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Survival of a nontoxigenic isolate of Escherichia coli O157:H7 at low pH (pH 3.0) was examined over
prolonged time periods for each of three population types: exponential-phase cells, stationary-phase cells, and
acid-adapted exponential-phase cells. In each population, approximately 5 3 104 CFU ml21 were detected after
a 24-h incubation at pH 3.0. Even after 3 days at pH 3.0, significant numbers of survivors from each of the three
populations could be detected. The high level of acid tolerance exhibited by these survivors was found to be
quickly lost once they were transferred to conditions which permitted growth to resume, indicating that they
were not mutants. Proton flux measurements on the three populations of cells revealed that the initial rates of
viability loss at pH 3.0 correlated well with net proton accumulation. Cells showing a high initial rate of
viability loss (exponential-phase cells) accumulated protons at the highest rate, whereas resistant populations
(adapted or stationary-phase cells) accumulated protons only slowly. Differences in the protein composition of
the cell envelope between the three populations were studied by two-dimensional polyacrylamide gel electro-
phoresis. Complex differences in the pattern of proteins expressed by each population were uncovered. The
implications of these findings are discussed in the context of a possible model accounting for acid tolerance in
this important food-borne pathogen.

Since the first recognized outbreak in 1982, Escherichia coli
O157:H7 has emerged as a serious, potentially life-threatening,
human food-borne pathogen (17). Outbreaks involving acidic
foods have drawn attention to the acid-tolerant properties of
this organism. Acidic foods such as apple cider (34), dry-fer-
mented sausage (9), mayonnaise (35), and yogurt (29) have all
been implicated in outbreaks of food poisoning attributed to
E. coli O157:H7. In addition to the epidemiological data, sur-
vival studies have demonstrated the ability of E. coli O157:H7
to persist in acidic foods (1, 25, 28). Despite these studies,
there is no conclusive evidence indicating that this serotype of
E. coli is any more acid tolerant than laboratory or commensal
strains of the organism. However, acid tolerance in pathogenic
strains deserves special attention, as it is likely to play an
important role in allowing the organism to survive passage
through the low pH of the stomach, thereby increasing the
chances of the pathogen establishing infection.

Although there is a substantial body of literature exploring
the growth and survival of E. coli O157:H7 in acidic foods, little
is known about the molecular basis for acid tolerance in this
organism. In the E. coli O157:H7 strains that have been exam-
ined so far, it appears that acid tolerance is strongly dependent
on growth phase; stationary-phase or starved cultures show
high levels of acid tolerance compared to their exponential-
phase counterparts (2, 5). Like other enterobacteria, E. coli
O157:H7 has been shown to modulate acid tolerance levels in
response to changes in extracellular pH, increasing tolerance
when the external pH is mildly acid (5). This response, now
universally known as the adaptive acid tolerance response
(ATR), increases the ability of this pathogen to survive in

acidic foods (25). Growth-phase-dependent acid tolerance re-
quires the stress-specific sigma factor RpoS for full induction
(9). RpoS is a regulatory factor required for the transcriptional
activation of a large number of genes required for tolerance to
environmental stress (reviewed in reference 27). Indeed, RpoS
has also been shown to be required by E. coli O157:H7 for
surviving heat and salt stress and for surviving prolonged stor-
age in dry-fermented sausage (9). The RpoS-regulated genes
involved in contributing to acid tolerance remain to be eluci-
dated.

Two other mechanisms have been shown to play a role in
acid tolerance in E. coli O157:H7 (also seen in nontoxigenic
E. coli strains): the arginine-dependent and glutamate-depen-
dent systems. In the presence of millimolar quantities of either
of these amino acids, E. coli strains show an increased ability to
resist killing during challenge at low pH. The basis for this
protection is not fully understood, but it is thought to result
from the intracellular decarboxylation of these amino acids
with the concomitant consumption of protons and, therefore,
maintenance of intracellular pH (pHi) (26).

In all of the enterobacteria studied, it has become clear that
induced acid tolerance, in response to mild acid shock, involves
complex changes at the level of protein expression. Protein
analyses using two-dimensional (2D) gel electrophoretic ap-
proaches have revealed that a large number of proteins are
repressed while others are induced under the conditions which
trigger the increase in acid tolerance (reviewed in reference 3).
In Salmonella typhimurium, a total of 70 proteins show altered
expression when cells are exposed to sublethal proton concen-
trations in the pH range 4.5 to 6.0 (13). A subset of these
changes are known to be regulated by RpoS, at least in virulent
strains of S. typhimurium (23). Similar complex changes in
protein expression are seen when E. coli is exposed to pH 5.0
(19), a pH sufficient to induce adaptive acid tolerance in this
organism (16). The functions of these induced proteins in
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conferring tolerance to low pH remain obscure. It seems clear
that improved pHi homeostasis is important for enhanced acid
tolerance, at least in S. typhimurium (14). However, recent
work on E. coli O157:H7 has shown that the correlation be-
tween pHi and cell death does not always hold and that factors
other than pHi regulation (perhaps involving protection and/or
repair of macromolecules) also determine tolerance to low pH
(21).

In this study, we investigated the acid tolerance of a non-
toxigenic strain of E. coli O157:H7. Three populations shown
to vary with respect to their acid tolerance levels were stud-
ied: mid-exponential-phase cells, mid-exponential-phase acid-
adapted cells, and stationary-phase cells. In each of the three
populations, prolonged survival at pH 3.0 was observed. Even
after 3 days at pH 3.0, significant numbers of survivors from
each population were detected. Increased acid tolerance was
shown to correlate strongly with a decrease in cytoplasmic
proton accumulation. In addition, this change in proton per-
meability was correlated with alterations in the protein com-
position of the cell membranes.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The strain used in this study was the
nontoxigenic E. coli O157:H7 isolate P1432 (obtained from P. Chapman, PHLS).
This strain was isolated from a patient showing symptoms of gastroenteritis. It is
negative for the toxin genes as shown by PCR and by a Vero cell culture toxin
assay (8a). Strain P400 is an E. coli K-12 isolate (thr leu proA argE thi ara xyl mtl
galK lacY supE str) and P460 is an ompA derivative which lacks this outer
membrane protein and is defective in conjugation and phage adsorption (32).
These strains were obtained from U. Henning, Max Planck Institute, Berlin,
Germany. Cultures were grown in tryptic phosphate broth (TPB) (pH 7.0) at
30°C with vigorous aeration. The following three populations of cells were used
in this study: (i) mid-exponential-phase cells (optical density at 600 nm [OD600],
'0.4; 108 CFU ml21), (ii) mid-exponential-phase cells acid adapted at pH 5.0 for
1 h (OD600, '0.4; 108 CFU ml21), and (iii) stationary-phase cells (overnight
culture, OD600, '2.0; 5 3 109 CFU ml21). Under the conditions used in this
study, growth rates (m) were 1.54 and 0.92 h21 for cultures grown in TPB at pH
7.0 or 5.0, respectively. Values for m (the reciprical of doubling time in hours)
were determined from the slope of the curve obtained by plotting the log10 of
OD600 versus time. Strains were maintained at 4°C on brain heart infusion (BHI)
agar slopes and stored long term at 280°C in TSB with 7% dimethyl sulfoxide.

Assay of acid tolerance. Cultures were grown to the appropriate phase of
growth in TPB (pH 7.0) at 30°C with vigorous aeration. Cultures were acid
challenged by reduction of the medium pH to pH 3.0 with 10 M HCl. Viable cell
counts were performed immediately prior to the pH adjustment and at suitable
time intervals thereafter. Serial dilutions were performed in 0.1% peptone, and
10 ml of each dilution was spread onto BHI agar plates, which were incubated at
30°C for 24 to 48 h. When small numbers of survivors were expected, volumes of
culture between 10 ml and 1 ml were plated directly from the challenge medium.
All survival experiments were performed at least three times.

Induction of the ATR. The ATR was induced by exposing mid-exponential-
phase cells to pH 5.0 for 1 h. Cultures were grown to mid-exponential phase as
described above and the pH was then reduced to pH 5.0 with 10 M HCl. The
culture was incubated at this pH for 1 h prior to acid challenge at pH 3.0.
Immediately before acid challenge, cell numbers were determined by viable cell
counts (time zero). The acid challenge was performed as described above.

Measurement of growth and loss of acid tolerance. Cells from each of the
three populations defined above were challenged at pH 3.0 for 90 min. A sample
was then removed and inoculated (at an inoculum calculated to give approxi-
mately 104 viable cells per ml) into fresh TPB at 7.0, and the culture was
incubated with shaking at 30°C. At suitable time points thereafter, samples were
removed and acid tolerance levels were determined; i.e., the samples were
subjected to a 90-min acid challenge at pH 3.0 and the percentage of surviving
cells was measured by viable cell counts. Growth was also recorded by deter-
mining the number of viable cells at each time point prior to acid challenge. In
this way, growth and acid tolerance could be correlated.

Proton flux assay. Proton flux assays were performed by using a modification
of the method of Bender et al. (4). Cells were harvested, washed, and resus-
pended in 100 mM KCl at a concentration of 30 mg ml21 (wet weight). Twenty
milliliters of this suspension was transferred to a 50-ml beaker and incubated in
a circulating water bath at 30°C with continuous stirring. The pH of the suspen-
sion was adjusted with either HCl or NaOH until it remained static for 2 min.
The suspension was pulsed with 50 ml of 0.5 M HCl, and the pH was recorded
continuously at 10-s intervals for 10 min. The initial drop in pH (typically 0.5 pH
units) was reversed as protons flowed across the membrane into the cytoplasm.
The rate of proton accumulation was calculated directly from the pH increase.

Recovery of membrane proteins. Cultures were grown to the appropriate
phase of growth, and cells were harvested by centrifugation for 10 min at
18,500 3 g. The pellets were washed in 50 ml of 20 mM Tris-HCl (pH 7.1),
harvested again, and resuspended in 6 ml of 20 mM Tris-HCl–10 mM EDTA
(pH 7.1). The cells were sonicated, with cooling on a mixture of ice and ethanol,
in bursts of 15 s followed by a cooling period of 45 s. This cycle was repeated
seven times. The suspension was then centrifuged at 7,700 3 g for 5 min to
remove cell debris. The supernatant was retained and transferred to a centrifuge
tube. The membrane material was separated from this protein suspension by
centrifugation at 39,000 3 g for 30 min, and the pellet was washed once in 20 mM
Tris-HCl (pH 7.1). After centrifugation at 39,000 3 g for 1 h, 800 ml of 20 mM
Tris-HCl (pH 7.1) was added to the membrane pellet and this was then stored at
220°C until required for analysis.

Polyacrylamide gel electrophoresis (PAGE). The total protein content of the
membrane fractions was estimated by using a mini polyacrylamide gel (precast
Bio-Rad gel). Prior to running the gel, the protein was diluted with an equal
volume of sample buffer (0.0625 M Tris-HCl [pH 6.8], 10% [vol/vol] glycerol, 2%
[wt/vol] sodium dodecyl sulfate [SDS], 5% [vol/vol] 2-mercaptoethanol, 0.002%
[wt/vol] bromophenol blue). Equal volumes of the samples to be compared were
loaded, and the gels were run at a constant current of 35 mA in a Tris-glycine
running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS [pH 8.3]). Gels were
stained with Coomassie blue (0.1% brilliant blue in 40% ethanol–7% acetic acid)
and destained with 40% ethanol–7% acetic acid. The relative protein concen-
trations of the samples were assessed visually and were used to normalize the
sample loading for the isoelectric focusing (IEF) gels. This method was found to
be more reliable than using protein assay kits to determine protein concentra-
tion.

2D gel electrophoresis. 2D gels were run on a Pharmacia Multiphor II elec-
trophoresis unit by the method of O’Farrell (30) with modifications described by
the manufacturer. Proteins were resolved by using IEF in the first dimension and
SDS-PAGE in the second dimension. The IEF gels for the first dimension were
110-mm Immobiline DryStrips with a pH gradient of 4.0 to 7.0 (Pharmacia,
Uppsala, Sweden). For the second dimension, ExcelGel XL SDS 8 to 18%
gradient polyacrylamide gels (Pharmacia) were used. Prior to running the gels,
the protein concentration was standardized by acetone precipitation. The re-
quired volume of protein was diluted with 4 volumes of ice-cold acetone. After
5 min, this was centrifuged in a microcentrifuge at 12,500 3 g for 10 min. The
supernatant was discarded and the pellet was allowed to air dry. The pellet was
resuspended in 50 ml of sample buffer (13.5 g of urea, 250 mg of dithiothreitol,
0.5 ml of pharmalyte, 0.13 ml of Triton X-100, 0.05% bromophenol blue). After
running in the second dimension, protein spots were stained with Coomassie
blue and destained with 40% ethanol–7% acetic acid. Gels were photographed
with a Cosmicar Television Lens CCD camera, and the image was captured on
computer by using Global Lab Image (Data Translocation, Berkshire, United
Kingdom).

RESULTS

Nontoxigenic E. coli O157:H7 (strain P1432) displays an
ATR and growth-phase-dependent acid tolerance. We first in-
vestigated whether strain P1432 possessed the ability to alter
its acid tolerance levels in response to changing extracellular
pH and in response to growth phase. First, cultures of P1342
were grown to mid-exponential phase in TPB (pH 7.0) and
either acid adapted (at pH 5.0 for 1 h) or left unadapted.
Cultures were then challenged at pH 3.0 and survival rates
were recorded. The acid-adapted culture showed a very high
level of tolerance to the acid challenge over the time course of
the experiment, whereas the unadapted culture was rapidly
killed (.1,000-fold reduction in viable cell numbers) within the
first 15 min of the assay (Fig. 1A). This result confirms the
ability of this strain to induce an ATR. We tested whether this
response was dependent on de novo protein synthesis by in-
cluding the protein synthesis inhibitor chloramphenicol during
the adaptive period. The inclusion of chloramphenicol elimi-
nated the ATR, confirming the requirement for protein syn-
thesis for this response (Fig. 1A). Strikingly, the mid-exponen-
tial-phase culture showed biphasic death kinetics at pH 3.0,
with a small fraction of the population (approximately 5 3 104

CFU ml21) surviving after the initial period of rapid decline in
viability. The pH of the cell-broth mixture was measured over
the course of the challenge and was found to remain constant
at pH 3.0 (data not shown), ruling out alkalinization of the
medium as an explanation of this resistant “tail”. This resistant
population was also observed in the chloramphenicol-treated
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culture, suggesting that it is not due to the induction of an ATR
by these cells within the early stages of the acid challenge. It
must, therefore, represent cells which are already present in
the growing culture. Acid challenges were also performed with
mid-exponential-phase cultures at pH 2.5 and 2.0, and similar
biphasic death kinetics were observed, though the numbers of
survivors detected in the tail were lower, at approximately 104

(standard deviation, '70%; n 5 3) and 103 CFU ml21 (stan-
dard deviation, '120%; n 5 3), respectively (data not shown).

Acid tolerance levels were also monitored throughout
growth. Samples of culture were removed during growth and
subjected to an acid challenge (pH 3.0 for 90 min). Tolerance
levels were found to be high initially, presumably reflecting the
fact that a stationary-phase inoculum was used. Acid tolerance
levels dropped dramatically during the exponential phase of

growth and then increased rapidly as the culture entered sta-
tionary phase (Fig. 1B). Together, these data demonstrate the
ability of this nontoxigenic O157:H7 strain of E. coli to alter
acid tolerance levels both in response to a mild acidic external
pH and upon entry into the stationary phase of growth.

Prolonged acid tolerance of strain P1432. When long-term
survival at pH 3.0 was investigated, the death kinetics of mid-
exponential-phase cultures were not linear (Fig. 2). Within the
first hour of challenge at pH 3.0, there was a rapid decline in
numbers to about 105 CFU ml21. Remarkably, there was no
further decline in the number of survivors over the following
24 h. Acid-treated stationary-phase cells exhibited consider-
ably different death kinetics, which were also nonlinear. There
was an initial period of acid tolerance for 2 h followed by a
more rapid reduction in numbers until about 4 h, after which
the numbers declined slowly. After 24 h, the number of sur-
viving cells was similar to that found with mid-exponential-
phase cells. If the ATR was induced in mid-exponential-phase
cells (by an acid adaptation at pH 5.0 for 1 h prior to the
challenge at pH 3.0), a high degree of acid tolerance was
detected for about 4 h, after which the numbers declined slowly
(Fig. 2). After 24 h, the number of survivors was similar to that
found with uninduced cells. Therefore, regardless of the initial
physiological state of the cells, similar numbers survived acid
treatment at pH 3.0 for 24 h. Incubation at pH 3.0 was con-
tinued up to 140 h, and the number of survivors was deter-
mined by direct plating. Survivors (between 101 and 104 CFU
ml21) were detected in all three cultures for up to 81 h at the
challenge pH (data not shown). These data indicated that a
small proportion of the initial population was capable of with-
standing extended incubation at pH 3.0.

Acid tolerance is lost upon resumption of growth. We inves-
tigated whether the resistant subset of the three populations,
shown in Fig. 1, was lost upon transfer to broth at neutral pH.
Growth and acid tolerance (arbitrarily defined as the percent-
age of surviving cells after a 90-min challenge at pH 3.0) were
measured by direct plating to determine if the acid-resistance
phenotype was lost upon resumption of growth. Cells were
removed from each of the acid-challenged populations after 90
min at pH 3.0 and inoculated into fresh medium to give anFIG. 1. Adaptive acid tolerance and growth-phase-dependent acid tolerance

in E. coli O157:H7 strain P1342. (A) Survival of exponential-phase cells chal-
lenged at pH 3.0. Cells were grown to mid-exponential phase in TPB at 30°C and
either unadapted (open squares) or adapted at pH 5.0 for 1 h (solid squares)
prior to challenge. One culture was adapted in the presence of chloramphenicol
(5 mg ml21) added 15 min prior to adaptation (solid triangles). (B) Acid toler-
ance measured throughout growth. An overnight culture was used to inoculate
TPB (inoculum, 0.5% [vol/vol]), and acid tolerance (percent survival after a
90-min challenge at pH 3.0) was measured at time intervals during growth (solid
squares). Growth was recorded by measuring the OD600 (open triangles). For
panels A and B, the error bars represent the standard deviations from the means
(n 5 3).

FIG. 2. Long-term survival of E. coli O157:H7 (strain P1432) in TPB at pH
3.0. Prior to acid challenge, cultures were grown in TPB (pH 7.0) at 30°C to
mid-exponential phase (triangles, nonadapted; squares, adapted at pH 5.0 for 1 h
prior to challenge) or stationary phase (circles). The error bars represent the
standard deviations from the means (n 5 3).
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inoculum of 104 CFU ml21. It is clear from the results that
there is a very good correlation between growth and loss of
acid tolerance (Fig. 3). With the mid-exponential-phase cul-
ture, growth began immediately and the percent of survival at
pH 3.0 decreased in parallel (Fig. 3A). With ATR-induced
cells, there was a lag before growth commenced and this cor-
related well with the observed loss of acid tolerance (Fig. 3B).
When acid tolerance was investigated during outgrowth of
stationary phase, there was a lag before acid tolerance de-
creased and this matched the lag in growth (Fig. 3C). These
data indicate that physiological changes that occur during
growth lead to the loss of the acid tolerance expressed by these
cell populations.

Increased acid tolerance correlates with reduced proton ac-
cumulation. Proton flux assays were performed on each of the
three populations to determine the proton accumulation rate
of each. Cells suspended in a nonbuffered solution were pulsed
with HCl and the subsequent influx of protons was recorded by
monitoring the pH of the suspension. Figure 4A shows the
average change in pH (measured at 20-s intervals) for mid-
exponential-phase, acid-adapted, and stationary-phase cells af-
ter the initial pulse of acid. This data was then used to calculate
the rate of proton accumulation by these cell populations at
1-min intervals (Fig. 4B). Mid-exponential-phase cells had a
proton accumulation rate 5- to 10-fold greater than either
acid-adapted or stationary-phase cells. It is important to note
that these measurements recorded net proton movement only.
Therefore, it was not possible to say whether these observed
differences were due to the increased efflux or decreased influx
of protons. However, this result indicates that a strong corre-
lation exists between proton permeability and the ability to
survive an acidic challenge.

2D-PAGE analysis of membrane-associated proteins. The
above result indicated that membrane permeability may be
involved in acid tolerance. One factor contributing to the pro-
ton flux across the cell envelope could be its protein composi-
tion, particularly as the induction of acid tolerance requires de
novo protein synthesis. We therefore investigated whether
membrane-associated proteins varied depending on the phys-
iological state of the cells. The membrane fraction was isolated
from mid-exponential-phase cells, acid-induced mid-exponen-
tial-phase cells, and stationary-phase cells of strain P1432. The
proteins were separated by 2D-PAGE and analyzed for differ-
ences (Fig. 5). To confirm that this procedure successfully
recovered membrane proteins, two proteins common to all
blots (indicated with arrows labelled A and B in Fig. 5A) were
N-terminally sequenced. They showed exact sequence identity
with E. coli flagellin (protein A) and the e subunit of ATP
synthase (protein B), indicating that membrane-associated
proteins were isolated.

Mid-exponential-phase acid-induced cells showed increased
expression of two membrane-associated proteins (spots 3 and
4, Fig. 5B) compared to unadapted cells. Additionally, a num-
ber of proteins were repressed compared to the unadapted
control (spots 1, 5, 7, 10, and 13; Fig. 5). Stationary-phase cells
showed altered expression of several proteins compared to
mid-exponential-phase cells. Six proteins were reproducibly
found to be induced (spots 2, 6, 8, 9, 11, and 12; Fig. 5C) while

FIG. 3. Loss of acid tolerance of E. coli O157:H7 strain P1432 upon com-
mencement of growth. After a 90-min challenge at pH 3.0, cells were removed
from a mid-exponential-phase culture (A), a mid-exponential-phase culture

adapted at pH 5.0 for 1 h (B), or a stationary-phase culture (C) and inoculated
in to fresh TPB (pH 7.0). The inoculum was calculated to give approximately 104

viable cells per ml. Samples were taken at various time intervals thereafter, and
both acid tolerance (expressed as percent of survival after 90 min at pH 3.0) and
growth (expressed as CFU per milliliter) were determined. The error bars rep-
resent the standard deviations from the means (n 5 3).
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three proteins were found to be repressed (spots 1, 5, and 13;
Fig. 5C). Interestingly, three of the proteins which showed
altered expression in acid-adapted mid-exponential-phase cells
also showed altered expression in stationary-phase cells (spots
1, 5, and 13; Fig. 5). These may represent proteins whose
repression is necessary to achieve increased tolerance to low
pH in these cell populations.

Attempts were made to identify several of the proteins show-
ing reproducibly altered expression (specifically, spots 2, 8, 9,
and 10). Many were N-terminally blocked and so sequence
information could not be obtained. However, spot 6 was suc-
cessfully excised from the gel and analyzed by N-terminal mi-
crosequencing. The sequence obtained matched exactly the
N-terminal sequence of the outer membrane protein OmpA.
We therefore investigated whether an ompA-deficient strain
was impaired in its ability to survive an acid challenge. We
compared the acid tolerance of the K-12 strain P460 with that
of its wild-type parent, P400 (an ompA mutant of E. coli

O157:H7 was not available). The ompA-deficient strain (P460)
was found to be significantly more sensitive to acid, both in
stationary phase (10-fold) and in the mid-exponential phase
(1,000-fold) of growth (data not shown). It is possible that the
role of this protein in maintaining the structural integrity of the
cell envelope (33) contributes in some way to protecting the
cell from acidic conditions.

DISCUSSION

Previous studies have demonstrated the ability of E. coli
O157:H7 to survive pH 3.0 for 2 to 5 h (2, 5, 8, 15). In this
study, we have demonstrated the ability of a nontoxigenic
strain of E. coli O157:H7 to survive prolonged exposure to pH
3.0. For each of the three populations of cells investigated in
this study (exponential phase nonadapted, exponential phase
acid adapted, and stationary phase) significant numbers of
survivors can be detected, even after 3 days at pH 3.0, although
individually the survival curves are quite different. The well-
documented observation (reviewed in reference 3) that sta-
tionary-phase and acid-adapted exponential-phase cells show
elevated levels of acid tolerance relative to exponential-phase
cells also holds true for the strain used in this study. More
surprising is the shape of the survival curves. The differences in
death kinetics point to the fact that the molecular mechanisms
of acid tolerance in acid-adapted cells and in stationary-phase
cells are likely to be different. The protection conferred by acid
adaptation appears to be greater than that afforded by entry
into stationary phase, suggesting that stationary-phase toler-
ance is not simply the induction of adaptive tolerance via a
different signal (i.e., cessation of growth). The exponential-
phase culture showed a very pronounced biphasic loss of via-
bility at pH 3.0—a rapid initial decline followed by a prolonged
period of survival. It is worth noting that nonlinear death
kinetics of this kind have been reported previously for heat-
injured E. coli O157:H7 in ground beef or chicken (22). Using
a model for nonlinear death, Juneja and colleagues (22) cal-
culated that a subpopulation had a D value of 4.54 min
whereas the majority of the population had a D value of 0.61
min at 60°C. These results demonstrate that the tailing phe-
nomenon may not be specific to low-pH-mediated killing.
These data also emphasize the need to account for tails when
attempting to design processes for the elimination of these
organisms from foods.

The nature of the physiological variation contributing to the
survival tails remains unclear, but it does not require active
protein synthesis during the acid challenge, as the tail is still
observed even if chloramphenicol is included during the chal-
lenge. Furthermore, even if the acid challenge is lowered to pH
2.0, this tail is still observed, although a smaller percentage of
the population survives. Similar data have recently been ob-
tained with toxigenic strains of E. coli O157:H7 by using
low-pH challenges in defined media (15). Importantly, Glover
and colleagues (15) have also ruled out any role for the sta-
tionary-phase sigma factor, RpoS, in contributing to these tails;
mutants lacking the rpoS gene were still found to die with
marked biphasic death kinetics at low pH. These data suggest
that the highly acid-tolerant tail of cells from the exponential-
phase culture, which represents 0.1% of the total population,
exists naturally within the growing population. It is interesting
to note that this is in contrast to the reported requirement for
protein synthesis in observing biphasic thermal inactivation of
another enteric pathogen, Salmonella enteritidis PT4. In this
case, biphasic death kinetics arose as a result of an induced
heat shock response occurring during the thermal challenge
(20).

FIG. 4. Proton flux measurements on cell populations expressing different
levels of acid tolerance. Three populations of cells were prepared for analysis as
described in Materials and Methods. They were (i) exponential-phase cells with-
out acid adaption (shaded squares and bars), (ii) cells grown to mid-exponential
phase and acid adapted at pH 5.0 for 1 h (open squares and bars), and (iii) an
overnight culture of stationary-phase cells (solid squares and bars). Proton ac-
cumulation measurements were taken over a 10-min period after pulsing cell
suspensions with HCl and are shown as either delta pH values (A) or as net
proton flux rates in nanomoles of protons per milligram (wet weight) of cells per
minute (B).
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FIG. 5. 2D SDS-PAGE analysis of membrane-associated proteins. Membrane-associated proteins were prepared from cultures of strain P1432 grown to mid-
exponential phase without acid adaptation (A), grown to mid-exponential phase and acid adapted at pH 5.0 for 1 h (B), or grown to stationary phase overnight (C).
Spots which showed reproducible differences (for each gel, n 5 3) in expression are circled and labelled 1 to 13 (see text for details). The positions of the molecular
mass standards are indicated in kilodaltons on the vertical axes, and the approximate pI scale is indicated on the horizontal axes.
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Our unpublished observations suggest that this tailing phe-
nomenon is common to many of the strains of E. coli we have
examined and is not simply a peculiarity of the strain used in
this study. Recent work by Glover and colleagues (15) has also
led to the conclusion that nonlinear death kinetics at low pH is
a feature common to all pathogenic and commensal strains
studied thus far, though the fraction of the initial population
surviving as a tail varies considerably from strain to strain.
Interestingly, they found that many laboratory strains do not
display this phenomenon and speculate that this may be an
attribute of strains adept at colonizing the gut. A more detailed
analysis, perhaps employing flow cytometry, will be required to
elucidate the nature of this population heterogeneity. How-
ever, these findings have clear implications for the pathogenic
potential of this organism. A population of cells entering the
stomach is unlikely to be completely killed if it harbors a subset
of cells that are highly acid tolerant, thereby increasing the
probability of a successful infection. It is clear, however, that
the survival potential of stationary-phase or acid-adapted cells
is greater than that of exponentially growing cells over the
initial period of acid challenge. Given the relatively short res-
idence time of food in the stomach (approximately 2 h) and the
likelihood that only small numbers of bacterial cells will be
ingested, these populations are therefore more likely to survive
passage through the stomach and subsequently colonize the
gut.

Numerous studies have been undertaken in recent years in
an attempt to identify factors which contribute to increased
acid tolerance in E. coli as well as in other enterobacterial
species (reviewed in references 3 and 18). In very few cases
have specific mechanisms been identified. Here, we show that
a strong correlation exists between increased acid tolerance
and decreased permeability of the cell envelope to protons.
This result implies that acid-resistant populations (either an
acid-adapted exponential-phase population or a stationary-
phase population) have an improved ability to maintain pHi.
Although it is not yet clear whether this change in permeability
is due to an exclusion of protons from the cell or an active
efflux of protons from the cell, it seems plausible to suggest
that this change in proton flux may directly contribute to the
elevated levels of acid tolerance observed. In E. coli, there is
evidence that passive influx of protons into the cell, via the
outer membrane porin PhoE, may contribute to acid sensitivity
(31). A phoE mutant displayed increased levels of acid toler-
ance, and wild-type cells can be protected from acid killing by
the inclusion of polyphosphate during the challenge. Polypho-
sphate is believed to block the PhoE porin, thereby preventing
protons from leaking through the outer membrane (31). Thus,
it is clear that proton flux across the cell membrane(s) is an
important determinant of acid tolerance in bacteria.

In oral streptococci, permeability to protons is markedly
increased by the ATPase inhibitor dicyclohexylcarbodiimide,
indicating that proton permeability involves not only passive
inflow of protons but also active efflux through the proton-
translocating membrane ATPase (4). In Listeria monocyto-
genes, a gram-positive food-borne pathogen, acid tolerance is
dependent upon extracellular pH as well as growth phase (12).
Factors which effect the ionic permeability of its membrane
have dramatic effects on its tolerance to low-pH stress. For
example, nisin, a bacteriocin which has the capacity to dissipate
membrane proton motive force, dramatically reduces acid tol-
erance in both exponential- and stationary-phase cells of this
pathogen. The respiratory uncoupler m-chlorophenylhydra-
zone, which effectively equilibrates the external and internal
pHs, has similar effects on acid tolerance (11). These observa-

tions underline the essential role of membrane integrity in
protecting cells against low external pH.

The changes in membrane permeability observed also cor-
relate with changes in the protein composition of the cell
envelope. Several major systems located in the cytoplasmic
membrane influence proton circulation. These include K1/H1

and Na1/H1 antiport systems (reviewed in references 6 and 7),
the F1F0 proton-translocating ATPase, electron transport
chains, and numerous solute-proton symport systems. It may
be that altered levels of one or more of these proton translo-
cating systems play a role in enhancing acid tolerance. Further
attempts to identify individual protein spots by mass spectrom-
etry or N-terminal microsequencing will be required in order
to establish which proteins are likely to be involved.

Recently, it has been shown that acid-adapted E. coli
changes the lipid composition of its membranes. Specifically,
cells adapted for one doubling at pH 5.0 were found to have
elevated levels of cyclopropane fatty acids (8). E. coli cells are
also known to increase the cyclopropane fatty acid content of
their membranes upon entry into stationary phase (10). Fur-
thermore, the acid tolerance levels of individual strains corre-
lated well with membrane cyclopropane fatty acid content (8).
A similar increase in membrane cyclopropane fatty acids was
seen when the gram-positive bacterium Clostridium acetobuty-
licum was grown at an acidic pH (24). It may be that changes
in the lipid composition of membranes affect their proton
conductance, perhaps reducing the leakage of protons across
the membrane when the external proton concentration is high.
The changes in the protein composition of the cell membrane
described in this contribution may be directly due to changes in
membrane lipid composition. It may be that both lipid and
protein alterations are necessary to confer elevated levels of
protection to the cell in acidic environments. Further studies
will be required to determine how each contributes to enabling
cells to survive acid stress.
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