
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)2] (12, 43). Indeed, this
bacterium appears to be highly resistant
to Ca(OH)2 (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)2.

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)2
treatment (6, 7). Instead, it is suggested

Oral Microbiology Immunology 2006: 21: 283–288
Printed in Singapore. All rights reserved

Copyright � Blackwell Munksgaard 2006

Resistance to acidic and alkaline
environments in the endodontic
pathogen Enterococcus faecalis
Nakajo K, Komori R, Ishikawa S, Ueno T, Suzuki Y, 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 JCM8728, 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 (pHin); (iii) cell durability to
leakage of preloaded BCECF (2¢,7¢-bis-(2-carboxyethyl)-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 pHin was similar to the extracellular pH in S.
mutans and S. sanguinis at pH 5–10, while the pHin 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.

K. Nakajo, R. Komori, S. Ishikawa,
T. Ueno, Y. Suzuki, Y. Iwami,

N. Takahashi
Division of Oral Ecology and Biochemistry,
Department of Oral Biology, Tohoku University
Graduate School of Dentistry, Sendai, Japan

Key words: acid-resistance; alkali-resist-
ance; endodontic pathogen; Enterococcus
faecalis

Nobuhiro Takahashi, Division of Oral
Ecology and Biochemistry, Tohoku
University Graduate School of Dentistry, 4-1
Seiryo-machi, Aoba-ku, Sendai 980-8575,
Japan
Tel.: +81 22 717 8294;
fax: +81 22 717 8297;
e-mail: nobu-t@mail.tains.tohoku.ac.jp
Accepted for publication February 23, 2006



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
(pHin) 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 pHin 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 (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 lm; 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 HCl or

KOH and incubated at 37�C for 48 h.
Bacterial growth was conducted in an
anaerobic glove box (90% N2 and 10%
H2, NH-type; Hirasawa Works, Tokyo,
Japan) and was estimated at 48 h after
inoculation by measuring optical density at
660 nm (OD660) 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 pHin at acidic and alkali pH

The pHin 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 (OD660

0.9–1.0) in another anaerobic glove box
(80% N2, 10% H2 and 10% CO2, 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 lm

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 OD660 of 5.0 (16).
The BCECF-loaded cell suspensions

were diluted in the presence of 150 mm

KCl 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 (OD660 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 0.15 m 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
intracellular 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 pHin were calculated

using the calibration curve for fluorescence
intensity. To obtain fluorescence intensities
at various pHin, HCl or KOH were added
to the reaction mixture containing the cells
(OD660 1.0), 150 mm KCl, 0.5 mm

MOPS–KOH buffer (pH 7.0) or 0.5 mm

Bicine–KOH buffer (pH 7.5) and 12 lm

nigericin which eliminates the pH gradient
across the bacterial cell membrane (4, 9,

13, 25, 46). Using this method, pHin

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 pHin 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 mm

KCl and 0.5 mm MOPS–KOH buffer (pH
7.0) or 0.5 mm Bicine–KOH buffer (pH
7.5) at an OD660 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

HCl 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 lm 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
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investigation of pHin 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
OD660 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 0.15 m HCl or 0.15–
0.8 m KOH. After adding SYTOX-Green
(Molecular Probe Inc., Eugene, OR) at a
final concentration of 2.5 lm, 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–
2.9 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 pHin at acidic and alkali pH

When extracellular pH was between 8
and 10, pHin 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 E.
faecalis (Fig. 2). When extracellular pH
was between 5 and 7.5, pHin was similar
to the extracellular pH in all the strains.
When extracellular pH was between 4
and 5, pHin was maintained at approxi-
mately 5 in S. mutans, and was equal to
the extracellular pH in S. sanguinis.
However, pHin 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 pHin.

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. 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. faecalis 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
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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-

ent among the initial pHvalues (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. Growthmedium 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 pHin

against extracellular pH extremes for sur-
vival. Many mechanisms by which pHin is
maintained relative to extracellular alka-
line pH values 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)2, 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 pHin 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
pHin 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)2, without energy substrates.
Perez et al. (33) demonstrated that
dentinal pH decreased to around 9.5
within 2–3 weeks after placement of
Ca(OH)2 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,

pHin 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 pHin 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-
ium maintained its pHin at approximately
5 when extracellular pH was <5 without an
energy source (Fig. 2B). This pHin 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. mutans (Fig. 1B). In the
present study, however, the mechanism of
the pHin stability was not elucidated.
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In addition, E. faecalis, S. mutans and
S. sanguinis are known to have H+-ATPase
which functions to maintain pHin 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)2 medicaments.
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