studies in experimental animals showed

a strong sucrose dependency (7, 9, 12, 17, 22, 24,
39) of caries in hamsters, an animal model whose
teeth are essentially free of fissures, thus pos-
sessing only smooth surfaces (19). These studies
employed Bratthall serotype a and b strains
such as HS-1, HS-6, E-49, AHT, 3720, and BHT.
In rats, which possess both smooth and fissured
tooth surfaces (20) like humans, the potent effect
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FIG. 2. Average number of carious enamel areas standardd error of the mean) of Osborne-Mendel rats
consuming diet 2000 containing either 56% sucrose or glucose. Rats were infected by either S. mutans NCTC-
10449S (serotype c), LM7S (serotype E), or 6715-13 (serotype d), or were left uninfected. There were 8 animals
in each of the 12 groups.

TABLE 2. Statistical comparisons of caries scores, P values'
Infected vs. uninfected Sucrose vs. glucose diet

Infectant strain Sucrose Glucose
Sulcal Smooth sur-

Sulcal Smooth sur- Sulcal Smooth face
face surface

NCTC-10449S <0.0001 <0.0001 <0.05 NS <0.0001 <0.0001
LM7S NS NS <0.05 NS NS <0.005
6715-13 <0.05 <0.0005 NS NS NS <0.0001
Uninfected - - - - NSb <0.05b

NSC NSc

aNS, Not statistically significant (P > 0.05).
b For 10449S and LM7S experiment.
'For 6715-13 experiment.

of sucrose by comparison with other carbohy-
drates is also well known (8, 12, 25) and, indeed,
evidence of the potency of sucrose in caries is
well known from human diet studies (27).

Unfortunately, most studies of rat caries
which tested the effects of diet depended upon
the undefined indigenous flora of the animal,
which at least sometimes contained S. mutans
contaminants of the animals populations used.
In many cases, the nature of the flora was not of
concern to the investigators, and serotyping of
S. mutans was not then available. Restrospec-
tive evaluation of those few older reports of the
carbohydrate relationship to caries where S. mu-
tans was isolated from rats (8, 15, 25) and where
there was subsequent study of the serological
and genetic identities of these strains (1, 5) has
revealed them to be of Bratthall serotypes a, b,

and d. Furthermore, in those cases where rats,
otherwise free of S. mutans, were specifically
infected by an S. mutans strain, usually Brat-
thall serotype d representatives (such as strains
SL-1 OMZ-176, 6715, and KIR) were used (7, 15,
16, 25, 30-32).
However, in recent years, it has become clear

that serotype a and b strains are rare and that
serotype c is the most common among humans,
with serotypes d and E being less common than
serotype c. The demonstration that: (i) S. mu-
tans serotype c and E strains form plaque on
surfaces in vitro in the presence of glucose, albeit
less tenaciously than in the presence of sucrose
(34); (ii) adsorption of S. mutans strain 6715
(serotype d) to either enamel or to saliva-coated
hydroxyapatite occurs as well for cells exposed
to sucrose as for cells exposed to glucose (3); (iii)

a-
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humans (36) and rats (4) consuming little su-
crose are colonized by S. mutans; and (iv) rats
may be infected by serotype c and E strains
readily when consuming glucose diets (35) has
indicated the need to reexamine the caries con-
duciveness of glucose and sucrose as a function
of the serotype of S. mutans infectant. To this
end, the present data demonstrate that sucrose-
containing diet 2000 is much more supportive of
dental caries than glucose-substituted diet 2000
in animals infected by representatives of the
most common serotypes, c, d, and E, of S. mu-
tans, consistent with the reports of the rare
serotypes a and b, and the common serotype d,
reviewed above. This effect, although most evi-
dent at the smooth surface sites of teeth, is also
evidenced to some degree in the fissures (sulci)
of teeth. The data support the concept that
smooth surface caries is essentially S. mutans
dependent and sucrose dependent; fissure caries,
although neither S. mutans dependent nor su-
crose dependent, is augmented in activity by
both.
The present study also indicates that both

glucose and sucrose diets support infection, suc-
cessful colonization, and ecological emergence of
serotype c, d, and E strains as substantial com-
ponents ofthe recoverable tooth flora, consistent
with the report of van Houte et al. (35). Also,
consistent with the findings of that group (35,
37, 38), it indicates that generally the percentage
of the plaque flora comprised by S. mutans
becomes higher in sucrose-consuming than in
glucose-consuming rats, for all serotypes tested.
It extends the fingings of those studies to indi-
cate that these effects are associated with de-
cidely higher virulence on both smooth and fis-
sure tooth surfaces. This potent sucrose effect is
presumably related to the synthesis of cell-as-
sociated alkali-soluble glucans rich in a-(1 -l 3)
linkages previously detailed by our group to be
required for tenacious plaque formation and vir-
ulence of serotype d strain 6715-13 (10, 11, 30)
and to be associated with tenacious plaque for-
mation in the presence of sucrose, but not in the
presence of glucose, by serotype c strain NCTC-
10449S and serotype E strain LM7S (34).
Caution should be exercised that the present

data not be overinterpreted to conclude that
serotype c strains are more virulent than d
strains and, in turn, E strains. To test the ques-
tion of comparative virulence of serotypes, mul-
tiple fresh isolates of each must be simultane-
ously studied.

It should be noted that these data suggest that
among the indigenous non-S. mutans flora of
these rats there exists some microorganisms)
whose caries activity is slightly augmented by

exposure to sucrose by comparison with expo-
sure to glucose, although this effect is not nearly
so dramatic as the smooth surface cariogenic
effect of S. mutans strains in the presence of
sucrose.
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