
Dental plaque on the tooth surface
consists of a variety of saccharolytic
bacteria. After carbohydrate intake, the

pH of dental plaque decreases rapidly to
about 4 as the result of bacterial fermen-
tation and this low pH is maintained for

from several minutes to about an
hour (12, 20). Repeated acidification
causes demineralization of the tooth
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Introduction: Dental plaque pH decreases to about 4 through bacterial fermentation
of carbohydrates and this low pH is maintained for from several minutes to about an hour.
Repeated acidification causes demineralization of the tooth surface, resulting in caries
formation. The acidification also influences plaque bacteria. Severe acidification kills
bacteria efficiently, while physiological acidification, the condition occurring in plaque,
kills bacteria partially and may impair growth ability. We, therefore, investigated the
effects of physiological acidification on representative caries-related bacteria.
Methods: Streptococcus mutans, Streptococcus sobrinus, Streptococcus sanguinis,
Streptococcus oralis, Lactobacillus paracasei, and Actinomyces naeslundii were used.
Effects of physiological acidification at pH 4.0 on cell viability and growth ability, as well
as the growth rate of these bacteria at pH 4.0–7.0, were investigated.
Results: Mutans streptococci and Lactobacillus grew at pH 4.0 but the growth of
S. sanguinis and S. oralis ceased below pH 4.2 and pH 4.2–4.4, respectively. Acidifi-
cation at pH 4.0 for 1 h killed 43–89%, 45% and 35–76% of S. sanguinis, S. oralis, and
Actinomyces, respectively. Furthermore, assessment of bacterial growth curves revealed
that the growth ability of the surviving cells of S. sanguinis, S. oralis and Actinomyces
was impaired, but it was recovered within 2–5 h after the environmental pH had
returned to 7.0. The acidification neither killed nor impaired the growth of mutans
streptococci and Lactobacillus.
Conclusions: These results indicate that physiological and transient acidification is not
sufficient to kill bacteria, but it causes a temporary acid-impairment of their growth
ability, which may function as an ecological determinant for microbial composition in
dental plaque.
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surface, resulting in dental caries forma-
tion.
The acidification also influences bacte-

rial physiology such as growth rate and
cell viability. Harper and Loesche (10)
demonstrated that when culture pH was
lowered from 7.0 to 5.0 the growth rates of
Streptococcus mutans and Lactobacillus
casei decreased to 3–30% and 54%,
respectively, while Streptococcus sangui-
nis ceased to grow. Experiments with
mixed continuous cultures using represen-
tative oral bacteria indicated that the
reduction of culture pH affected bacterial
growth rate and subsequently modified
bacterial composition. In the continuous
cultures, S. mutans and Lactobacillus
rhamnosus dominated the other bacteria,
including non-mutans streptococci and
Actinomyces, at a pH below 5.5 (3, 4),
and the proportions of S. mutans and
L. casei increased gradually after repeated
acidification (5) or prolonged acidification
(17) while those of the other bacteria
decreased. These pH-driven modifications
of bacterial composition observed in
mixed continuous cultures were similar to
the microbial shift from healthy site to
carious site in vivo (2, 18, 19, 26), where
environmental acidification is expected to
occur. On the basis of these results, Marsh
(15, 16) proposed the ‘ecological plaque
hypothesis’ that environmental acidificat-
ion causes a microbial shift towards a more
acidogenic and aciduric population, result-
ing in a cariogenic microflora. Recently,
Takahashi and Nyvad (24) expanded this
hypothesis to ‘microbial dynamics’ of the
caries process, in which the environmental
acidification induces microbial acid-adap-
tation and subsequently increases micro-
bial acidogenicity and acidurance, while
the environmental acidification also trig-
gers microbial shift through acid-selection
of acidurant bacteria.
It is known that environmental acidifi-

cation kills bacteria. Svensäter et al. (21)
demonstrated that acidification at pH 2.3–
4.5 for 3 h caused cell death of oral
bacteria and that the acid-killing efficiency
was dependent on bacterial species in
the order of Actinomyces > non-mutans
streptococci > mutans streptococci > Lac-
tobacillus. In addition, Takahashi et al.
(23) demonstrated that physiological and
transient acidification (pH 4.0 for 1 h)
occurring in dental plaque did not kill
S. sanguinis efficiently but caused a tem-
porary impairment of growth ability. They
also showed that the impaired cells were
capable of growing again after an 80-min
incubation in the culture media at pH 7.0,
along with the reactivation of glycolytic

enzymes (23). However, no acid-impair-
ment was observed in S. mutans. These
observations suggest that acid-impairment
of growth ability is an important ecological
determinant of microbial composition in
dental plaque, where repeated acidification
occurs daily.
In the present study, we investigated the

effects of physiological and transient acid-
ification at pH 4.0 on cell viability and
growth ability, as well as growth rate at
pH 4.0–7.0, of representative oral bacteria,
Streptococcus, Actinomyces, and Lactoba-
cillus.

Materials and methods

Bacterial strains

Actinomyces naeslundii genospecies 1
ATCC 12104, A. naeslundii genospecies
2 WVU 627, Lactobacillus paracasei
subsp. paracasei (formerly L. casei
subsp. casei) C12-4, S. mutans NCTC
10449, S. oralis ATCC 10557, S. sangui-
nis ATCC 10556, S. sanguinis NCTC
10904, and Streptococcus sobrinus 6715
were used in this study. These bacteria
were maintained on blood agar plates.
The purity of the culture was confirmed
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Fig. 1. Bacterial growth rate at various pH values.
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by plating the culture on blood agar for
all the strains and on mitis-salivarius agar
(BBL Microbiology Systems, Cockeys-
ville, MD, USA) for the streptococcal
strains. These plates were incubated
at 35�C for 2 days under anaerobic
conditions.

Growth conditions

The bacteria were precultured in 5 ml
trypticase soy broth (BBL Microbiology
Systems) supplemented with 0.5% yeast
extract (Difco Laboratories, Detroit, MI,
USA), 0.5% glucose, 0.1% l-cysteine
hydrochloride monohydrate, and 0.04%
sodium carbonate anhydrous (TSBYG-1)
for 15 h at 35�C in an anaerobic chamber
(Hirasawa Works, Tokyo, Japan; gas
phase, 10% CO2, 10% H2, and 80% N2).
The cultures were transferred into 100 ml
trypticase soy broth supplemented with
0.5% yeast extract, 0.5% glucose, 0.1%
l-cysteine hydrochloride monohydrate,
0.01% ammonium bicarbonate, and
38 mm potassium phosphate buffer
(pH 7.0) (TSBYG-2) and incubated at
35�C in an anaerobic chamber. The pH
of the culture was maintained at 6.7–7.0 by
regular manual addition of 6 m KOH The
culture pH was checked using a handy pH
meter (model pH BOY-P1, Sindengen
Kogyo, Tokyo, Japan), which can measure
the pH of a 30-ll sample. The following
experiments were carried out in the same
anaerobic chamber. To remove oxygen, all
the media, solutions, and buffers were kept
in the chamber for at least 3 days before
use.

Bacterial growth rate at various pH values

At the exponential phase of growth, 2 ml
of the culture was transferred into 5 ml of
new TSBYG-2. Just before the experi-
ments, the pH of the medium was adjusted
to 3.8, 4.0, 4.2, 4.4, 4.6, 4.8, 5.0, 5.5, 6.0,
6.5, or 7.0 by addition of 6 m HCl or
KOH. The culture was then incubated at
35�C and the growth was monitored
photometrically at 660 nm. The pH of
the culture was maintained by periodical
addition of 6 m KOH as describe above.
The growth rate was calculated as gener-
ations per hour from initial inclinations of
the growth curve.

Acidification of bacterial culture

At the exponential phase of growth
[optical density at 660 nm (OD660)
0.6–0.8], the culture (100 ml) was mixed
with 100 ml prewarmed sterile TSBYG-2

medium and the pH of the culture was
reduced to 4.0 within 3 min using 6 m

HCl. The culture was then incubated at
35�C and optical density was monitored
at 660 nm.

Survival of bacteria at low pH

After acidification at pH 4.0, the culture
was sampled at 0, 0.5, 1, and 2 h. The
samples were serially diluted with
TSBYG-2 without glucose (pH 7.0) and
spread on TSBYG-2 agar plates (pH 7.0).
The plates were incubated at 35�C for
2 days and then colony-forming units were
counted.

Growth ability of bacteria after acidification

After acidification at pH 4.0, 5 ml of the
culture was sampled at 0, 0.5, 1, and 2 h
and transferred into 5 ml of new TSBYG-
2 (pH 7.0). The culture was then incubated
at 35�C and the growth was monitored
photometrically at 660 nm. The pH of the
culture was maintained by occasional
addition of 6 m KOH.

Statistical analyses

Difference in cell viability was analysed
by the one-way repeated measures
analysis of variance, and significance
was examined using the Dunnet’s test as
post hoc. Statistical analysis was per-
formed using StatFlex software version
5.0 (Artech, Osaka, Japan). Differences
were considered significant at the level
P < 0.05.

Results

Bacterial growth rate at various pH values

All the bacterial strains in exponential
growth continued to grow when they were
transferred into new culture media. The
growth rates of all the bacteria decreased as
the pH of the growth media was lowered
(Fig. 1). The growth rates of streptococci
were higher than those of other bacteria
above pH 5.5, although those of S. sangui-
nis and Streptococcus oralis declined
sharply as the pH was lowered. The growth
rate of these streptococci decreased to
4–12% at pH 4.6 and ceased completely
at pH 4.2–4.4. In contrast, the growth rates
of S. mutans and S. sobrinus decreased
more gradually at acidic pH and remained
at 22–31% at pH 4.6. However, no growth
was found at pH 4.0. The growth rates of
Actinomyces were about half the strepto-
coccal growth rates at pH 7.0, but
decreased gradually as the pH was lowered.
The growth rates were maintained at
14–52% at pH 4.6 and no growth was
observed at pH 4.2. The growth rate of
Lactobacillus was as low as those of
Actinomyces at pH 7.0, but the Lactobacil-
lus strain maintained growth rates of 35 and
26% at pH 4.0 and pH 3.8, respectively.

Bacterial killing by acidification at pH 4.0

The acidification to pH 4.0 killed A. naes-
lundii, S. sanguinis, and S. oralis. The cell
viability of these bacteria decreased sig-
nificantly as the acidification was pro-
longed (Fig. 2), and decreased to 24–64%,
10–57% and 55% after 1 h of acidification,
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Fig. 2. The effect of acidification at pH 4.0 on cell viability. The mean values with standard
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respectively. In contrast, mutans strepto-
cocci and Lactobacillus maintained almost
100% viability during a 2-h acidification at
pH 4.0.

Growth impairment

The bacterial cells acidified at pH 4.0 for
1 h were transferred into new TSBYG-2
media (pH 7.0), and their growth was
monitored. At the beginning, the growth
rates of A. naeslundii, S. sanguinis, and
S. oralis (actual growth curve) were lower
than those of control cultures, but they
gradually returned to the original level
(Fig. 3). There was no effect on mutans
streptococci and Lactobacillus.
The expected growth curves of A. naes-

lundii, S. sanguinis, and S. oralis were
also calculated from the proportion of
viable cells (Fig. 2). For example, assum-
ing that the surviving cells of S. oralis
(55% of cells were viable after exposure to
pH 4.0 for 1 h) started to regrow at the
original growth rate at pH 7.0, the growth
curve could be estimated by calculation
using the following formulae:
1 OD value at n h (ODn) = OD value

contributed by dead cells (ODD) + OD
value contributed by growing cells at
n h (ODGn)

2 ODD = OD0 · (100 – VC%)/100
3 ODGn = (ODn–1 – ODD) · 2R

where OD0, VC% and R are initial OD
value, viable cell % at 0 h and growth rate
(i.e. generation/hour), respectively (indi-
cated by open squares in Fig. 3).
In the same way, the expected growth

curves of all the strains were obtained,
except for mutans streptococci and Lacto-
bacillus because of their high viability
after acidification (Fig. 2). The actual
growth curves of A. naeslundii, S. sangui-
nis, and S. oralis were always below the
expected growth curves. The bacterial cells
acidified at pH 4.0 for 0.5 or 2 h showed a
similar result, though a 0.5-h acidification
resulted in both actual and expected curves
closer to control curves while 2-h acidifi-
cation resulted in curves more separated
from the control curves (data not shown).
Furthermore, the duration of the lag

phase was calculated as follows (Fig. 4):
when line a, the tangent line of the actual
growth curve, became approximately par-
allel to the growth control curve at a
logarithmic growth phase, A h was defined
as the duration of the lag phase, namely a
lag time. Similarly, the expected lag time
was calculated from the expected growth
curve (B h). The lag time increased as the
acidification was prolonged (Table 1). The
cells of A. naeslundii WVU 627 acidified

for 2 h could not resume growth at pH 7.0
at 10 h. The expected lag time was always
shorter than the actual lag time. No lag
time was observed in mutans streptococci
and Lactobacillus (Table 1).

Discussion

Around neutral pH, all the oral bacteria
tested could grow efficiently, although
the growth rates of Actinomyces and
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Lactobacillus were about half those of oral
streptococci under experimental condi-
tions. As the environmental pH was low-
ered, however, the growth rates of mutans
streptococci rose above those of S. san-
guinis and S. oralis at pH 4.8 and above
those of Actinomyces at pH 4.4. Lactoba-
cillus showed a similar tendency but the
growth rates became higher than those of
mutans streptococci at pH 4.4. These
results were consistent with those of
previous studies using a continuous culture
of mixed bacteria (3–5), although the pH
values causing growth limitation seemed

to be relatively lower than those from
continuous culture studies. This discrep-
ancy could be because of methodological
differences between batch culture and
continuous culture. The lower acid toler-
ance of bacteria in continuous culture can
be ascribed to their growth under nutrient
limitation with a concomitant lower capac-
ity for adapting to the acid conditions.
Continuous culture is generally accepted
as the method of choice when evaluating
bacterial growth at acidic pH. Overall, the
present study, using a batch culture
method, supports the previous finding that
acid-tolerance of bacterial growth rate is an
ecological determinant of microbial com-
position in supragingival plaque, as as-
sumed in the ‘ecological plaque
hypothesis’ (15, 16).
The acid-tolerance of bacterial growth

rate indicates the bacterial ability to grow
at different pH as described above, but this
does not provide information regarding the
acid-impairment of bacteria under acidic
conditions. Acid-killing is known as one
of the determinants of bacterial acid-
impairment (1, 6, 9, 14). In the present
study, the acidification to pH 4.0 gradually
killed A. naeslundii, S. sanguinis, and
S. oralis, while mutans streptococci and
Lactobacillus survived the acidification.
These results were similar to previous
reports (21, 23), suggesting that A. naes-
lundii, S. sanguinis, and S. oralis are
killed gradually at pH 4.0.
Were the cells that survived the acidifi-

cation affected? Our previous study indi-
cated that acidification at pH 4.0 for 1 h
impaired the growth ability of S. sanguinis
cells temporarily through a reversible
inhibition of glycolytic enzymes, and that

the impaired cells started to grow again at
pH 7.0 with a longer lag phase (23). In the
present study, a similar phenomenon was
observed in A. naeslundii, S. sanguinis,
and S. oralis. The cells that had survived
during the acidification at pH 4.0 started to
grow again, but the growth was apparently
slower than the expected growth calculated
from the number of surviving cells. These
findings clearly indicate that physiological
and transient acidification impairs the
bacterial growth ability temporarily and
that the growth ability recovers after the
time required for repair.
Temporary bacterial impairment has not

been considered as an ecological deter-
minant in dental plaque because no clear
influence, such as killing of bacteria, has
been observed. However, it should be
recognized that a usual method for count-
ing live bacterial cells is to spread
bacterial cells on agar plates and incubate
them for 1–2 days for colony formation.
Using this method it is difficult to detect a
delay in bacterial growth. The combina-
tion of counting live cells on agar plates
and monitoring bacterial growth in liquid
media, as adopted in the present study,
could enable us to observe temporary and
reversible acid-impairment of bacterial
growth if the bacteria are not acid-killed.
The transient acidification occurs in den-
tal plaque at least three times a day after
each meal, probably having a significant
influence on bacterial growth ability after
pH recovery to neutral, and subsequently
functioning as a driving force of ecolog-
ical modification of dental plaque micro-
flora.
In immature dental plaque, the pH falls

to around 5, while the plaque pH becomes
more acidic, to around 4, as the plaque
matures (7). Transient acidification to
around pH 5.5, as occurs in immature
plaque, may increase bacterial acidogenic-
ity and acidurance through a series of
bacterial acid-adaptation mechanisms.
These include the induction of H+-ATPase,
stress proteins, and metabolic enzymes for
alkaline production and the reinforcement
of the bacterial membrane against H+-
penetration (1, 22, 25), probably along
with a shift of energy usage from growth
to maintenance metabolism (8, 13) and a
resultant decrease in bacterial growth rate.
However, a frequent and greater acidifi-
cation to pH 4.0, as occurs in mature
plaque, may weaken the competitiveness
of A. naeslundii, S. sanguinis, and S. oral-
is through a reversible but repetitive
impairment of growth ability. Furthermore,
prolonged acidification around pH 4, as
occurs in established caries lesions (11),
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Table 1. Actual and expected lag times

Bacterial strains

Acidification time (h)

0.5 1 2

A. naeslundii ATCC 12104 Actual 1.87 (0.58)1 2.97 (1.04) nc
Expected 0.36 (0.09) 0.53 (0.07) 4.44 (0.95)

A. naeslundii WVU 627 Actual 2.26 (0.57) 3.52 (0.28) nc
Expected 1.14 (0.12) 1.98 (0.47) 20.2 (4.03)

S. oralis ATCC 10557 Actual 0.98 (0.57) 2.22 (0.69) 6.82 (4.11)
Expected 0.39 (0.27) 0.63 (0.57) 4.41 (2.49)

S. sanguinis ATCC 10904 Actual 1.46 (0.30) 4.85 (1.51) nc
Expected 1.62 (0.59) 3.05 (1.13) 7.24 (4.06)

S. sanguinis ATCC 10556 Actual 0.82 (0.30) 2.65 (1.23) 7.19 (2.74)
Expected 0.16 (0.10) 0.21 (0.19) 2.06 (1.94)

S. mutans NCTC 10449 Actual 0.13 (0.15) 0.34 (0.22) 0.33 (0.30)
Expected 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)

S. sobrinus 6715 Actual 0.14 (0.12) 0.00 (1.19) 0.00 (1.02)
Expected 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)

L. paracasei C12-4 Actual 0.33 (0.32) 0.28 (0.27) 0.00 (0.20)
Expected 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)

1The mean values with standard deviations (h) in parenthesis of three independent experiments
are given.
nc, not calculated because of poor growth at 12 h after acidification.
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may exclude these bacteria through acid-
killing and leave more acidogenic and
aciduric bacteria, such as mutans strepto-
cocci and Lactobacillus, as demonstrated
by continuous culture studies (3–5, 17).
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