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Stationary phase and the starvation of log-phase cells increased the acid tolerance of Escherichia coli
0157:H7 strains. Although the degree of acid tolerance varied, the survival of most O157:H7 strains exceeded
that of other, related, pathogens in a synthetic gastric fluid.

Escherichia coli O157:H7 is recognized as an important
cause of hemorrhagic colitis and hemolytic uremic syndrome
that is disseminated by foods, water, and person-to-person
contact (13). Although ground beef has been implicated as the
primary vehicle of transmission (13), outbreaks of E. coli
O157:H7 involving apple cider (2), mayonnaise (27), and yo-
gurt (24) have raised concerns about the safety of high-acid
foods and the acid tolerance properties of this pathogen. In
addition to epidemiological data, studies of survival in acidic
foods (1, 2, 10, 23, 25, 27) demonstrate that E. coli O157:H7 is
acid tolerant, particularly at lower temperatures (23, 27).

Studies with nonpathogenic E. coli and Salmonella typhi-
murium demonstrate that prior exposure to acidic conditions
or growth in a moderately acidic medium enhances survival at
low pH (7, 8, 11). This inducible acid tolerance system pro-
motes survival of S. typhimurium in cheese (20) and is impor-
tant to the virulence of the organism (9). Recently, two pH-
dependent systems were described; one is induced in log phase,
and the other is induced in stationary phase (7, 19, 26). A third
system, which is pH independent, is induced by stationary
phase and involves the poS gene encoding sigma factor o>°
(14, 18, 19, 21, 26). The present study was initiated to identify
environmental and physiological factors affecting acid toler-
ance in E. coli O157:H7 and to compare the acid tolerance of
O157:H7 strains with that of other, related, pathogens.

Seven strains of E. coli O157:H7 (ATCC 43889, ATCC
43894, ATCC 43895, 84-01, TB 226, TB 285, and JBL 1935);
enteroinvasive E. coli serotypes 0124 and 0152 (10011 and
10010, respectively); enteropathogenic E. coli serotypes
O111:H2 and O127:H6 (B170 and E2348169, respectively); a
nonpathogenic control strain, E. coli C (Food Research Insti-
tute—Kaspar [FRIK] culture collection isolate 123); and Shi-
gella dysenteriae type 1 (ATCC 29026) were used in these
studies. Stock cultures were maintained in liquid nitrogen in
10% glycerol. Cultures were grown overnight in Trypticase soy
broth (TSB) (BBL Microbiology Systems, Cockeysville, Md.)
at 35°C with shaking (150 rpm) and transferred to fresh me-
dium on consecutive days at least twice before use in experi-
ments. Cultures in the logarithmic and stationary phases of
growth were obtained by monitoring growth at 35°C in TSB spec-
trophotometrically: mid-log phase, 4, = 0.3 (1.2 h, ca. 1 X 108
CFU/ml); late log phase, A4y, = 0.7 (3 h, ca. 3 X 10% CFU/ml);
and stationary phase, Ay, = 1.1 (7 h, ca. 1 X 10° CFU/ml).
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The number of viable cells in samples was determined by
plating on Trypticase soy agar (Difco Laboratories, Detroit,
Mich.) either directly or following dilution in 0.1% peptone.
The numbers of CFU per milliliter were determined from
duplicate plates after incubation at 35°C for 20 to 24 h; longer
incubation times did not yield higher numbers of CFU.

The acid tolerance of strains was assessed in TSB adjusted to
pH 2 with 5 N HCI. Cultures diluted in 0.1% peptone were
added to duplicate flasks containing 100 ml of acidified TSB
(pH 2) at a final concentration of ca. 10* CFU/ml. The number
of CFU per milliliter of the inoculum was also determined so
that the number of CFU added to the assay flask could be
calculated. Following inoculation, the numbers of CFU per
milliliter were determined immediately (ca. 1 min; time zero
[T,]) and again after incubation for 4 h at 4 or 25°C. Because
the number of CFU per milliliter decreased, under some con-
ditions, during the time of inoculation and sample removal (ca.
1 min), the number of CFU at T, was determined from the
inoculum CFU per milliliter and the quantity added to the acid
challenge flask. The percent log survivors was calculated as
follows: (log CFU per milliliter at 7, divided by the log CFU
per milliliter at 7)) X 100.

In starvation studies, E. coli O157:H7 (ATCC 43895) was
grown to mid-log phase and the cells were harvested by cen-
trifugation (8,820 X g, 5 min), washed, resuspended in phos-
phate-buffered saline (PBS) (0.01 M, pH 7.0), and then added
to duplicate flasks containing 250 ml of sterile PBS. Flasks
were inoculated to achieve a final concentration of ca. 10°
CFU/ml and incubated at 4 or 25°C. Chloramphenicol (Sigma
Chemical Co., St. Louis, Mo.) was added to a duplicate set of
flasks at a final concentration of 10 pg/ml. Samples were re-
moved after 6, 24, and 48 h of incubation, and the cells were
tested for acid tolerance at 25°C.

A synthetic gastric fluid was prepared essentially as de-
scribed by Beumer et al. (4), except that bovine bile (Sigma)
was used in place of porcine bile. Compounds were dissolved in
deionized water, adjusted to pH 1.5 with HCI (5 N), and filter
sterilized (Nalgene polycarbonate membrane; 0.45-pm pore
size). Stationary-phase cultures were used to inoculate each of
three flasks containing 100 ml of prewarmed (37°C) synthetic
gastric fluid at a final concentration of ca. 10* CFU/ml. Survival
was monitored periodically during incubation at 37°C with
shaking (150 rpm).

The data from growth phase experiments were examined by
a split-plot analysis of variance, whereas data on survival in
synthetic gastric fluid were compared by a one-way analysis of
variance. Data are the average values from two or more flasks
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FIG. 1. Survival of three E. coli O157:H7 strains (ATCC 43895, 84-01, and
TB 285) and an E. coli control strain (FRIK 123) in acidified TSB (pH 2) when
tested at mid-log, late log, and stationary phases of growth. Error bars represent
the standard deviation of the means.

and were analyzed with the generalized linear models module
of the Statistical Analysis System (SAS Institute, Inc., Cary, N.C.).

The acid tolerance of E. coli O157:H7 was not dependent on
prior exposure to a low pH. When the E. coli O157:H7 strain
ATCC 43895 was grown overnight (final pH 7.2) in Luria
broth, 79% of the cells survived acid challenge whereas <0.001%
of the E. coli control strain cells (E. coli C, isolate FRIK 123)
grown under the same conditions survived (data not shown).
Thus, the mechanism(s) of acid tolerance in E. coli O157:H7
differs from or complements the acid tolerance response de-
scribed in S. typhimurium, in which cells exposed to or grown in
a moderately acidic medium become more tolerant of low-pH
conditions (7, §, 19).

To determine if acid tolerance in E. coli O157:H7 is growth
phase dependent, as in rpoS-regulated systems (12, 26), the
survival of three O157:H7 strains (84-01, TB 285, and ATCC
43895) and an E. coli control strain (FRIK 123) was examined
with mid-log-, late-log-, and stationary-phase cells challenged
in acidified TSB (pH 2). Results (Fig. 1) show that mid-log-
phase cultures of O157:H7 strains and the control strain were
acid sensitive, because numbers declined approximately 100-
fold or more during acid challenge. In late-log-phase cultures,
two O157:H7 strains (84-01 and TB 285) were more tolerant to
acid challenge (99 and 100% log survivors, respectively). E. coli
O157:H7 strain ATCC 43895 was more acid tolerant (100%
log survivors) in stationary phase, whereas the tolerance of
O157:H7 strains 84-01 and TB 285 remained unchanged. The
E. coli control strain (FRIK 123) was significantly less tolerant
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TABLE 1. Effects of starvation, temperature, and chloramphenicol
on the development of acid tolerance in mid-log-phase
E. coli O157:H7 (ATCC 43895)

Log CFU/ml after acid

challenge (pH 2.0) % Log

Temp and sample

time” survivors®
T2 T,
4°C
6 h 4.1 1.0 24.1
24 h 3.0 ND“
48 h 2.1 ND
25°C
6h 4.4 2.7 61.4
24 h 43 3.6 83.7
48 h 4.1 3.2 78.0
25°C + CM(
6h 43 1.9 44.2
24 h 4.3 2.1 48.8
48 h 3.8 2.2 57.9

¢ Cells were incubated in PBS with shaking (75 rpm).

®Log CFU per milliliter added to acid challenge flask.

¢ Calculated as (log CFU per milliliter after acid challenge [7,] divided by log
CFU per milliliter [7,]) X 100.

4 ND, none detected (<10 CFU/ml).

¢ CM, chloramphenicol (10 pg/ml).

(P < 0.0001) than the O157:H7 strains, although the numbers
of survivors did increase between mid-log (22% log survivors)
and stationary (40% log survivors) phases. The induction of
acid tolerance in E. coli O157:H7 during late log and stationary
phases is consistent with studies demonstrating enhanced re-
sistance to a variety of chemical and physical challenges in
stationary-phase cultures of E. coli and Streptococcus faecalis
(3, 14, 17) and rpoS-regulated properties (14, 18, 21).

To determine if environmental conditions, i.e., nutrient lev-
els and temperature, induce or influence acid tolerance, mid-
log-phase E. coli O157:H7 strain ATCC 43895 was added to
flasks of PBS and incubated at 4 or 25°C. Starvation at 4°C was
detrimental to strain ATCC 43895 survival, as viable counts
decreased 100-fold by 48 h. Additionally, the surviving cells
were acid sensitive, as viable counts decreased >10- to 100-fold
during acid challenge (Table 1). In contrast, cells starved at
25°C for 24 and 48 h were more acid tolerant (83.7 and 78.0%
log survivors, respectively). Because protein synthesis in E. coli
is not likely to occur at temperatures below 8°C (5), incubation
at 4°C may have inhibited the production of a protein(s) nec-
essary for acid tolerance. The need for protein synthesis in
starvation-induced acid tolerance was demonstrated by the
addition of chloramphenicol (10 pg/ml) to PBS cell suspen-
sions, which resulted in cells that were significantly (P <
0.0001) less acid tolerant than cells starved without chloram-
phenicol. These findings are in agreement with studies that
demonstrated that starvation-induced proteins protect E. coli
against both chemical and physical challenges (14-17). Addi-
tional studies are needed to determine whether stationary-
phase- and starvation-induced acid tolerances in E. coli
O157:H7 involve a common protein(s) and/or regulator.

The survival of stationary-phase cultures of E. coli O157:H7
was compared with that of two enteroinvasive E. coli serotypes
(0124 and 0O152), two enteropathogenic E. coli serotypes
(O111:H2 and O127:H6), an E. coli control strain (FRIK 123),
and S. dysenteriae (ATCC 29026) in synthetic gastric fluid (4)
(pH 1.5) (Table 2). Survival in synthetic gastric fluid, instead of
in acidified TSB, was examined to determine if the acid toler-
ance of E. coli O157:H7 may be sufficient to protect it from the
acidic conditions of the stomach. All five E. coli O157:H7
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TABLE 2. Survival of E. coli O157:H7, enteroinvasive E. coli,
enteropathogenic E. coli, E. coli C (control strain), and
S. dysenteriae in synthetic gastric fluid (pH 1.5)

% Log survivors® at T (h):
Strain

0.0 05 10 15 20 30

E. coli O157:H7

ATCC 43889 95.7 587 21.7 ND’* ND ND
ATCC 43894 100 93.0 79.1 651 535 302
ATCC 43895 100 93.0 79.1 674 535 395
TB 226 100 92.7 854 78.0 732 61.0
JBL 1935 97.7 932 795 705 63.6 432
Other E. coli serotypes
Enteroinvasive, 0124 90.7 58.1 37.2 233 ND ND
Enteroinvasive, 0152 953 558 32,6 233 ND ND
Enteropathogenic, O111:H2 90.7 442 ND ND ND ND
Enteropathogenic, O127:H6 95.1 90.2 854 829 732 537
E. coli C (control), FRIK 123 9277 293 ND ND ND ND
S. dysenteriae type 1, ATCC 29026 634 ND ND ND ND ND

“ Percent based on CFU per milliliter added to synthetic gastric fluid.
®ND, none detected (<10 CFU/ml).

strains survived 1 h in pH 1.5 gastric fluid, and four strains were
still detectable after 3 h of incubation. Strain TB 226 was the
most tolerant O157:H7 strain, as the numbers decreased at the
slowest rate and this strain was present at the highest level
after 3 h of incubation (61% log survivors). A strain of entero-
pathogenic E. coli, serotype O127:H6, also survived 3 h of
incubation (53.7% log survivors). The survival of TB 226 and of
the O127:H6 strain did not significantly differ, but both strains
were significantly more acid tolerant than the remaining strains
examined (P = 0.005). In contrast, E. coli O157:H7 strain
ATCC 43889 had one of the shortest survival times and was
undetectable after 1 h of incubation. The strain-to-strain vari-
ation in acid tolerance of E. coli O157:H7 strains has been
reported previously (6, 23). The remaining pathogenic (sero-
types 0124, O111:H2, and O152) and control E. coli (FRIK
123) strains were undetectable after =<2 h of incubation in
gastric fluid. S. dysenteriae was not detectable after 0.5 h of
incubation, which was unexpected since S. flexneri has been
reported to be acid tolerant (12). Considering that the clear-
ance time of an average meal from the stomach is around 3 h
(22) and the stomach pH is usually higher when food is
present, the acid tolerance of E. coli O157:H7 may be impor-
tant to its pathogenesis.

The findings that stationary-phase and starved E. coli
O157:H7 strains are more acid tolerant than mid-log-phase
cells are consistent with previous studies of stationary-phase
cells, starved cells (3, 14-16), and rpoS-regulated properties
(12, 14, 17). However, the mechanism and/or the level of pro-
tective protein(s) produced in E. coli O157:H7 must differ be-
cause the degree of acid tolerance in some O157:H7 strains is
greater than that in other bacteria that also contain starvation-
induced and rpoS-regulated systems (12, 14, 26). It is possible that
multiple protective systems are active simultaneously in E. coli
O157:H7. With a greater understanding of the regulation of acid
tolerance in E. coli O157:H7, it may be possible to devise control
strategies for this pathogen by regulating environmental condi-
tions that trigger the production of protective proteins.
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