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A comparison was made of the properties of Streptococcus mutans Ingbritt
grown in continuous culture under conditions of excess glucose (nitrogen limita-
tion) and limiting glucose at mean generation times of 1.7 to 14 h. Only low levels
of glucoamylase-specific glycogen were formed in cells from either culture, and
the total carbohydrate content of the cells under excess glucose was only at most
1.6-fold higher than in the glucose-limited culture. A negligible amount of cell-
free polysaccharide was formed in either culture, although a significant level of
glucosyltransferase activity was observed in both, with the highest activity at D
= 0.2 and 0.4 h-' with a glucose limitation. Other differences were observed. (i)
Lactate was the main end product of the glucose-excess culture, whereas acetate,
formate, and ethanol were the main products of the glucose-limited culture except
at a mean generation time of 1.5, when lactate represented 30% of the products.
(ii) The yield (in grams per mole of glucose) of the latter culture was 2.6- to 4.0-
fold higher than the yield of the glucose-excess culture. (iii) Washed cells from
the glucose-limited culture were much more acidogenic (1.7- to 6.2-fold) than the
glucose-excess cells when incubated with glucose, sucrose, and fructose. Endoge-
nous glycolytic activity by the latter cells was significant, being 31 to 92% of the
exogenous glucose rate at the four dilution rates. (iv) Cells from the glucose-
excess culture were more insensitive to fluoride than cells from the glucose-limited
culture. The NaF 50% inhibition dose values for the effect of fluoride on the
metabolism of glucose, sucrose, and fructose were calculated for the four dilution
rates at four pH values. This analysis indicated that rapidly metabolizing cells
were more sensitive to fluoride than cells that metabolized the sugars more slowly.

When studies of bacterial metabolism are un-
dertaken, the growth of bacteria in continuous
culture has distinct advantages over growth in
batch systems (18, 30). The principal advantage
is that the growth rate of the culture can be
controlled by regulating the dilution rate pro-
vided that an essential nutrient is limiting
growth. Control of the growth rate, which cannot
be done readily in batch systems, is particularly
important when one wishes to study the prop-
erties ofmicroorganisms at the slow growth rates
that these organisms often achieve in their nat-
ural ecosystems. It has, in fact, been shown that
various cellular properties of bacteria change
with changing growth rate (6, 25, 30).
We have used the technique of continuous

culture to examine the biochemical properties of
Steptococcus mutans, an organism known to be
associated with some forms of dental caries (21,
23). One parameter varied in cultures of S. mu-
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tans has been the growth rate, since estimates
have suggested that bacteria grow slowly in den-
tal plaque. Gibbons (12) originally proposed a
mean generation time (MGT) of 8 to 12 h for
dental plaque, whereas subsequent estimates
have ranged from 3 to 4 h for developing supra-
gingival plaque (29) to 3 to 14 h for organisms
colonizing tooth fissures (26). Recently (H. J. A.
Beckers and J. S. van der Hoeven, Abstr. Annu.
Meet. Eur. Org. Res. Caries, 1979, Abstr. no. 32,
p. 85), in a study specifically designed to measure
the initial growth rate and the colonization of
oral bacteria in rat dental plaque, an MGT of 5
h was observed for the initial growth of S. mu-

tans in rats fed sucrose.
In a previous study (10), we reported that the

growth rate and the concentration of glucose in
the growth medium had a significant effect on

the activity of phosphoenolpyruvate phospho-
transferase transport system in S. mutans strain
Ingbritt. In could be shown that as the growth
rate approached the maximum (i.e., MGT = 1.4
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h [9]), the activity of the glucose phosphotrans-
ferase system decreased to about 10% of the
value obtained when the cells were growing at
MGT = 14 h. Growth with excess glucose was
also shown to repress the phosphotransferase
system (10).
We now report the effect of growth rate on

various other biochemical properties of cultures
of S. mutans Ingbritt growing in a chemostat
with either a nitrogen (glucose excess) or a glu-
cose limitation. These limitations were used
since there is evidence (11) suggesting that or-
ganisms in human plaque exist in an environ-
ment which ranges from glucose excess during
diet intake to glucose limitation under fasting
(no diet) conditions. It has been shown that the
products of metabolism, glycolytic activity, en-
dogenous metabolism, fluoride sensitivity, and
extracellular glucosyltransferase activity in S.
mutans all vary, depending on the growth rate
and nutrient limitation.

MATERIALS AND METHODS
Organism. The S. mutans Ingbritt strain used in

this study was kindly supplied by J. Sandham, To-
ronto. The methods of maintenance and purity control
have been described previously (16).
Growth conditions. Cultures were grown in a

Porton-type chemostat (19) at 37°C with a 500-ml
working capacity; the pH was maintained at 6.5, and
the gas phase was nitrogen plus 5% CO2. The dilution
rate was varied between 0.05 and 0.4 h-', which is
equivalent to MGT values of 1.7 to 14 h. The cultures
were allowed to reach equilibrium for at least 10 mean
generations at each dilution rate before harvesting.
The biochemical properties of cells grown under con-
ditions of nitrogen limitation, where glucose was in
excess, and in cultures where glucose was the limiting
nutrient was determined. Both cultures were grown
simultaneously in two chemostats in Carlsson's de-
fined medium (M3) (1), modified as described previ-
ously (10). For the glucose-excess (nitrogen-limited)
culture, the basic medium was modified to contain
one-fifth the concentration of amino acids while glu-
cose was added at 300 mM such that during growth
asparagine and arginine were limiting growth. The
glucose-limited culture was grown in the basal M3
medium modified to contain 25 mM glucose.

Washed-cell experiments. Cells were collected
via the overflow from each chemostat into a container
cooled to 0°C for various periods (usually overnight,
but rarely exceeding 16 h). They were then harvested
by centrifugation (8,000 x g, 15 min) and washed once
in potassium phosphate buffer (20 mM, pH 7.0). The
cells were suspended in saline (0.98% NaCl in water)
at a concentration of =30 mg (dry weight)/ml and
stored in ice until used.
The rate of acid production from the anaerobic

glycolysis of endogenous material, glucose, sucrose,
and fructose by washed cells of S. mutans and the
inhibition of acid production by fluoride were studied
(i) under conditions of constant pH in a pH-stat or (ii)
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under conditions where the pH fall was monitored. In
both cases, the reaction mixture consisted of washed
cells (7 to 10 mg) suspended in 2.0 ml of saline and
receiving 100 pl of the appropriate sugar solution (30
mg/ml of water). The cell suspension was mixed by a
magnetic stirrer, and the suspension was kept anaer-
obic by the passage of a slow stream of nitrogen gas
through the mixture. For the pH-stat experiments, the
reaction mixture was made 10 mM with respect to
phosphate buffer by the addition of 20 t.l of a 1 M
solution. The pH was kept constant at 7.0, 6.5, 6.0, or
5.5 with standardized 0.1 M NaOH, using a Radiome-
ter pH-stat system as previously described (16). In the
pH-fall experiments, the pH was monitored on a Vi-
traton-Lin-Log recorder (Fison Scientific Apparatus,
Loughborough, England) for 20 min by the Radiome-
ter system without the titrator (16).

In the pH-stat experiments, fluoride inhibition was
studied by adding the requisite amount of 0.1 M NaF
to the reaction mixture after the initial rate of alkali
addition had been established (usually 4 to 8 min).
Inhibition of the rate of acid production was followed
in the same reaction mixture by the subsequent addi-
tion of NaF at suitable time intervals (ca. 4 min).
Fluoride was added in pH-fall studies just before pH
adjustment to 7.0.
Throughout this work, units of glycolytic activity

are defined as nanomoles of metabolic acid neutralized
per milligram (dry weight) of cells per minute. In all
cases, at least two samples were removed at each
dilution rate for analysis, with enough time between
samples to reestablish steady-state conditions. The
results of all tests and assays were always reproducible
within 10%.
Enzyme assays. Glucosyltransferase was assayed

according to the method ofEllwood et al. (7). Invertase
was measured as the release of glucose from sucrose
in a reaction mixture containing culture filtrate and
sucrose (50 mM) in a 1.0-ml volume at pH 6.5 and
370C.

Analytical procedures. Amino acids, glucose, and
metabolic end products present in the culture fluid
were assayed after rapid filtration (<5 s) to remove
cells as previously described (9). Total intra- and ex-
tracellular polysaccharides were assayed by the
method of Dubois et al. (5). Glucoamylase-specific
glycogen was assayed by the method of Hamilton (14),
and cell wall carbohydrate was analyzed by the
method of Ellwood et al. (7).

RESULTS
Effect of growth rate on cell yields and

metabolic products. S. mutans Ingbritt was
grown anaerobically under conditions of glucose
excess (nitrogen limitation) and glucose limita-
tion in two chemostats simultaneously at dilu-
tion rates of 0.05, 0.1, 0.2, and 0.4 h-1. These
rates correspond to MGT values of 14, 7, 3.5,
and 1.7 h, respectively. Table 1 gives the yield
and metabolic end products of the steady-state
culture at each dilution rate for the glucose-
limited culture. The yield of cells was relatively
constant at different growth rates, whereas the
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yield of cells relative to glucose utilized increased
to D = 0.2 h-' and then dropped at the highest
growth rate. The major products of metabolism
under glucose limitation were acetate, formate,
and ethanol, whereas lactate was a minor prod-
uct at D = 0.05 to 0.2 h-1. Acetate production
was maximum at D = 0.05 h-1 and declined at
higher rates, whereas formate and ethanol pro-

duction were maximum at D = 0.1 and 0.2 h-1,
respectively. Lactate increased to 30% of the end
products at D = 0.4 h-1, confirming earlier ob-
servations (9).
By contrast, Table 1 shows similar data for

the culture grown with an excess of glucose
(nitrogen limitation). Although the yield of cells
in this culture was relatively constant but some-
what lower, the yield of cells relative to glucose
utilized was more than 2.6-fold lower than in the
glucose-limited culture. Furthermore, lactate
was the main product of metabolism, with the
concentration decreasing with increasing dilu-
tion rate. Low concentrations of acetate, for-
mate, and ethanol were detected at all dilution
rates, except D = 0.1 h-'. Gas-liquid chromato-
graphic analyses of both cultures demonstrated
that no citric acid cyclic intermediates or volatile
acids, other than those tested, with chain lengths
C2 to C8 were present in the culture filtrates.
The carbon recoveries based on the control glu-
cose fermented ranged from 74 to 92% for the
glucose-limited culture and from 60 to 65% for
the glucose-excess culture.
Amino acid analysis. Amino acid analysis

of the spent medium from the glucose-limited
culture revealed that over the four dilution rates,
asparagine, isoleucine, and arginine were utilized
to the greatest extent by the cells (e.g., 36, 37,
and 32% utilized, respectively). Significant
trends between the dilution rates were not ob-
served. With the glucose-excess (nitrogen-lim-

ited) culture, on the other hand, growth was

limited by asparagine and arginine, since they
were completely utilized. Amino acids showing
in excess of 80% utilization at all dilution rates
were: aspartate, glutamate, glycine, alanine, va-

line, leucine, and lysine. Since chemostat cul-
tures of S. mutans Ingbritt growing in complex
medium were limited by cysteine atD = 0.05 h-'
(16), it was interesting to note that utilization
values for cysteine were 91, 94, 35, and 15% for
dilution rates of 0.05, 0.1, 0.2 and 0.4 h-', respec-

tively.
Total carbohydrate and glycogen. Consid-

ering the significant difference in the glucose
concentrations in the two media (i.e., 300 mM
with one-fifth the amino acid concentration ver-
sus 25 mM), one would expect a higher level of
cellular polysaccharides (32) in the glucose-ex-
cess culture. However, there was relatively little
difference in carbohydrate between the two cul-
tures (Table 2), the maximum being a 1.6-fold-
higher value for the glucose-excess culture at D
= 0.2 h-1. The value at D = 0.05 h-' for the
glucose-excess culture was, however, twice that
obtained for total carbohydrate for a similar
culture of the organism grown in complex me-
dium (16). Glucoamylase-specific glycogen was
very low in both cultures, representing only 1.3
to 2.5% and 1.5 to 11.3% of the total carbohydrate
in the glucose-limited and glucose-excess cul-
tures, respectively. The highest value (27.4 ,Lg/
mg of cells) was obtained at D = 0.05 h-' in the
latter culture, which is very close to the value
obtained in continuous culture with complex
medium (16) and the value (29.2 ,tg/mg of cells)
obtained with batch-grown washed cells of the
organism incubated with excess glucose (14),
assuming that 50% of the cell dry weight is
protein (I. R. Hamilton, unpublished data).
Growth rate had little effect on the glycogen

TABLE 1. Effect of dilution rate on the growth parameters and metabolic end products of a culture of S.
mutans Ingbritt grown under conditions ofglucose limitation and glucose excess

Determination

Cell type and dilution Yield of Residual Ygil. (g of Metabolic products (mg/ml)

[dcr wtls glucose cells/mol of
[md )w' (mg/ml) glucose) Lactic acid Acetic acid Formic acid Ethanol

Glucose limited
0.05 0.81 0 29.2 0.10 1.41 1.34 0.91
0.1 0.93 0 33.5 0.20 1.21 2.04 0.87
0.2 1.02 0 36.7 0.22 1.08 0.88 1.29
0.4 0.88 0 31.7 1.00 0.69 0.61 1.12

Glucose excess
0.05 0.63 39.3 7.2 9.56 0.23 0.47 0
0.1 0.46 45.1 8.5 5.82 0 0 0
0.2 0.59 45.2 10.8 5.20 0.25 0.19 0.41
0.4 0.58 46.3 12.1 4.45 0.13 0.70 0
a Values represent the average of at least two separate determinations.
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and carbohydrate fraction of the cells in the
glucose-limited culture. The glycogen content of
the glucose-excess cells declined as the dilution
rate was increased, with the total carbohydrate
increasing slightly (13%) between D = 0.05 and
0.4 h-1.

Cells grown with a glucose excess at D = 0.05
h-1 were incubated at 370C in 0.1 M phosphate
buffer (pH 7.0) with 40 mM MgCl2 to test for
metabolic degradation. After a 10-h incubation
period, 35% of the total carbohydrate (84 ,ig/mg
[dry weight]) and 82% of the glycogen (22.5 jig/
mg) were utilized by the cells. Lactate, acetate,
and ethanol were the products of cellular poly-
saccharide degradation, confirming recent re-

sults (20).
Analysis of cell wall carbohydrate in both

cultures revealed that the rhamnose/glucose ra-
tio was stable between the two cultures and
between the various dilution rates. For example,
the ratios were 2.13 and 2.55 in cells from the
glucose-excess culture, and 2.17 and 2.12 in cells
from glucose-limited culture, for the D = 0.05
and 0.4 h-1 cells, respectively.
Glucosyltransferase activity. The synthe-

sis of extracellular glucans by glucosyltransfer-
ases of S. mutans strains is thought to be an

important factor in the cariogenicity of the or-

ganism (27). Growth of S. mutans Ingbritt under
conditions of excess glucose was shown to re-

press the synthesis of extracellular glucosytrans-
ferase compared with the activity in the glucose-
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limited culture (Table 3). The difference was
greatest at the lowest growth rate (10-fold) and
declined such that at D = 0.4 h-' the latter
culture had only a 2.6-fold-greater activity than
the glucose-excess culture. Maximum activity
was observed at D = 0.2 h-1 in both cultures.
Very little free polysaccharide was present in
the medium in either culture, and there ap-
peared to be little effect of growth rate. No
invertase activity was observed in the culture
fluid.
Carbohydrate metabolism. We previously

demonstrated that cells of S. mutans Ingbritt
grown at pH 5.5 in complex medium with excess
glucose were more acidogenic than those grown
at pH 6.5 and 6.0 (16). Table 4 demonstrates the
effect of growth rate on the glycolytic activity of
cells grown under glucose-limited and glucose-
excess conditions when incubated as washed sus-
pensions in the pH-stat with glucose, sucrose,
fructose, and cells alone (endogenous). The glu-
cose-limited cells had virtually no endogenous
activity, whereas endogenous acid production by
the glucose-excess cells was substantial, partic-
ularly with the D = 0.2 h-' cells, where the
endogenous rate approached that for glucose
and sucrose. Apart from this, however, the gly-
colytic activity of the glucose-limited cells was
much higher than that of the glucose-excess cells
when incubated with 8.3 mM glucose (3.7- to
6.2-fold), 4.2 mM sucrose (2.9- to 4.4-fold), and
8.3 mM fructose (1.7- to 4.5-fold). In addition,

TABLE 2. Glycogen and total carbohydrate content of cells of S. mutans Ingbritt grown under conditions of
glucose excess and glucose limitation in a chemostat

Content (Iug/mg [dry wt] of cells) at given dilution rate (h-')

Cell type 0.05 0.1 0.2 0.4

Glycogen Total car- Glycogen Total car- Glycogen Total car- 1 Total car-
bohydrate bohydrate bohydrate Gycg bohydrate

Glucose excess 27.4 241 8.1 257 7.4 259 4.0 273
Glucose limited 2.5 194 6.7 224 4.1 166 3.1 210

TABLE 3. Extracellular glucosyltransferase and invertase activity in cultures of S. mutans Ingbritt grown
under conditions ofglucose excess and glucose limitation in a chemostat

Activity at given dilution rate (h-')

0.05 0.1 0.2 0.4

Cell type Gluco- Free Gluco- Free Gluco- Free Glc-Free
sy-

In- poly-
sy-

In- poly-
sy-

In- poly- Gluc- In- poly-
ver- sac- ver- sac- ver- sac- ver- sac-

trans taseb cha- trans- tase cha - taste cha- tn- taste cha-ferase'
ie ferase

rie
ferase

rie feraserd
Glucose excess 26 0 36 13 0 31 250 0 11 225 0 9
Glucose limited 262 0 31 103 0 29 710 0 0 589 0 9

a Micrograms of polymer formed per hour per milliliter of culture filtrate.
b Micromoles of glucose produced per hour.
Micrograms per milliliter of culture filtrate.
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TABLE 4. Rate ofglycolysis by chemostat-grown cells of S. mutans Ingbritt catabolizing endogenous and
exogenous carbon sources in a pH-stat at pH 6.5

Rate of glycolysisa at given dilution rate (h-1)

0.05 0.1 0.2 0.4
Cell type En- En- En- En-

do- Glu- Su- Fruc- do- Glu- Su- Fruc- do- Glu- Su- Fruc- do- Glu- Su- Fruc-
gen- cose crose tose gen- cose crose tose gen- cose crose tose gen- cose crose tose
ous ous ous ous

Glucose limited 3 244 233 189 4 290 268 145 4 259 216 140 3 163 149 85
Glucose excess 18 57 81 63 47 61 94 74 70 76 59 82 15 42 35 19

a Nanomoles of acid neutralized per milligram (dry weight) of cells per minute.

the glycolytic rate decreased with the glucose-
limited cells as the dilution rate increased from
D = 0.1 h-' with glucose and sucrose and from
D = 0.05 h-1 with fructose.
A further comparison between the two cul-

tures can be seen in experiments where the pH
of the washed suspension was allowed to fall in
response to endogenous and exogenous metab-
olism. Figure 1 shows the pH response of cells
from both cultures grown at D = 0.4 h-1. Again,
except for endogenous metabolism, the pH min-
imum produced by the glucose-limited cells was
lower. The rate and extent of the pH fall was
influenced to a moderate degree by the dilution
rate, although no pattern emerged. After a 15-
min incubation period, the average pH minimum
for the four dilution rates for the glucose-excess
cells metabolizing 8.3 mM glucose was 4.59
(±0.09), whereas that for the same concentra-
tions of glucose-limited cells under identical con-
ditions was 4.08 (±0.16). The values for sucrose
and fructose with the glucose-excess cells were
4.78 (±0.22) and 5.15 (±0.35), respectively, and
similar values obtained with the glucose-limited
cells were 4.19 (±0.23) and 4.51 (±0.24), respec-
tively. Thus, the latter cells gave lower pH min-
ima in the order of 0.51 (glucose), 0.59 (sucrose),
and 0.64 (fructose) pH units.
Fluoride inhibition. The ability of fluoride

to inhibit carbohydrate metabolism by oral
streptococci is well established, although a va-
riety of factors are known to modify the inhibi-
tory effect (15, 16, 22). Figure 2 is a representa-
tive example of the effect of fluoride, at concen-
trations of NaF between 0.1 and 5.0 mM, on the
rate of glucose metabolism by D = 0.1 h-1 cells
of both cultures. Glucose-limited cells reduced
the pH to near 4.0 within 15 min, and this rapid
fall was significantly inhibited by 0.1 mM NaF.
The rate and extent of the pH fall were much
less with the glucose-excess cells; however, the
effect of fluoride was much less dramatic. Simi-
lar results were obtained with sucrose and fruc-
tose as carbon sources.
One drawback of pH-fall experiments in the

pH

15

MINUTES

FIG. 1. Acid production under pH-fall conditions
by glucose-limited (A) and glucose-excess (nitrogen-
limited) cells (B) grown at D = 0.4 h-1 and metabo-
lizing glucose .(-), sucrose (0), fructose (A), and
endogenous material (A).

study of fluoride inhibition is that as the pH
declines, the cells become more sensitive to flu-
oride in what can be described as the pH effect
(15). To obviate this problem, a series of pH-stat
experiments was carried out with cells from all
four dilution rates of both cultures and incu-
bated with glucose, sucrose, and fructose under
conditions where the pH was maintained at 7.0,
6.5, 6.0, and 5.5. The pH effect can be seen (Fig.
3) in an experiment where glucose-limited cells
(D = 0.05 h-1) were incubated with sucrose at
all four pH values. As the pH was reduced, the
concentration of fluoride required to completely
inhibit metabolism also declined.

Figure 4 demonstrates the inhibitory effect of
NaF on the rate of glucose metabolism by cells
maintained at pH 7.0 in the pH-stat. Whereas
significant differences were observed in the rates
of glycolysis for the glucose-limited cells be-
tween the four dilution rates at the lower (<5
mM) fluoride levels, less variation in activity

VOL. 26, 1979
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7.0 A B endpoint during glucose metabolism. This ID5S
value for each pH was then plotted against the
dilution rate. A significantly lower level of NaF
was required to inhibit metabolism of glucose-

6.0 limited cells at pH 5.5 and 6.0 than at pH 6.5
and 7.0, with some tendency for a lower value at

pH i__<thelower dilution rate (Fig. 5). For the glucose-
pH excess cells, on the other hand, the difference

5.0 between the pH 6.0 and 6.5 values was much
smaller for the D = 0.05 h-1 cells than for the
cells at the other dilution rates. It was also
apparent that the slower-growing cells required

4.0 a lower ID50 value, particularly at pH 7.0 and
6.5. Similar findings were also obtained with

. . . . . sucrose and fructose.
0 5 10 0 5 10 15 One of the shortcomings of this analysis is

MINUTES that it does not take into consideration the in-herent glycolytic activity of the cell in the ab-
FIG. 2. Effect of NaF on acid production under sence of NaF. To eliminate differences in the

pH-fall conditions by glucose-limited (A) and glucose- activities without NaF, one can calculate the
excess (nitrogen-limited) (B) cells grown at D = 0.1 ratio of the ID50 value and the uninhibited gly-
h-' and metabolizing glucose. Final NaF concentra- colytic rate. Differences in this ratio indicate
tons (millimolar): 0 (0), 0.1 (0), 0.25 (A), 0.5 (A), 2.5 that there are inherent differences in fluoride
(M), and 5 ([1).

sensitivity between the different samples. When
300 these were calculated for the pH 6.5 and 7.0 rate

values with the two cultures and plotted against

\0 i400 GLUCOSE - LIMITED
200 \ \_

LU

100 300

0- ~~~~~~~200
0 5 l0 15 20 25 a Ll

NaF (mM)
FIG. 3. Effect ofNaF on glycolytic activity of glu- Cie

cose-limited cells grown at D = 0.05 h-1 and incu- 00
bated with sucrose in a pH-stat at pH 7.0 (0), 6.5
(0), 6.0 (A), and 5.5 (A).

was noted at the higher values. It was also noted 0 , . . .
that a low level of acid production persisted at GLUCOSE - EXCESS
NaF levels above 15 mM, particularly with the
D = 0.05 h-1 cells. The effects of NaF on the 100
glucose-excess cells was less dramatic because of
the lower activity, but there was, nevertheless,
a tendency to increased sensitivity at the lower
dilution rates. Again, a similar pattern of activity 0
was produced for cells degrading sucrose and ° 5 10 15 20 25
fructose in the presence of increasing levels of NaF (mM)NaF.

In an effort to consolidate the data from the FIG. 4. Effect of NaF on the glycolytic activity ofvarious experiments, we calculated the concen- glucose-limited and glucose-excess cells grown at D
tration of NaF required to inhibit glycolysis by = 0.05 (0), 0.1 (0), 0.2 (A), and 0.4 h-' (A) and
50% (ID50) for each dilution rate and at each pH incubated in a pH-stat atpH 7.0.

INFECT. IMMUN.
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the glycolytic rate without fluoride (Fig. 6), the

best-fit curves, obtained by computer analysis,
were negative exponentials. This indicates that

with rapidly metabolizing cells, less fluoride is
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required to inhibit glycolysis by 50% than with
cells that metabolize glucose more slowly.

DISCUSSION

GLUCOSE-LIMITED The results from this and other continuous-
culture studies (3,25) demonstrate the metabolic
versatility of S. mutans not apparent from pre-
vious studies with batch-grown cells. These lat-
ter studies (4, 28) concluded that the organism
was homofermentative, and this has led to the
suggestion that under in vivo conditions lactate
is the major metabolic end product of its metab-
olism. However, analysis of the metabolic prod-
ucts of a dental plaque of germfree rats monoas-
sociated with S. mutans showed that acetate

GLUCOSE- EXCESS and ethanol were present in addition to lactate
(31). Before this, Carlsson and Griffith (3) had
demonstrated that S. mutans under glucose-lim-
ited conditions in a chemostat at D = 0.125 h-1
produced ethanol, acetate, and formate, whereas
nitrogen-limited cells produced mainly lactate.

Similar products were obtained in the present
study, but the concentration of these products
varied, depending upon the dilution rate. For

0.1 0.2 0.3 0.4 example, with the glucose-limited culture, the
0.1 0.2 0.3 0.4 concentrations of lactate and ethanol increased

with increasing growth rate, whereas the concen-
Dilution Rate (Wh) trations of acetate and formate decreased (Table

i. Relationship between the dilution rate and 1). Lactate production also declined in the glu-
entration ofNaF required to inhibit glycoly- cose-excess (nitrogen-limited) culture as the
lucose-limited cells and glucose-excess cells growth rate increased. Less glucose was catabo-
(IDw%-NaF). Cells were incubated in the pH- lized with increasing growth rate. Mikx and van
)H 7.0 (0), 6.5 (0), 6.0 (A), and 5.5 (A). der Hoeven (25) have shown that the growth

I0,)(o) rate can influence the concentrations of lactate

.) formed from glucose under conditions of glucose
limitation depending on the concentration of
glucose. In a study with S. mutans C67-1 grown
in a chemostat with 5 and 50 mM glucose, they

.06 - demonstrated that whereas glucose was com-

08 pletely utilized (i.e., limiting) in both cases, lac-

^-0.71-0.85 -0.92 tate increased significantly with increasing

,.-04 \A-0.71growth rate with 50 mM glucose, but only very.04 -

* \ slowly with 5 mM glucose in the medium. Ace-
-0.54 tate and ethanol decreased in both cultures with

0 increasing growth rate.
.02 The yield of cells relative to glucose utilized

for the glucose-limited culture was similar to
that obtained by Carlsson and Griffith (3) and

. ___I___*___*__*_________ was 2.6- to 4.0-fold higher than that obtained for
00 200 300 400 the glucose-excess culture. The recovery of met-

RATE abolic products from the glucose-excess culture
was somewhat lower than recoveries obtained in

6. Relationship of the ratio of the IDwo-NaF/ the other studies (3, 25), even considering the
bited glycolytic rate and the uninhibited gly- amount of total carbohydrate in the cells (Table
rate for glucose-limited cells (0, 0) and glu-
:cess cells (A, A) incubated at pH 7.0 (solid 2) and assuming that it all origiated with glu-
's) andpH6.5 (open symbols). Value associated cose. No citric acid cycle intermediates or C2-C8
ich line is the correlation coefficient obtained volatile acids, other than those detected, were
muter analysis. observed during gas-liquid chromatography
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analysis. Carbon dioxide may have been one
product of metabolism not determined, but since
CO2 (5%) was present continuously in the gas
phase, metabolic C02 evolution could not be
determined. Probably the most efficient way to
ensure complete recoveries would be to carry
out runs with uniformly labeled glucose in a
chemostat with a small working volume.
Such a technique would also provide useful

information for the distribution of glucose into
endogenous polysaccharide storage material.
The majority of the intracellular polysaccharide
in S. mutans Ingbritt was not attacked by glu-
coamylase (Table 2) and is therefore not typical
glycogen, thus confirming previous research (14,
16). Glycogen standards in the assays gave
greater than 90% recovery, indicating that the
assay itself is reliable. Since part of the non-
glycogen polysaccharide is readily degraded to
acid end products (Fig. 1; 5), it is evident that S.
mutans Ingbritt, and probably other S. mutans
strains, possesses another storage polymer that
can be utilized as an energy reserve. The com-
position and structure of this material are un-
known, but preliminary experiments have dem-
onstrated that glucoamylase-hydrolyzed, etha-
nol-precipitable carbohydrate from glucose-ex-
cess cells contains rhamnose in addition to glu-
cose (Hamilton and Ellwood, unpublished data).
Since rhamnose is a cell wall constituent of S.
mutans (17), and since cell wall thickening oc-
curs with the organism under conditions of
amino acid deprivation (24), it is possible that a
polysaccharide cell wall precursor may be syn-
thesized and stored in cells in granules (24) in
association with glycogen. During nitrogen-lim-
iting conditions with excess glucose, the polymer
is synthesized, but would be capable of being
metabolized for energy when the exogenous car-
bon source is depleted. However, this does not
preclude the possibility that other energy stor-
age compounds are present in the cells.
The only other study of glucosyltransferase

(dextransucrase) synthesis by oral streptococci
in continuous culture was reported by Carlsson
and Elander (2). These workers demonstrated
that glycosyltransferase synthesis by S. sanguis
strain 804 was at a maximum in complex me-
dium at low dilution rates (<0.1 h-1) and de-
clined with increasing dilution rate. Activity of
the enzyme was, however, low in defined me-
dium. These workers suggested that glucosyl-
transferase in this S. sanguis strain might only
be synthesized under conditions where an excess
of nutrients is available. Ellwood and Hunter (8)
have also reported that maximum glucosyltrans-
ferase activity appears in slowly growing cells (D
= 0.05 h-1) of S. mutans Ingbritt growing with

a glucose limitation in complex medium. The
results from the present study differ in that
substantial enzyme activity was available in de-
fined medium under both glucose-limited and
glucose-excess conditions (Table 3). In fact, the
highest activity in both cultures appeared at the
higher dilution rates (D = 0.2 to 0.4 h-') and
maximum activity was with a glucose-limiting
culture (D = 0.2 h-1). The reason for the differ-
ences between this and the previous study with
S. mutans Ingbritt is unknown but may be re-
lated to the composition of the medium.
The comparison between the two S. mutans

cultures with respect to fluoride sensitivity has
outlined several interesting features. For exam-
ple, although glucose-limited cells are sensitive
to fluoride, they nevertheless continue to metab-
olize carbohydrate at a slow rate in the presence
of fluoride concentration above 15 mM (Fig. 3).
Since these cells possess very little endogenous
metabolism, which is known to be less sensitive
to fluoride (13), this residual fluoride-insensitive
metabolism may be a unique feature of glucose-
limited cells.
Another feature confirmed in these experi-

ments is the inverse relationship between fluo-
ride concentration and the rate of glycolysis.
Previous studies with oral streptococci, includ-
ing S. mutans, have demonstrated that cells
metabolizing either endogenous polysaccharide
(22) or exogenous carbohydrate (15) at a slow
rate are more insensitive to fluoride than cells
with rapid glycolytic activity. This phenomenon
has also been demonstrated in this study by
comparisons between the two cultures and be-
tween fast and slow cells within a culture. Figure
2 illustrates the comparison between the glu-
cose-limited and the glucose-excess cultures,
where it can be seen that whereas the latter cells
produce acid at a slower rate, low levels of NaF
have less effect on them than on the more aci-
dogenic glucose-limited cells. A more complete
analysis of this is made in Fig. 6, which plots the
ratio of the NaF ID50/glycolytic rate versus the
inherent glycolytic rate of cells in the absence of
NaF in both cultures at the four dilution rates
at pH 6.5 and 7.0. This indicates clearly that less
fluoride is required to bring about 50% inhibition
of glycolysis with rapidly metabolizing cells than
with cells with slower activity.
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