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Strains of Streptococcus ferus isolated from the oral cavities of wild rodents
inhabiting sucrose-rich and sucrose-poor environments have many traits in
common with the "mutans" streptococci. Thus, S. ferus HD3 and 8S1, like
cariogenic S. sobrinus 6715-13, form adherent, a(1-+3) glucopyranosyl-glucose
linkage-rich, plaquelike deposits in vitro and in vivo through the action of
constitutive glucosyltransferase(s) enzymes on sucrose, produce and degrade
intracellular polysaccharide, produce short-chain fatty acids from the catabolism
of mono- and disaccharides, carry the c antigen of S. mutans, and penetrate,
persist, and proliferate in a sucrose-augmented fashion in the oral cavities of
specific-pathogen-free rodent caries models. However, unlike infection with
common S. mutans, infection with tested S. ferus strains does not cause caries.
This avirulence appeared to result more from the reduced aciduricity of S. ferus
than from differences in glucosyltransferase complements. Studies showed that
despite generally similar growth rates and extracellular glucan syntheses, the
acidogenic metabolism of S. ferus was more inhibited by declining environmental
pH than was cariogenic S. sobrinus 6715-13 and that, in vitro, less hydroxyapatite
was solubilized by S. ferus metabolic end products. The physiology of these S.
ferus strains demonstrated that, in addition to plaque formation and acid produc-
tion, acid tolerance was crucial to the carious process.

Strains of Streptococcus ferus isolated from
wild rats have many caries-associated traits in
common with virulent "mutans-type" strepto-
cocci. S. ferus strains (i) form adherent, plaque-
like deposits in vitro when cultured in the pres-
ence of sucrose, (ii) synthesize, sequester, and
degrade glycogen-type intracellular polysaccha-
ride, (iii) produce acid by metabolism of com-
mon sugars, (iv) ferment polyols, and (v) carry
the c antigen of S. mutans (7, 8, 10, 15). Despite
these similarities, the DNAs of S. ferus strains
are not homologous with common human and
animal isolates of cariogenic S. mutans, S. crici-
tus, S. sobrinus, or S. rattus (7, 8); thus, S. ferus
may be considered to be a "mutans-like" strep-
tococcus.
Because S. ferus possesses such physiological

traits, it was anticipated that the bacterium
would be cariogenic in laboratory rats consum-
ing the nonabrasive, sucrose-rich test diet 2000
(27). However, when compared with uninfected
controls and animals infected with the known
cariogen S. sobrinus 6715-13, two tested S. ferus
strains were not found to be virulent (9), al-
though they were observed to penetrate, persist,
and proliferate in the presence of dietary sucrose
in the oral ecology of specific-pathogen-free
Sprague Dawley rats.

This study was undertaken to find the basis of
the apparent avirulence of S. ferus by examining
quantitative and qualitative aspects of its (i)
extracellular glucan synthesis and associated
enzymology, (ii) glucan-induced agglutination in
vitro, and (iii) acid production and resulting
hydroxyapatite solubilization.

MATERIALS AND METHODS
Bacterial strains and culture conditions. S. sobrinus

6715-13 (19) and S. ferus HD3 and 8S1 (8) were grown
in (i) broth (26) containing yeast extract and tryptic
digest of casein (Difco Laboratories), (ii) Todd-Hewitt
broth which contains glucose (Difco), or (iii) the
complete defined medium, FMC, which contains as-
sorted inorganic salts and macromolecular precursors
(35), supplemented with separately sterilized glucose,
sucrose, or equimolar amounts of glucose and fruc-
tose. Cultures were grown in flasks in candle jars at
37°C or stirred in vessels in which the surface of the
medium was washed with 5% CO2 plus 95% N2. In
some instances, the culture pH was maintained at 6.8
to 7 during growth by the automatic addition of 10 N
NaOH (pH stat). In all cases, inocula from stock
cultures (34) were acclimatized to the media by back-
culturing.
Glucan analyses. Glucans were isolated from both

the media and the cells from cultures grown in the
dialyzate of Jordan broth supplemented with 1% su-
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crose. These 400-ml cultures were maintained at pH 7
throughout cell growth. Polysaccharide samples were
analyzed for glucose content by the glucose oxidase
procedure (PGO enzymes, Sigma Chemical Co.) and,
after purification, were methylated for glucan linkage
analysis (1, 14). Bacterial samples were also taken for
the colorimetric determination of DNA (4).

In vitro GTF and dextranase activities. Glucan-
synthesizing (glucosyltransferase [GTF]) and -degrad-
ing (dextranase) enzymes from the cell-free medium of
cultures grown in FMC supplemented with 2% glucose
were prepared by the affinity chromatography method
of McCabe et al. (30), with the exception that the
enzymes were precipitated with (NH4)2SO4 at 80%
saturation. Material absorbing 280-nm light was eluted
from the Sephadex G-50 affinity matrix with 6 M
guanidine-HCl (GuHCl) after extensive washing with
0.02% NaN3 and quantified by Coomassie blue dye
staining (2); bovine serum albumin was used as the
standard.
After polyacrylamide gel electrophoresis (PAGE)

(11), gels were incubated at 37°C in 0.1 M KPO4 buffer,
pH 6, containing 0.02% NaN3 and 2% sucrose which
had been purified by dialysis. Glucan synthesis was
visualized as zones of swelling or turbidity (5) or as
fuscia bands after periodic acid-Schiff staining (37).
Other gels contained 0.45% blue dextran (molecular
weight, 2 x 106; Sigma); in situ dextranase activity
was demonstrated by the appearance of zones of
clearing in the blue gels after incubation at 37°C in the
above buffer minus sucrose. Protein was visualized by
staining with 0.5% Coomassie blue in 7% acetic acid
followed by decolorization in 7% acetic acid.

In vitro agglutination. Cells were grown in FMC
medium supplemented with 0.1% glucose. Before in-
oculation, the medium was treated overnight at 37°C
with 50 U of invertase (Sigma, grade X) per ml to
remove any precursors of extracellular glucan. The
cells were harvested, washed, and suspended to an
optical density at 550 nm (OD550), of 2 (1-cm path
length; 1 OD = 200 ,ug of cells [dry weight] per ml) in
either 0.1 M glycylglycine buffer, pH 8.5, or phos-
phate-buffered saline (12) with and without 0.001 M
Ca2". Portions of the cell suspensions were added to
serial 1:10 dilutions of commercial Leuconostoc
mesenteroides dextran with approximate molecular
weights of 2 x 104, 2 x 105, and 2 x 106 or to purified
water-soluble and water-insoluble glucans which had
been isolated from S. sobrinus 6715-13 cultured in
sucrose-supplemented broth, as described above. Ag-
glutination in individually stirred samples was ob-
served at x20 after 20 min and 24 h.

Production, identification, and action of acid end
products. Cultures were grown in either Jordan or
Todd-Hewitt broth supplemented with 1% glucose, 1%
sucrose, or 0.5% glucose and 0.5% fructose and were
maintained at pH 7 to minimize cell death. Cells were
harvested by centrifugation (10,000 x g, 10 min, 4°C),
washed with and held in buffer (0.001 M KPO4, 0.05 M
KCl; pH 7, 4°C). The pH drop effected by cell suspen-
sions, the OD550 values of which were known and
which were held in a water-jacketed spinner flask at
37°C, was followed with a recording pH meter after
addition of glucose, sucrose, or equimolar amounts of
glucose and fructose. Cell samples were removed for
quantitation ofDNA and for assessment of viability by
growth on mitis salivarius agar.

Short-chain volatile and nonvolatile acids were pre-
pared for gas-liquid chromatography (GLC) (24). A
Capco 700 gas chromatograph (Clinical Analytical
Products Co., Sunnyvale, Calif.) was fitted with an
SP1000 column, 6 ft by 0.25 in. (182.88 by 0.635 cm),
containing 1% H3PO4 on Chromosorb 100/120 mesh
and operating isothermally at 110°C for nonvolatile or
140°C for volatile acids. The helium carrier gas had a
flow rate of 120 ml/min. Metabolic end product stan-
dards were treated similarly. Acids in culture media
were identified by the similarities of their retention
times to those of the standards and were quantitated
by measurement of the areas under recorder output
peaks.
The ability of metabolic end products to solubilize

hydroxyapatite (HA) was measured by exposing 0.2-g
portions of material marketed as spheroidal HA (BDH
Chemicals, Ltd., Poole, England), slurried in 1 ml of
water and sequestered within dialysis bags, to 2 liters
of cell-free Todd-Hewitt broth from 24-h cultures
which had been supplemented with 5% sucrose. This
spent culture medium was sterilized by filtration, and
the dialysis bags with their HA contents were auto-
claved. Triplicate dialysis bags containing HA were
removed from the media after week 1 and thoroughly
rinsed with water. Their HA contents were washed by
centrifugation (10,000 x g, 15 min, 4°C) and trapped
on membrane filters (0.45-,um pore size). The filters
with retained HA were dried (30 min, 100°C) and
weighed; longer drying times did not affect the
weights. Other HA samples (0.039 ± 0.0004 g) were
placed in 10-ml solutions of lactic acid plus formic acid
and diluted with fresh broth to reflect the concentra-
tions determined by GLC to be present in early-
stationary-phase cultures of the three bacterial strains.
Quadruplicate samples were taken every day for 3
days and treated as described above.

RESULTS
Glucan analyses. Table 1 presents the types

and quantities of glucans formed by strains 6715-
13, HD3, and 8S1 cultured in sucrose-supple-
mented Jordan broth. The glucose contents of
hydrolyzed glucan samples were normalized to
cellular DNA. The polysaccharides formed were
extracellular, water soluble and 1 N NaOH
solubilized, cell associated. As shown by the
mole percentages of glucopyranosyl-glucose
linkages, cell-associated polysaccharide tends to
be ca(1-3) rich and less branched.

In vitro GTF and dextranase activities. Figure
1 depicts the profiles of 280-nm-absorbing mate-
rial eluted by 6 M GuHCI from Sephadex G-50
affinity columns. The ordinate has been normal-
ized to reflect protein recovered per milligram of
cell material in the three cultures. Material from
the S. sobrinus 6715-13 culture eluted as two
peaks denoted A and B in Fig. 1. There were
clear quantitative and qualitative differences
among the three strains. Figure 2 diagrams the
combined results of PAGE of the eluate peaks
from the three bacterial strains observed visual-
ly for clouding, swelling, or periodic acid-Schiff
staining (glucan synthesis), for Coomassie blue
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TABLE 1. Analysis of glucans from S. sobrinus 6715-13 and S. ferus HD3 and 8S1

Glucanmg of mol%c
Strain Glucan guoemgo _________________________classa glucose/mg End a (1 -* 3) a (1 -. 6) Glucan

groups linkages linkages branches

6715-13 WS 0.23 24 27 30 19
AS 6.46 9 69 10 12

HD3 WS 0.01 25 21 36 18
AS 3.11 6 56 30 7

8S1 WS 0.03 26 28 23 22
AS 2.61 6 63 23 8

a Ws, Extracellular, water soluble; AS, cell associated, alkali solubilized.
b Glucose oxidase-positive material in purified glucans was normalized to bacterial DNA in culture.
c Determined by GLC analyses of glucopyranosyl-glucose linkages.

dye staining (protein), and for clearing of blue
dextran contained in the gel (dextranase activi-
ty). Strain 6715-13 had the greatest multiplicity
of glucan-synthetic and -degradative activities;
dextranase activity in this strain was concentrat-
ed in peak A and was absent from both S. ferus
isolates.

In vitro agglutination. The degree of in vitro
agglutination of 6715-13 showed the customary
dependence on the molecular weight of the
exogenously added a(1-*6)-linked L. mesenter-
oides dextran (unpublished data). Both HD3 and
8S1 agglutinated spontaneously, forming macro-
scopic aggregates within 24 h in the pH-8.5
glycylglycine buffer. The appearance of these S.
ferus aggregates was macroscopically indistin-
guishable from those of S. sobrinus 6715-13
exposed to low concentrations of dextran. Ag-
glutination assays conducted in pH-6.8 phos-
phate-buffered saline showed that 6715-13 agglu-
tinated strongly with exogenous dextran,

-.5j A
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GuHCI, ml.

80

FIG. 1. Profiles of material released from Sepha-
dex G-50. Media from cultures of S. sobrinus 6715-13
and S. ferus HD3 and 8S1 were pumped onto the
affinity matrix, unbound components were washed
away with 0.02% NaN3, and bound material was
eluted with 6 M GuHCl (30). Material absorbing 280-
nm UV light was converted to protein content with
Coomassie dye and corrected for the amount of cells in
the cultures. For explanation of peaks, see text.

whereas HD3 and 8S1 spontaneously formed
fine, barely perceptible aggregates, the size of
which was not augmented by the presence of
dextran.

Acid production. Figure 3 shows the kinetics
of acid production by 25-ml buffer suspensions
of the three streptococci maintained at different

I I I I I I . I I

2 3 4 5 6 7 8 9 10 11
top cm. bottom

FIG. 2. Diagrams of polyacrylamide gels of materi-
al eluted from Sephadex G-50 (profiled in Fig. 1). The
numbers 1 through 4 in each gel diagram refer to the
positions of bands in four different gel types. Number
1 is a cloudy band signifying insoluble glucan synthesis
from sucrose; number 2 is a band of polysaccharide
synthesis from sucrose, stained by periodic acid-
Schiff; number 3 is a band of protein stained by
Coomassie blue dye; number 4 is a clear band in blue
dextran-containing gels, denoting dextranase activity.
The swelling in 6715-13 gel B denotes soluble glucan
synthesis. In some cases, enzyme activity is shown
only by product synthesis (numbers 1 and 2 together);
in other cases, enzyme activity is shown by both
product and protein staining (numbers 1, 2, and 3
together); in yet other cases, nonenzymatically active
protein is bound to the affinity matrix (number 3
alone).
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FIG. 3. Acid production kinetics of S. sobrinus 6715-13 and S. ferus HD3 and 8S1. Standardized, buffer-held
cell suspensions were exposed to sucrose (---) or to equimolar amounts of glucose and fructose ( ) at the
indicated pH values at 37°C. Acid production was followed by the automatic addition of NaOH.

constant pH values. The cells were grown in
Jordan broth containing 1% glucose, washed,
and held in buffer at pH 7 to minimize loss of
viability. There was no endogenous acid produc-
tion to suggest metabolism of intracellular nutri-
ent pools before the cell suspensions were
adjusted to the indicated pH values and sucrose
or glucose plus fructose was added to final
concentrations of 0.0022 M. Acidogenesis was
followed and the particular pH was maintained
by the automatic addition of 0.5 N NaOH. Cell
viabilities had not diminished by the conclusion
of the experiments (unpublished data).

In Fig. 4 are growth curves obtained from the
S. sobrinus and two S. ferus strains growing in
Todd-Hewitt broth. Although the culture dou-
bling times during the exponential growth phase
are quite comparable, the S. ferus strains neither
attained culture densities as high as that of S.
sobrinus nor attained pH values as low as that of
S. sobrinus. The S. ferus culture growth rates
diminished at lower optical densities and higher
pH values than did the growth rates of S.
sobrinus. The three cultures whose growth rates
are plotted in Fig. 4 were each sampled at
the four times and optical density values indicat-
ed by the triangles on the abscissae; the samples
were prepared for characterization of metabolic
acids by GLC. Strain 6715-13 attained lower pH
values than did either HD3 or 8S1, and these
values were reflected by the greater concentra-
tions of lactic acid (Table 2). Formic acid was
the only other metabolic acid product apparent.
The acids produced during growth for 24 h in

Jordan both supplemented with 1% sucrose af-
fected the solubilization and subsequent loss of
HA spheroids from within dialysis bags. Expo-
sure for 1 week to the medium from a 6715-13
culture was more effective in solubilizing HA
than was exposure to either HD3 or 8S1 medium
(unpublished data). The same trends were seen
when dilutions of lactic and formic acids were
mixed together in amounts reflecting their GLC-
determined percent abundances in stationary-
phase cultures (Fig. 5). Before the formic acid
was added, the dilute lactic acid was heated to
60°C for 4 h to hydrolyze lactic anhydride. There
was a background of 4% HA loss in the plain
broth control, probably from abrasion.

DISCUSSION
There is abundant evidence that the water-

insoluble, a(1-*3) linkage-rich glucans of mu-
tans-type streptococci are indispensable for ad-
herent proliferation and virulence on smooth
tooth surfaces (14, 22, 28, 31, 34). Also, they
augment virulence in retentive sulcal sites (34),
probably by acting as diffusion barriers to the
metabolic acids produced by the plaque flora.
Avirulent S. sobrinus mutants which have defec-
tive glucan synthesis do not form such a(1-*3)-
rich polymers (14), nor do they form adherent
plaques in vitro or in vivo. However, S. ferus
strains HD3 and 8S1, although not virulent in the
rodent caries model (9), did form adherent
plaque in vitro (10; unpublished data) and in vivo
(9), albeit less than the renowned cariogen S.
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FIG. 4. Growth curves from Todd-Hewitt broth cultures of S. sobrinus 6715-13 and S. ferus HD3 and 8S1.
Culture growth was followed at 600 nm (1-cm light path, 200 Fg [dry weight] of cells per optical density), and
samples were removed for analysis of metabolic acids at time points 1 through 12 (A).

sobrinus 6715-13. The quantities of insoluble
cell-associated glucans formed in vitro by S.
ferus were two- to threefold less than that of S.
sobrinus, but they were of generally similar
linkage composition. Several S. sanguis and S.
mitior strains, like the adherence-defective mu-
tants of S. sobrinus (16) and S. mutans (31),
form an abundance of a(1->6)-rich, water-solu-
ble, dextran-like polysaccharides (13). Further-

TABLE 2. Acid end products produced by S.
sobrinus 6715-13 and S. ferus HD3 and 8S1 cultures

shown in Fig. 4

Samplea mg of acid per mlb
Strain

No. pH Lactic Formic

6715-13 1 5.85 0.98 0.06
2 4.52 1.62 0.08
3 4.55 2.34 1.5
4 4.15 3.15 1.47

HD3 5 5.5 1.14 0.14
6 4.95 1.55 0.2
7 4.85 1.64 0.05
8 4.65 1.91 0.05

8S1 9 5.6 1.23 0.04
10 5.05 1.47 trace
11 4.95 1.66 0.33
12 4.55 1.78 1.7

a See Fig. 4.
b GLC analysis and quantitation of acids produced

during 24 h of growth in Todd-Hewitt broth.

more, some S. sanguis strains have been report-
ed to be cariogenic (21), adherent (36), or both.
However, our findings show that the glucan
synthesis of S. ferus is not S. sanguis-like but
rather is mutans-like and appears to mediate the
adhesion of strains HD3 and 8S1, despite their
avirulence.
Neither S. ferus strain demonstrated the di-

versity of glucan-synthetic and -degradative ac-
tivities of S. sobrinus 6715-13, although both
HD3 and 8S1 formed the turbid bands, after
PAGE, associated with insoluble glucan synthe-
sis. Neither gels of strain 8S1 nor gels of strain
HD3 demonstrated the swelling associated with
the synthesis of hydrophilic, a(1-36)-rich, solu-
ble glucans, nor did the isolates appear to pro-
duce endohydrolytic glucanases. Dextranase ac-
tivity was not detected by agar plate assay
(32) nor in sonically disrupted cells (unpublished
data). That 8S1 and HD3 agglutinated (spontane-
ously) and formed adherent plaquelike deposits
suggests that dextranase is neither required for
a(1-+3)-rich, plaque-glucan synthesis nor is it
the cell surface glucan receptor in agglutination.
Dextran-induced agglutination in vitro has

been suggested to be an analog of in vivo plaque
formation and virulence-related phenomena
(18). However, agglutination-defective mutants
of S. sobrinus have proven to be virulent (33;
unpublished data), whereas nonvirulent mutants
remain agglutination competent (16). Although a
dextran-binding lectin has been isolated and
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FIG. 5. Solubilization of HA by lactic acid plus
formic acid diluted in fresh broth to reflect the meta-
bolic acid concentrations in early-stationary-phase
cultures of S. sobrinus 6715-13 (0), S. ferus HD3 (U),
and 8S1 (A); the control (0) consisted ofHA beads in
plain broth.

described (29, 30), its absence in mutants has not
corresponded well with the loss of ability to bind
dextran or to form plaque (M. McCabe, personal
communication). Sucrose-induced agglutination
which depends on de novo glucan synthesis has
also proven to be labile in animal-passaged S.
mutans (20). Furthermore, in the original de-
scriptions of the phenomenon (18), repre-
sentative strains of prevalent and virulent S.
mutans serogenetic group Ic,e (3, 6) agglutinated
less strongly than did others, e.g., S. sobrinus
IIId,g strains. Perhaps of importance is the
coincidence that mutans-like S. ferus has the c
antigen (8), and although the cells spontaneously
clump, they do not agglutinate more strongly
with exogenous dextran.
Measurements ofgrowth and the fermentation

characteristics of S. ferus give better insight into
the reasons for its failure to cause tooth decay
despite its sucrose-dependent formation of insol-
uble glucans and plaque. Although the culture
densities of the tested strains doubled at rates
comparable to that of 6715-13 in exponential

phase (specific growth rate constants: HD3, 1.00
h-1; 8S1, 1.1 h-1 versus 6715-13, 1.1 h-1),
exponential growth of HD3 ceased at 64% of the
final culture density of 6715-13, whereas 8S1
stopped at 79%. The culture pH measured close
to the points of cessation of rapid growth
showed that 6715-13 continued to grow rapidly
at one full pH unit lower than the pH at which
HD3 and 8S1 grew. Although HD3 did continue
to grow slowly for an additional 24 h, 8S1 did
not, and neither S. ferus strain attained the high
final density or low terminal pH of cariogenic
6715-13.

In vitro, washed cells suspended in buffer at
pH values from 4.5 to 7 metabolized added
carbohydrate to acid. Here the difference in
aciduricity between S. ferus strains and S. so-
brinus was apparent, and greater acidogenicity
of S. sobrinus was shown at lower pH values.
Also, both glucose plus fructose and sucrose
were metabolized at similar rates at pH 7 or 4.5
by glucose-cultured S. sobrinus, whereas S.
ferus strains metabolized sucrose more slowly.
This perhaps indicates a degree of inducibility in
sucrose transport, degradation, or both by S.
ferus which was not present in S. sobrinus. In
the S. ferus strains, therefore, sucrose had both
a lower acidogenic potential and yielded less
glucan than in S. sobrinus.
At high culture densities, S. sobrinus pro-

duced more lactic and formic acids than either S.
ferus isolate. A comparable acidogenic advan-
tage of S. mutans PK1 over an S. sanguis-type
strain has been reported (17) and has been
attributed to the greater aciduricity of the ATP-
glucose phosphotransferase system of PK1 (25).
The net result of greater acid production by S.
sobrinus 6715-13 may be more efficient solubili-
zation of the mineral phase of the tooth. This
likelihood is illustrated in vitro by the dissolu-
tion and loss of HA seen when sequestered,
measured quantities were exposed either to
spent culture medium or to dilute solutions of
the major metabolic acids of cultures of 6715-13,
HD3, and 8S1. S. ferus, therefore, lies between
the S. sanguis-S. mitior oral bacteria which
neither form mutans-like glucans nor are as
acidogenic as cariogens such as S. sobrinus and
virulent mutans streptococci. Because S. ferus
apparently has evolved the glucans of efficient
plaque formation, selection for increased acidur-
icity should favor the emergence of the cario-
genic potential. Thus, the pathophysiology of
the S. ferus isolates described above has ele-
ments in common with pH mutants of S. rattus
BHT which are defective in acidogenicity (23; J.
Hillman, U.S. patent application 4133875, 1979).
These S. ferus strains will be tested for their
abilities to innocuously occupy the tooth niche
of the mutans-type streptococci.
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