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heart infusion broth (BHI : Difco Laboratories, Detroit,
MI) at 37C for 16 hours. Bacterial cells were collected
by centrifugation {6,000 rpm, 10 min), and washed once
with phosphate-buffered saline, pH 7.2 (PBS). The cell
suspensions of bacteria in PBS solutions were adjusted
to an optical density of 2.0 at 500 nm (5.0 % 10® colony
forming units/mi).

2. XF

XF was synthesized by the method of Avigad et al.?
using levan-sucrase of Bacillus subtillis var saccharolyticus
and provided by Dr. Kitahata (Osaka Municipal Techni-
cal Research Institute).

3. Adherence assay in culture system

The effect of XF on the synthesis and adherence of
WIG and adherence of mutans streptococci to a glass
surface were examined by batch culture. Twenty ul of
subcultured S. mutans MT8148 was inoculated into 2 m/
of heart infusion breth (HI : Difco Laboratories) contain-
ing 1% sucrose and 0-5% XF, and the bacterium was
cultured at 37C for 17 hr in a small glass test tube at a
45° angle. After cultivation, bacterial cells and WIG
were fractionated into firm-adherent, loose-adherent,
and non-adherent fractions. The cultured tube was ro-
tated gently 3 times and non-adherent culture was
poured into another test tube. The original test tube
was washed with 2 m/ of PBS. Washing was combined
with non-adherent culture and this fraction was re-
ferred to as the non-adherent fraction. Two ml of PBS
was added to the original test tube and shaked by a
mixer (Scientific Industries, NY, USA) for 10 sec. The
upper fraction by this procedure was the loose-adherent
fraction, and the residual fraction on the glass surface
was the firm-adherent fraction. In non-adherent and
loose-adherent fractions, bacterial cells and WIG were
precipitated by centrifugation (25,000 rpm, 20 min) at
4C. Two ml of 0.5 N NaOH was added to each adherent
fraction to resolve WIG on the bacterial cell surface, and
cells and WIG were separated by centrifugation (25,000
rpm, 20 min) at 4C. The amount of cells in each fraction
was measured by turbidity at 500 nm after suspension
in 1 m! of PBS. WIG in the supernatant was determined
colorimetrically at 492 nm by the phenol-sulfuric acid
method" using glucose as a standard.
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4. Biofilm formation and enamel demineralization in
artificial mouth system

1) Preparation of enamel slabs

Enamel slabs with a flat surface, 35%35%1.5 mm in
size, including dentine were prepared from the central
part of the labial surface of unerupted bovine lower inci-
sors. The enamel slabs were gradually polished using
wet abrasive paper and finally with 1 um grade polish-
ing film. Nine symmetrical points on the surface of each
slab were measured for hardness with a diamond
Vicker's indenter on a microhardness tester (Akashi
Seisakusho Ltd., MVK-E) loaded with 200 g. Slabs with
mean Vicker's hardness values of 280 to 320 were used
in the experiments. The area of each enamel slab was
measured using a micrometer caliper (Mitsutoyo, CD-15,
Kawasaki, Japan).

2) AMS

The AMS consisted of two identical columnar artifi-
cial mouths, thermostatic incubator, multiple pH meter,
peristaltic pump, and cooling stirrer (Fig. 1. The artifi-
cial mouth (60 mm in diameter, 140 mm in height) and
surrounding water jacket (140 mm in diameter) were
made from transparent vinyl chloride. Warm water was
circulated by %he thermostatic incubator (Taitech, Sai-
tama, Japan) to maintain the temperature of the artificial
mouths at 37C. A pH electrode with a flat bulb (9 mm in
diameter, TOA-DKK, Tokyo, Japan) was set upside
down in the center of the artificial mouth with a silicon
plug. Four enamel slabs were arranged on the flat sur-
face of a special Teflon holder (24 mm in diameter)
around the bulb of the electrode. Another silicon plug
with five stainless steel tubes and a thermometer was
set on the upper part of the artificial mouth to con-
stantly supply HI medium supplemented with sucrose,
PBS, or XF in PBS, and bacterial cell suspension with a
peristaltic pump (Furue Science. Tokyo, Japan). The cell
suspension (ODs=2.0) was maintained at a low tem-
perature using a cooling stirrer (Iwaki Glass, Tokyo, Ja-
pan) during the experiment. Changes in pH underneath
the artificial biofilni were continuously monitored with a
multiple pH recorder (TOA-DKK. Tokyo, Japan). All
procedures were conducted under aseptic conditions.

3) Evaluation of quantity of artificial biofilm and
enamel demineralization

After stopping the operation of the AMS, the entire
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flat electrode and enamel slabs were photographed. The
biofilm formed on each enamel slab and flat bulb was
carefully removed with a silicon scraper .before being
immersed in a 0.5 N NaOH solution to resolve the WIG
on ice. This was followed by centrifugation (6,000 rpm,
20 min) to separate the bacterial cells from the WIG.
Bacterial cells were re-suspended in PBS and the turbid-
ity at 500 nm was measured. In addition, the amount of
WIG in the NaOH solution was determined colorimetri-
cally at 492 nm by the phenol-sulfuric acid method. Both
cell turbidity and the amount of WIG were used as indi-
cators of the amount of biofilm.

Vicker's hardness values of the enamel slabs were
then determined after the experiment and compared
with those before the experiment. The differences in
hardness (AH) were used to infer the degree of demin-
cralization.

4) Statistical analysis

Student's t-test was used to compare differences in
the mean value of the degree of enamel demineraliza-
tion and the amount of artificial biofilm in the control

and experimental groups.

Cross-sectional appearance of the artificial mouth system

Results

1. Effect of XF on artificial biofilm formation by §.
mautans in culture system

S. mutans MT8148 was cultured in HI broth contain-
ing 1% sucrose with 0-5% XF in a glass test tube. The
amounts of cells in the total adherent (loose plus firm)
fraction were significantly inhibited by XF in a dose-
dependent manner. The inhibitory rates for 1%, 2.5%,
and 5% XF were 68%., 83%, and 86%, respectively (Fig.
2). Figure 3 shows the amounts of WIG and water-
soluble glucan (WSG) in the presence of 1% sucrose and
each concentration of XF. The amounts of WIG and
WSG in each adherent {raction were significantly inhib-
ited by XF in a dose-dependent manner. XF alone con-
tributed minimally to the development of artificial
biofilm formation in terms of bacterial cells and WIG.

2. Effect of XF on artificial biofilm formation, biofilm
pH environment, and enamel demineralization in AMS

Two identical artificial mouths were operated simulta-
neously under the same conditions except for sugar sup-
plementation. Changes in pH values beneath the artifi-
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cial biofilm are shown in Fig. 4. The pH values of the
control (2% sucrose) began to decrease after 8 hr of run-
ning the AMS, reaching pH 5.5, which is thought to be a
critical pH for enamel demineralization after 13 hr and
pH 4.6 after 20 hr. Conversely, the pH values in the ex-
periment (2% XF) remained unchanged for 20 hr. Ta-
ble 1 shows the changes in Vicker's hardness values
(AH) of the enamel slabs before and after the experi-
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Fig. 2 Amounts of bacterial cells in firm- and loose-adher-
ent fractions in a culture system of S. mutans M'T8148
in the presence of sugars
A 1% sucrose, B:11% sucrose + 1% XF, C:1% sucrose
+ 25% XF, D : 1% sucrose + 5% XF, E : 1% XF.
*1p <005 **:p<001 (Compared with A)
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ments with the amount of artificial biofilm indicated by
the turbidity of the bacterial cell suspension and the
amount of WIG produced. The amount of artificial
biofilm and change of microhardness were considerably
lower in the case of XF alone.

Figure 5 shows the change in pH values of AMS in
the presence of 1% sucrose {control) and 1% sucrose
plus 1% XF (experiment). The decrease in the pH of the
experiment was slightly delayed compared to that ob-
served in the control. The pH values beneath the biofilm
on the electrode decreased to 55 after 14 hr and 17 hr of
AMS operation in the control and experiment, respec-
tively. As shown in Table 2, no significant differences
were observed in the amount of biofilm and AH from the
enamel slabs in the control and experiment.

Figure 6 shows the changes in the pH values under-
neath the artificial biofilm in the AMS in the presence of
1% sucrose (control) and 1% sucrose pius 2.5% XF (ex-
periment). In the control, pH values began to decrease
after 8 hr, reaching 5.5 after 16 hr and 4.7 after 22 hr of
operating the AMS. However, the pH values in the ex-
periment did not exhibit any apparent decreases, even
after 22 hr. The amount of biofilm produced in terms of
bacterial cell turbidity in the experiment was signifi-
cantly less than that of the control (Table 3). Similarly,
no WIG could be detected on the enamel slabs in the ex-

a WSG
onon-adherent WIG
B loose -adherent WIG
& firm - adherent WIG

F G H 1 J

Fig. 3 Amounts of glucans in each adherent fraction in a culture system
of S. mutans MT8148 in the presence of sugars

A and B: 1% sucrose, C and D 1% sucrose + 1% XF, E and F : 1% sucrose

+ 25% XF, G and H © 1% sucrose + 5% XF,Iand J : 1% XF

#* 1 p < 001 (Compared with A), T 1 :p <001 (Compared with B)
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Table 1 Effect of XF on enamel demineralization and the amount of artificial biofilm
formed on bovine enamel slabs by S. mutans MT8148 in thc artificial mouth system

AH® ODsoo ) WIG (jtg/mm?)®
Control (2% sucrose) 252751 0.009 +0.002 2503 +0.360
Experiment (2% XF) 82x424d ND 0.239£0.1834

a) : Differences in microhardness of 4 enamel slabs before and after experiments{(Mean *SD)
b) : Bacterial cell turbidity at 500 nm per square mm of 4 enamel slabs (Mean = SD)
o : Amount of total WIG per square mm of 4 enamel slabs (Mean = SD)

4 :p <001 (Compared with the control group)

ND : Not detected

—@-— 2% sucrose

-0-2%XF
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Time (hr)

Fig. 4 Changes in pH underneath the attificial biofilm
formed by 2% sucrose or 2% XF

periment, and the value for AH in the experiment was
significantly less than that of the control.

Discussion

Adherence of S. mutans MT8148 cells and WIG to a
glass surface were inhibited by XF in a dose-dependent
manner in this study. WSG production was inhibited by
XF in a similar manner. Imai et al. Yreported that 83%
of WIG adherence by Streptococcus sobrinus 6715 in the
presence of 5 mM sucrose was inhibited by 10 mM XF
in a culture system. Takeuchi®™ reported that 10 mM
XF inhibited both the production and adherence of WIG
by crude glucosyltransferase from S. sobrinus 6715 in the
presence of 5 mM sucrose by 86% and 94%, respec-
tively. Kishi'® reported that XF effectively inhibited pu-
rified GTF from S. sobrinus MT3791 and that XF com-

5 L
—&— 1% sucrose
—0— 1% sucrose +1% XF
4 . 1 1 I 1 1 L 1 }
0 3 6 9 12 15 18 21 24

Time (hr)

Fig. 5 Changes in pH underneath the artificial biofilm
formed by 1% sucrose or 1% sucrose + 1% XF

petitively inhibited the sucrose degrading activity of
GTF, inhibiting the activity of glucan production.
Togashi'” reported that purified GTF from S. mutans
MT8148 was competitively inhibited by XF.

Under the culture conditions used in this study, 43%
of S. mutans MT8148 cells and 33% of WIG were recov-
ered in the total adherent (loose and firm adherent) frac-

" reported that the adherence ability of mu-

tion. Imai'®
tans streptococci to a smooth surface was dependent on
the ability to produce WIG from sucrose, and that a posi-
tive correlation existed between adherent WIG and ad-
herent bacteriai cells. Consequently, bacterial cells and
WIG were both suitable for use as adherence parame-
ters of S. mutans.

In vivo test systems such as animal experiments', hu-

20)

man plaque pH tests®, and human intraoral cariogenic-

ity tests (ICT)? have been used to assess both the cari-
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Table 2 Effect of XF on enamel demineralization and the amount of artificial biofilm formed on bovine
ename] slabs by S. mutans MT8148 in the artificial mouth system

AHY ODsoo WIG (pg/mm?)®
Control (1% sucrose) 2458+ 84 0.014 +0.005 4527 +0.991
Experiment (1% sucrose + 1% XF) 2442113 0014%0.002 4183+ 0627

# : Differences in microhardness of 4 enamel slabs before and after experiments (Mean = SD)
b : Bacterial cell turbidity at 500 nm per square mm of 4 enamel slabs (Mean =SD)
¢ - Amount of total WIG per square mm of 4 enamel slabs (Mean =SD)

Table 3 Effect of XF on enamel demineralization and the amount of artificial biofilm formed on bovine
enamel slabs by S. mutans MT8148 in the drtificial mouth system

AHY ODsoo WIG (ug/mm2)e
Control (1% sucrose) 2427+54 0.009 +0.002 1.850 £ 0.692
Experiment (1% sucrose + 2.5% XF) 111+309¢ 0.0005 = 0.0001 ¢ ND

a) : Differences in microhardness of 4 enamel slabs before and after experiments (Mean = SD)
b : Bacterial cell turbidity at 500 nm per square mm of 4 enamel slabs (Mean =SD)
¢} - Amount of total WIG per square mm of 4 enamel slabs (Mean = SD)

4 . p < 001 (Compared with the control group)
ND : Not detected

—8— 1% sucrose

—0O— 1% sucrose +2.5% XF
4 L L 1 1 A i H H

0 3 6 9 2 15 18 21 24
Time (hr)

Fig. 6 Changes in pH underneath the artificial biofilm
formed by 1% sucrose or 1% sucrose + 25% XF

ogenic potential and inhibition of sugar substitutes or
enzyme inhibitors. However, in vivo test systems have
had several associated intrinsic time and economic prob-
lems, so that in vitro test systems, especially artificial
mouth systems, have been developed®™®. We improved
an AMS originally developed by Hinoide et al®. The
characteristics of this system made it possible to assess
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the important parameters responsible for causing dental
caries such as biofilm formation, the pH underneath
biofilm, and enamel demineralization.

As mentioned previously, XF was not used as a sub-
strate for GTF and it was found to inhibit GTF activity
and the production of WIG. In ICT in human subjects,
2% XF did not inhibit enamel demineralization in the

* However, enamel deminerali-

presence of 2% sucrose
zation by 2% XF alone was significantly lower than that
observed when exposed to 2% sucrose, indicating that
XF appears to be a low-cariogenic sugar. It is not known
whether or not XF produces the same results in the
AMS as those in ICT. As shown in Fig. 4 and Table 1,
2% sucrose caused marked decreases in pH, the produc-
tion of large amounts of biofilm, and considerable
enamel demineralization. These results indicate that the
use of the AMS facilitated the assessment of the cario-
genicity of sucrose. Conversely, 2% XF alone did not de-
crease the pH in the AMS, and the amount of biofilm
and enamel demineralization were considerably low,
suggesting that XF might be a low- or non-cariogenic
sugar. These results corroborated previous findings ob-
tained by ICT. Using S. sobrinus 6715, Hinoide et al* re-



ported that xylitol, a non-cariogenic sugar alcohol, did
not decrease the pH of their AMS, the prototype of the
system used in our study, over a period of 24 hr.

The capacity of 1% and 25% XF to differentially in-
hibit the cariogenicity of 1% sucrose was interesting.
While pH wvaiues under conditions of the simultaneous
addition of 1% XF and 1% sucrose were slightly de-
Jayed compared with 1% sucrose alone in AMS, 1% XF
did not suppress the formation of biofilm and enamel
demineralization (Fig. 5 and Table 2). There was also a
discrepancy between the results obtained in the culture
system and those from the AMS. In the culture system,
1% XF significantly inhibited the adherence of S. mutans
cells and WIG to glass surfaces in the presence of 1% su-
crose (Figs. 2 and 3). This discrepancy might be as-
cribed to the differences in experimental conditions be-
tween the static conditions of the culture system and
the flowing system of the AMS. However, 25% XF sig-
nificantly inhibited the formation of biofilm on enamel
slabs, pH decrease underneath the biofilm, and enamel
demineralization (Fig. 5 and Table 3). These results sug-
gested that an appropriate concentration of XF could in-
hibit, in part, the cariogenicity of sucrose.
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F3 OEEy7OEESICRESBHEORE
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LE Y EMEOMEIIOVWTIE, TNETICELD
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Relationship between Clinical Indicators and the Total Amount of Bacteria
in the Tongue Coat Assessed by Real-time PCR in Oral Care Evaluation

Mitsuo KISHI, Masahiro TAKAHASHI, Kayo KISHI", Fumiko HAREYAMA™*, Kohei TAMURA,
Akiko ABE, Go SUGIURA, Fumie AIZAWA and Masami YONEMITSU

Department of Preventive Dentistry, Iwate Medical University School of Dentistry
*Department of Oral Microbiology, Iwate Medical University School of Dentistry
** Association of Iwate Dental Hygienist

Abstract © We assessed the relationship between clinical and bacteriologicai indicators on the efficacy of
oral care. The subjects comprised 27 patients of a rehabilitation hospital in Iwate prefecture. We evaluated
the oral status of the subjects clinically via inspection of the tongue coat volume (tongue coat score), CPI,
and measurement of oral malodor (VSC: H.S and CHiSH levels). Subsequently, tongue coat samples were
collected from the subjects for biological assessment. These samples were weighed and applied to real-
time PCR to quantify the total bacterial cells. Examinations were performed both on admission and two
months after admission.

At two months after admission, clinical indicators were improved, especially the tongue coat score, CPL
and CHsSH level. For the bacteriological indicators, the tongue coat volume was reduced significantly and
the mean number of bacterial cells in the whole tongue coat sample tended to decrease. However, the
mean number of bacterial cells per 1 mg of tongue coat was almost the same. A correlation was observed
between the H.S level and the number of bacterial cells per 1 mg of tongue coat. In step-wise multiple re-
gression models in which the dependent variable was the number of bacterial cells in the whole tongue
coat, the tongue coat score and H.S level were both significant variables. In conclusion, assessment of the
tongue coat volume and oral malodor via the H.S level were efficient clinical indicators to deduce bacterio-

logical changes after oral care.
J Dent Hlth 56 : 665 ~ 672, 2006

Key words : Oral care, Tongue coat, Oral malodor, Real-time PCR
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Resistance to acidic and alkaline
environments in the endodontic
pathogen Enterococcus faecalis

Nakajo K, Komori R, Ishikawa S, Ueno T, Suzuki ¥, Iwami Y, Takahashi N. Resistance to
acidic and alkaline environments in the endodontic pathogen Enterococcus faecalis.
Oral Microbiol Immunol 2006: 21: 283-288. © Blackwell Munksgaard, 2006.

Background/aims: This study aimed to investigate the biochemical mechanisms
employed by the endodontic pathogen Enterococcus faecalis to confer acid- and
alkali-resistance and to compare these with the mechanisms of representative oral
streptococci.

Methods: E. faecalis JICM8728, Streptococcus mutans NCTC10449 and Streptococcus
sanguinis ATCC10556 were used to assess both acid- and alkali-resistance by examining:
(i) growth in complex media; (ii) stability of intracellular pH (pHj,); (iii) cell durability to
leakage of preloaded BCECF (2’,7’-bis-(2-carboxyethy!)-5,6-carboxy-fluorescein); and
(iv) cell permeability to SYTOX-Green.

Results: Growth was initiated by E. faecalis at pH 4.0-11.0, by S. mutans at pH 4.0-9.0
and by S. sanguinis at pH 5.0-9.0. The pH;, was similar to the extracellular pH in S.
mutans and S. sanguinis at pH 5-10, while the pH;, of E. faecalis was maintained at
approximately 7.5-8.5 when extracellular pH was 7.5-10 and was maintained at levels
equivalent to the extracellular pH when pH < 7.5. Cell membranes of E. faecalis were
resistant to BCECF leakage when extracellular pH was 2.5-12 and to SYTOX-Green
permeability at pH 4-10. The cell membrane durability to extracellular pH in E. faecalis
was higher than that observed in the Streptococcus strains.

Conclusion: Compared to S. mutans, E. faecalis was found to be equally resistant to acid
and more resistant to alkalis. The results suggest that pH-resistance in E. faecalis is
attributed to membrane durability against acid and alkali, in addition to cell membrane-
bound proton-transport systems. These characteristics may account for why E. faecalis is
frequently isolated from acidic caries lesions and from persistently infected root canals
where calcium hydroxide medication is ineffective.
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Enterococcus faecalis is a gram-positive
facultative anaerobe found among the
commensal microflora of the human intes-
tinal tract. Although the prevalence of
E. faecalis in root canals was already
reported in 1959 (47), this bacterium has
recently attracted the attention of dental
researchers because it has been isolated
frequently from dentin caries and from
infected root canals (12, 29, 40, 41).
Furthermore, several studies have demon-
strated that E. faecalis is one of the most
commonly isolated bacteria in failed endo-

dontic cases treated with calcium hydrox-
ide [Ca(OH),] (12, 43). Indeed, this
bacterium appears to be highly resistant
to Ca(OH), (5, 6), which is known as one
of the most effective endodontic medica-
ments because of the bactericidal effect
derived from its strong alkaline properties
(42). These findings suggest that E. fae-
calis is resistant to both acid environments,
such as those of carious dentin including
root canals, and alkaline environments
such as those of root canals treated with
Ca(OH),.

Several mechanisms have been pro-
posed regarding the methods employed
by E. faecalis to survive extremes in the
pH environment. It has been known that
E. faecalis can grow at pH 9.6 since the
1930s (39). In recent years, E. faecalis has
been demonstrated to synthesize a variety
of stress proteins when exposed to acids
(8) and alkalis (7). However, stress protein
synthesis by E. faecalis appears to be
unrelated to survival at extreme pHs, such
as the alkali pH induced by Ca(OH),
treatment (6, 7). Instead, it is suggested
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that a cell membrane-bound proton-trans-
port system is critical to survival under
these conditions (6).

Kakinuma and Igarashi (17-20) pro-
posed that an ATP-linked potassium/proton
antiport system incorporates protons into
the cells to maintain the intracellular pH
(pH,,) in alkaline environments, as has been
observed in Enterococcus hirae, an entero-
coccal species similar to E. faecalis. On the
other hand, acid-resistance in E. faecalis is
the result of the activity of the cell mem-
brane-bound proton-translocating ATPase
(H*-ATPase) which maintains pH,, by
excreting protons from the cells (22). These
findings show that cell membrane-bound
proton-transport systems are responsible for
acid- and alkali-resistance, but for them to
function, the bacterium has to produce
energy, such as ATP, continuously. How-
ever, in treated root canal environments
where the pH is maintained at approxi-
mately 9.5-11.0 with Ca(OH), (2, 33) and
nutrients appear to be limited, it should be
difficult for the bacterium to obtain
sufficient energy through metabolism. To
overcome this situation, the bacterium
may have additional mechanisms to
protect itself from pH impairment.

This study was undertaken to elucidate
the biochemical mechanisms associated
with acid- and alkali-resistance, excluding
those that use ATP-linked proton-transport
systems, in non-growing and non-metabo-
lizing E. faecalis cells by comparing them
with those of representative oral strepto-
cocci, Streptococcus mutans and Strepto-
coccus Sanguinis.

Material and methods
Bacterial strains and culture media

E.  faecalis JCM8728, S mutans
NCTC10449 and S. sanguinis ATCC10556
were used in this study. These bacteria were
cultured on a complex medium (10) con-
taining 1.7% tryptone (Difco Laboratories,
Detroit, MI), 0.3% yeast extract (Difco
Laboratories) and 0.5% NaCl, which was
autoclaved before 0.5% glucose and 50 mM
potassium phosphate buffer were added
using a sterile membrane filter (pore size
0.22 pm; Pall Corporation, East Hills, NY)
(TYG culture medium). This medium was
also used as a pre-culture medium.

Growth ability at acidic and alkali pH

Each strain was inoculated in TYG culture
medium and pre-cultured at 37°C over-
night. The cell culture was transferred (5%
inoculum size) to TYG culture media
adjusted to pH 3.0-11.0 with HCI or

KOH and incubated at 37°C for 48 h.
Bacterial growth was conducted in an
anaerobic glove box (90% N, and 10%
H,, NH-type; Hirasawa Works, Tokyo,
Japan) and was estimated at 48 h after
inoculation by measuring optical density at
660 nm (ODggp) With a spectrophotometer
(UV-160, Shimadzu Corporation, Kyoto,
Japan). Initial and final pH values of the
cell cultures were determined using a pH
meter (Model HM-30G, DKK-TOA Cor-
poration, Tokyo, Japan). Bacterial purity
was confirmed after each experiment by
culturing on blood agar plates.

The pH;, at acidic and alkali pH

The pH;, at acidic and alkali pH was
estimated using the methods of Futsaether
et al. (9) and Iwami et al. (16). Each strain
was grown in TYG culture medium at pH
7.0 until the late-log growth phase (ODgg0
0.9-1.0) in another anaerobic glove box
(80% N, 10% H, and 10% CO,, NHC-
type; Hirasawa Works). The culture was
then taken from the glove box, mixed with
2',7-bis-(2-carboxyethyl)-5,6-carboxy-flu-
orescein acetoxymethyl ester (BCECF-
AM, Dojindo Laboratories, Kumamoto,
Japan) at a final concentration of 0.5 pm
and incubated for 15 min at 35°C (16). The
BCECF-loaded cells were harvested and
washed three times by centrifugation
(21,000 g for 7 min at 4°C) with deionized
water. BCECF-AM easily penetrates the
cell membrane because of its hydrophobic-
ity, but BCECF, the hydrolyzed product
arising from intracellular esterases, is re-
tained within the cells and exhibits fluores-
cence (9, 32). The cells were suspended in
deionized water at an ODggq 0of 5.0 (16).

The BCECF-loaded cell suspensions
were diluted in the presence of 150 mm
KCI and 0.5 mM 3-(N-morpholino)pro-
panesulfonic acid (MOPS)-KOH buffer
(pH 7.0) for experiments at acidic pH, or
0.5 mM  N,N-bis(2-hydroxyethyl)glycine
(Bicine)-KOH buffer (pH 7.5) for experi-
ments at alkali pH. The cell suspensions
were then incubated for 30 min at 37°C
for the depletion of intracellular polysac-
charide. The cells were pelleted by
centrifugation (21,000 g for 5 min at
room temperature) and stored at 4°C
until use.

The reaction mixtures containing
BCECF-loaded  cells (ODggo 1.0,
150 mm KCl and 0.5 mm MOPS-KOH
buffer (pH 7.0) or 0.5 mM Bicine-KOH
buffer (pH 7.5), were incubated at 37°C
with agitation by a magnetic stirrer. Small
aliquots of 0.15M HCl or 0.15-0.8 M
KOH were added to the reaction mixture

to decrease or increase extracellular pH
between 4.0 and 10.0 at intervals of 4 min.
The pH of the reaction mixture, and the
fluorescence  intensity derived from
intracellnlar BCECF were monitored
simultaneously using a pH meter and a
fluorescence spectrophotometer (Model
CAF-110, JASCO Corporation, Tokyo,
Japan) at excitation and emission wave-
lengths of 500 and 540 nm, respectively.
The values of pH;, were calculated
using the calibration curve for fluorescence
intensity. To obtain fluorescence intensities
at various pH;,, HCl or KOH were added
to the reaction mixture containing the cells
(ODggo  1.0), 150 mmM KCI, 0.5 mm
MOPS-KOH buffer (pH 7.0) or 0.5 mmM
Bicine-KOH buffer (pH 7.5) and 12 uMm
nigericin which eliminates the pH gradient
across the bacterial cell membrane (4, 9,
13, 25, 46). Using this method, pH,,
became the same as the extracellular pH
and could then be measured using a pH
meter. Separate calibration curves were
prepared for individual experiments (15).

BCECF leakage at acidic and alkali pH

The BCECF-loaded cells were prepared as
described for the investigation of pH,, at
acidic and alkali pH. BCECF is retained
within the cells when their cell membranes
remain intact, but the fluorescent dye leaks
out easily when the cell membranes are
damaged. Consequently, leakage of
BCECF from cells could be used as one
of the determinants of cell membrane
durability.

The cells were resuspended in 150 mMm
KCI and 0.5 mm MOPS-KOH buffer (pH
7.0) or 0.5 mM Bicine-KOH buffer (pH
7.5) at an ODg4p of 1.0, and incubated at
35°C with agitation by a magnetic stirrer.
Within 2 min of starting incubation,
the reaction mixture was adjusted to pH
2.0-12.0 with small aliquots of 0.15 M
HCI or 0.15-0.8 M KOH. After an addi-
tional incubation of 8 min, the reaction
mixture was centrifuged (21,000 g for
5 min at room temperature). Cell pellets
were suspended in 100 mM 3-(cyclohexyl-
amino)-2-hydroxy-1-propanesulfonic acid
(CHES)-KOH buffer (pH 10.0), 1.25 ™M
KCl and 10 pM nigericin and stored at
room temperature overnight. The fluores-
cence intensity of residual BCECF in the
cells was determined fluorometrically.

SYTOX-Green permeability at acidic and
alkali pH

Each bacterial strain was grown, harves-
ted, washed and starved as described in the



investigation of pH;, at acidic and alkaline
pHs, except for the BCECF loading. The
cells were resuspended in 150 mM KCl
and 0.5 mM MOPS-KOH buffer (pH 7.0)
or 0.5 mM Bicine—KOH buffer (pH 7.0) at
ODyg¢p of 1.0, and incubated at 35°C with
agitation by a magnetic stirrer. Within
2 min of starting incubation, the reaction
mixture was adjusted to pH 4.0-10.0 with
small aliquots of 0.15M HCI or 0.15-
0.8 M KOH. After adding SYTOX-Green
(Molecular Probe Inc., Eugene, OR) at a
final concentration of 2.5 piM, the reaction
mixture was further incubated for 5 min;
SYTOX-Green permeates damaged cell
membranes and binds to nucleic acids
where it fluoresces. Consequently, the
penetration of SYTOX-Green can be used
to evaluate cell membrane durability. The
fluorescence intensity of SYTOX-Green
bound to nucleic acids was determined
fluorometrically at excitation and emission
wavelengths of 504 and 540 nm, respect-
ively.

Results
Growth ability at acidic and alkali pH

E. faecalis, S. mutans and S. sanguinis
were able to grow at an initial pH of 4.0-
11.0 (Fig. 1A-1), pH 4.0-9.0 (Fig. 1B-1)
and pH 5.0-9.0 (Fig. 1C-1), respectively.
The E. faecalis grew well over a wide pH
range, whereas S. mutans and S. sanguinis
grew well in the narrow pH range around
neutral. The culture pH decreased by 0.0—
29 pH units during 48 h of growth
(Fig. 1A-2, B-2 and C-2). At an initial
pH of 11, for example, E. faecalis
decreased the culture pH to 10.5, while at
an initial pH of 9.0, S. mutans and S.
sanguinis decreased the culture pH to 8.1
and 7.8, respectively.

The pH;, at acidic and alkali pH

When extracellular pH was between 8§
and 10, pH;, was equal to the extracel-
lular pH in S. sanguinis, slightly lower
than the extracellular pH in S. mutans and
stable at approximately 7.5-8.5 in F.
Jaecalis (Fig. 2). When extracellular pH
was between 5 and 7.5, pH;, was similar
to the extracellular pH in all the strains.
When extracellular pH was between 4
and 5, pH;, was maintained at approxi-
mately 5 in S. mutans, and was equal to
the extracellular pH in S sanguinis.
However, pH,, of E. faecalis at an
extracellular pH <5 could not be esti-
mated because the background fluores-
cence of E. faecalis masked the signal
fluorescence of pH,.
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Fig. 1. Bacterial growth of Enterococcus faecalis JCM 8728 (A-1), Streptococcus mutans NCTC
10449 (B-1) and Streptococcus sanguinis ATCC 10556 (C-1) at various initial pH levels (pHi) in
TYG culture media, and final pHs (pHf) after 48 h of growth of E. fuecalis JCM 8728 (A-2), S.
mutans NCTC 10449 (B-2) and S. sanguinis ATCC 10556 (C-2). Data were given in the
means with standard deviation obtained from three independent experiments. Bacterial culture with

ODgsp < 0.03 was judged as no growth.
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Fig. 2. The pH,, of Enterococcus faecalis JICM 8728 (A), Streptococcus mutans NCTC 10449 (B)
and Streptococcus sanguinis ATCC 10556 (C) at various extracellular pH values. All the data
obtained from three independent experiments were plotted.

BCECF leakage at acidic and alkali pHs

E. faecalis was resistant to BCECF leak-
age when extracellular pH was 2.5-12
(Fig. 3A) with residual BCECF > 80%.
Both S. mutans and S. sanguinis were
resistant within the pH range of 4-10
(Fig. 3B,C), although S. mutans appeared
to be more resistant than S. sanguinis at
alkali pH.

SYTOX-Green permeability at acidic and
alkali pH

The E. faecalis was resistant to permeation
by SYTOX-Green at an extracellular pH
between 4 and 10 and showed low and

constant fluorescence intensities (Fig. 4A).
Both S. mutans and S. sanguinis were
resistant at pH 5-9 (Fig. 4B,C), although
their fluorescence intensities were higher
than those of E. faecalis. At pH > 9 and
<5, both S mutans and S. sanguinis
showed high permeability to SYTOX-
Green (Fig. 4B,C).

Discussion

In this study, E. faecalis was observed to
be more alkali-resistant in growth than
either S. mutans or S. sanguinis, and in
terms of the acid-resistance of its growth
this bacterium showed similar acid-resist-
ance to S. mutans and more acid-resist-
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Fig. 3. The percentage of residual intracellular BCECF in Enterococcus faecalis JCM 8728 (A),
Streptococcus mutans NCTC 10449 (B) and Streptococcus sanguinis ATCC 10556 (C) at various
extracellular pH levels. The value at pH 7.0 was regarded as 100. All data obtained from three

independent experiments were plotted.
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Fig. 4. Fluorescence intensity of SYTOX-Green into the cells for 5 min of Enterococcus faecalis JCM
8728 (A), Streptococcus mutans NCTC 10449 (B) and Streptococcus sanguinis ATCC 10556 (C) at
various extracellular pH levels. All the data obtained from three independent experiments were plotted.

ance than S. sanguinis (Fig. 1). Although
the culture pH decreased during growth,
initial culture pH is thought to be critical
for these bacteria to initiate growth. It
was reported that E. faecalis, S. mutans
and S. sanguinis initiated growth at pH
5.0, 5.0 and 5.5, respectively (14). The
most alkali pH for E. faecalis to initiate
growth was reported to be approximately
10 (28, 29, 39), but these values for
S. mutans and S. sanguinis were deter-
mined for the first time in the present
study. In general, the results of the
present study were consistent with those
previous reports, but the bacterial species
in the present study appeared to be more
pH-resistant than those in the previous
studies. This discrepancy could be the
result of differences among bacterial
strains and among growth conditions,
including the culture media.

The bacterial growth yields were differ-
entamong the initial pH values (Fig. 1). The
growth yield may be influenced by a change
in metabolic pathway, an accumulation of
end products and a limitation of energy
source although these possibilities need to
be elucidated. Growth medium composition
such as the concentration and type of buffer

may also influence bacterial growth and
change in culture pH during growth.
Bacteria need to maintain their pH,,
against extracellular pH extremes for sur-
vival. Many mechanisms by which pH,, is
maintained relative to extracellular alka-
line pH wvalues have been reported.
Kakinuma and Igarashi (17-20) proposed
that in E. faecalis an ATP-linked potas-
sium/proton antiport system functions to
incorporate protons into cells against
intracellular alkalization. In addition,
Evans et al. (6) have demonstrated that a
protonophore, carbonyl cyanide m-chloro-
phenylhydrazone (CCCP), diminished
alkali-resistance of E. faecalis, supporting
the involvement of a cell membrane-
bound proton-transport system in the
alkali-resistance. Since the potassium/
proton antiport system requires ATP to
function, E. faecalis needs to generate
ATP by metabolizing energy sources at
alkali pH. Not only can E. faecalis ferment
carbohydrates but it can also degrade
proteins such as gelatin (21). Thus, it
could be possible that E. faecalis obtains
energy from nitrogenous compounds
available in the root canals and so drives
an ATP-linked proton-transport system.

However, under conditions such as those
found in root canals after endodontic
therapy using Ca(OH),, it is unlikely that
metabolic substrate is supplied sufficiently.
Consequently, the potassium/proton anti-
port system is unlikely to function effi-
ciently and additional mechanisms are
thought to be involved.

In the present study, E. faecalis was
able to maintain its pH;, at approximately
8-8.5 when extracellular pH was 7.5-10
in the absence of energy sources, namely
without an ATP supply (Fig. 2A). In
addition, this bacterium exhibited low
leakage of cell-loaded BCECF (Fig. 3A)
and low permeation of SYTOX-Green
(Fig. 4A), indicating that the cell mem-
brane was durable at alkali pH and capable
of retaining small intracellular molecules
without leakage. This ability to maintain
pH;, and protect cell membranes from
alkali-impairment may enable E. faecalis
to survive extreme alkaline environments,
such as those of a root canal medicated
with Ca(OH),, without energy substrates.
Perez etal. (33) demonstrated that
dentinal pH decreased to around 9.5
within 2-3 weeks after placement of
Ca(OH), in root canals. At this pH, E.
faecalis would not only survive but it
would grow again when metabolic sub-
strates were supplied (Fig. 1A).

In S. mutans and S. sanguinis, however,
pH;, was not maintained (Fig. 2B,C), and
cell-loaded BCECF leaked out from cells
(Fig. 3B,C) and SYTOX-Green permeated
into cells (Fig. 4B,C) at alkali pH. These
observations indicate that the cell mem-
branes of these streptococci are more
vulnerable to alkaline environments than
the membrane of E. faecalis, resulting in
the alkali-labile growth in S. mutans and
S. sanguinis (Fig. 1B,C).

The cell membrane of E. faecalis was
highly acid-durable (Figs 3A and 4A),
suggesting that the capacity for acid-
resistant growth (Fig. 1A) is attributed to
the acid-durability of the cell membrane,
although the pH,, maintenance at an
extracellular pH < 5 could not be deter-
mined. While S. mutans had lower
acid-durability of cell membrane than
E. faecalis (Figs 3B and 4B), this bacter-
fum maintained its pH;, at approximately
5 when extracellular pH was <5 without an
energy source (Fig. 2B). This pH,, stabil-
ity may compensate for the acid-durability
of the cell membrane, which is weakened
at an extracellular pH < 5 (Figs 3B and
4B), and contributes to acid-resistant
growth in S. smutans (Fig. 1B). In the
present study, however, the mechanism of
the pH,, stability was not elucidated.



In addition, E. faecalis, S. mutans and
S. sanguinis are known to have H'-ATPase
which functions to maintain pH;, at acidic
extracellular pH by expelling protons from
cells when ATP is supplied; the pH
minima for H'-ATPase activity in these
bacteria are 4.0, 4.0 and 4.5, respectively
(3). The most acidic pH values for these
bacteria to initiate growth (Fig. 1)
appeared to reflect these pH minima,
suggesting that H'-ATPase can confer acid
resistance on these bacteria in the presence
of energy sources (22).

Although both E. faecalis and S. mutans
were found to be acid-resistant in this
study, they are isolated from different oral
acidic sites; S. mutans has frequently been
isolated from dental plaque and dental
caries, including enamel caries, dentin
caries and infected root canals (24, 30,
38), while E. faecalis has not usually been
isolated from dental plaque (11) or enamel
caries (31), but is mainly isolated from
dentin caries including infected root canals
(27, 29, 35, 41, 43). The discrepancy in
the distribution of these two bacterial
species could be the result of the different
extent to which they adhere to tooth
surfaces; S. mutans is known to colonize
the enamel of the tooth surface and
promote plaque formation (1, 26, 34,
45), whereas the ability of E. faecalis is
still unclear. While both bacteria are
capable of adhering to type I collagen con-
sisting of dentin (36, 37, 44), E. faecalis is
more adhesive to dentin and invasive of
dentinal tubules than S. mutans (23, 36),
possibly accounting for the relatively
increased frequency of isolation of E.
faecalis from dentin caries and infected
root canals.

In conclusion, the present study demon-
strated that E. faecalis was similar in acid-
resistance to S. mutans, but more alkali-
resistant than S. mutans and S. sanguinis.
The high acid- and alkali-resistance
observed in E. faecalis could be the result
of cell membrane durability against acid
and alkaline substances, in addition to
ATP-linked proton-transport system func-
tioning. The pH-resistance of E. faecalis
may account for why this bacterium is
frequently isolated from both acidic caries
lesions and persistently infected root canals
treated with Ca(OH), medicaments.
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