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Pressure-damaged Escherichia coli O157 cells were more acid sensitive than native cells and were impaired
in pH homeostasis. However differences in acid sensitivity were not related to differences in cytoplasmic pH
(pHi). Cellular b-galactosidase was more acid labile in damaged cells. Sensitization to acid may thus involve
loss of protective or repair functions.

High-pressure processing of food is being increasingly inves-
tigated as a means of extending the shelf life of food while
avoiding the adverse affects on flavor, color, or texture associ-
ated with thermal processing. Several pressure-treated foods,
particularly fruit juices, pureés, jams, and other acidic prod-
ucts, are now commercially available (6, 13, 17). By combining
pressure with other treatments it may be possible to extend the
range of products that can be preserved by using pressure
technology (5, 8).

There have been outbreaks of Escherichia coli O157 food
poisoning associated with the consumption of unfermented
apple juice (2, 3, 11), and it is therefore particularly important
to ensure that pressure processing will eliminate this organism
from fruit-based products. Natural isolates of E. coli O157 vary
quite widely in pressure resistance, and some isolates can sur-
vive pressure treatment at levels of up to 700 MPa under
neutral pH conditions (1, 14). However, a relatively mild pres-
sure treatment of fruit juices (300 MPa), followed by subse-
quent holding, allowed substantial inactivation even of pres-
sure-resistant mutants of E. coli (4, 10). The sensitization of
cells to acid by a prior pressure treatment is an important
consideration because it allows pathogens to be inactivated by
much milder treatments than would be necessary for neutral
foods. However, the mechanism by which pressure sensitizes
bacteria to a subsequent acid challenge acid is unknown. Dam-
age to the bacterial cell membrane is believed to be an impor-
tant event, leading to the inactivation of cells by high pressure.
Partial loss of the F0F1 ATPase activity and impaired ability to
maintain a transmembrane pH gradient (DpH) has been de-
scribed for Lactobacillus plantarum, and membrane leakiness
following pressure treatment has been reported for several
other organisms (12, 15, 16, 18). Loss of such membrane func-
tions would be expected to impair pH homeostasis, and this
might account for the increased sensitivity to acid conditions.

The aim of this work was to investigate the effect of pressure
treatment on the acid sensitivity of E. coli O157:H7 strain
C9490, a strain previously found to be among the most acid
and pressure resistant of several natural isolates (1, 7).

Bacterial strain and growth conditions. E. coli O157:H7
strain C9490 (a clinical isolate from the Jack-in-the-Box west-
ern U.S. hamburger patty outbreak of 1993) was kindly pro-
vided by M. Doyle, University of Georgia, Griffin. It was grown
to stationary phase in tryptone soya broth supplemented with
yeast extract (TSBYE), as described previously (12).

Pressure treatment. Cells from stationary-phase cultures
were centrifuged at 3,000 3 g for 20 min at 4°C, and the pellets
were resuspended in phosphate-buffered saline (PBS), pH 7.0,
to yield viable counts of about 5 3 109 CFU/ml. Cell suspen-
sions were pressure treated in a Foodlab pressure vessel (mod-
el S-FL-850-9-W; Stanstead Fluid Power, Stanstead, United
Kingdom), as described previously (12).

Measurement of acid resistance. The cells were challenged
by diluting either native (i.e., untreated) or pressure-treated
cells 1:30 into TSBYE adjusted to different pH values (from
3.5 to 7) with HCl. The media were preheated to 37, 30, or
20°C by immersion in a thermostated water bath.

Viable counts. Samples were removed at intervals, serially
diluted in maximum recovery diluent (Oxoid, Basingstoke,
United Kingdom), and plated onto tryptone soya agar supple-
mented with yeast extract and containing 0.1% sodium pyru-
vate. When neat, acid-treated samples were plated, an equal
volume of HEPES buffer (100 mM, pH 7) was added to neu-
tralize acid that would otherwise inhibit growth on the plates
during recovery. Colonies were counted after incubating the
plates at 37°C for 48 h.

Measurement of pHi. The pHi was determined as described
previously (7, 9). Every pHi value was based on the mean value
of at least six measurements obtained under standard conditions.

Measurement of b-galactosidase activity. Cells were grown
in the presence of 2 mM isopropyl-b-D-thiogalactopyranoside
(IPTG; Sigma-Aldrich) at 37°C for 18 h. Cells were harvested
by centrifugation at 3,000 3 g for 20 min at 4°C, and the pellets
were resuspended in PBS (pH 7.0) to yield viable counts of
about 5 3 109 CFU/ml. Suspensions of cells (450 ml) were
permeabilized by the addition of 50 ml of chloroform and 25 ml
of 0.1% (wt/vol) sodium dodecyl sulfate. A sample of suspen-
sion (225 ml) was incubated with 1 mM fluorescein-di-(b-D-
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galactopyranoside (FDG; Sigma-Aldrich) and incubated at
30°C for approximately 60 min. The reaction was stopped by
dilution of the sample into PBS buffer, and the fluorescence
was measured with a spectrofluorophotometer (model LS-5B;
Perkin-Elmer) with the excitation wavelength set at 490 nm
and the emission wavelength set at 514 nm. The slit width was
10 nm. To enable the conversion of the number of fluorescence
units into the fluorescein concentration, a calibration curve was
constructed using serial dilutions of 0 to 100 nM fluorescein
(Sigma-Aldrich) in distilled water. Fluorescence values ob-
tained for untreated cells were subtracted from all experimen-
tal values. The amount of fluorescein (nanomolar concentra-
tion) released per hour was considered to indicate the
b-galactosidase activity.

Effect of pressure pre-treatment on acid sensitivity. Station-
ary-phase cells of E. coli O157:H7 strain C9490 were pressure
treated in PBS at pH 7 for 10 min at pressures of up to 500
MPa, then inoculated into TSBYE at pH 3.5 and held at 37°C
for 3 h. The effect of pressure treatment on subsequent survival
under acid conditions is shown in Fig. 1. Nonpressurized cells
or those treated at 100 or 200 MPa showed no loss of viability
at pH 3.5, whereas cells that had been exposed to pressures of
300 MPa or higher died with a rate of inactivation that in-
creased with increasing pretreatment pressure. Following
treatment at 300 and 400 MPa, more than 99.99 and 99.9999%
of cells, respectively, were inactivated after 2 h of incubation in
TSBYE at pH 3.5. No viable cells were recovered from sus-
pensions treated at 500 MPa after incubation for 1 h at pH 3.5.
In subsequent work, treatment for 10 min at 400 MPa was used
as the standard protocol for producing pressure-damaged cells.

Loss of viability and loss of pH homeostasis. The threshold
pH for inactivation was investigated by incubating pressure-
damaged cells for 1 h at pH values between 3.5 and 6.0. Native
cells showed no loss of viability within 1 h at any pH, whereas
pressure-treated cells died at pH values of 4.5 or lower (Fig.
2A). The extent of inactivation increased as the pH of the
medium decreased.

The cytoplasmic pH values of native stationary-phase cells of
strain C9490 at external pHs between 6 and 3.5 were very
similar to those previously reported (7) for E. coli O157 strain

30-2C4 (Fig 2B). Pressure treatment impaired pH homeosta-
sis, but the difference in pHi between native and pressure-
damaged cells became smaller as the external pH (pH0) de-
creased, such that at pH0 3.5 the pHi of both cell types was
similar (ca. 4.9). However, at that particular pH0, native cells
were fully viable after 1 h of incubation, whereas more than
99.9% of pressure-damaged cells had died. Therefore, lower-
ing of the internal pH does not appear to explain the death of
pressure-damaged cells under acidic conditions.

Jordan et al. (7) concluded that lowering the cytoplasmic pH
of stationary-phase cells of E. coli O157:H7 strain C9490 was
not sufficient to cause cell death and postulated that protective
functions activated when cells enter stationary phase can over-
come the lowering of cytoplasmic pH. If true, this would sug-
gest that those protective functions no longer operate in pres-
sure-damaged cells.

Acid inactivation of b-galactosidase in native and damaged
cells. To examine the effect of pressure-damage on acid resis-
tance of a cellular protein, we measured the loss of b-galacto-
sidase activity and the loss of viability in native and pressure-
treated cells incubated at 37°C and pH 3.5. Inactivation of
b-galactosidase and cell death both occurred more rapidly in
pressure-damaged cells than in native cells, but enzyme inac-
tivation was not directly correlated with cell death (Fig. 3).

Relationship between loss of viability and inactivation of
b-galactosidase under different conditions. The loss of viabil-
ity and the loss of b-galactosidase activity were monitored for

FIG. 1. Effect of pressure pretreatment on acid resistance of E. coli
O157:H7 strain C9490. Cells were untreated (E) or treated in PBS for
10 min at 100 MPa (h), 200 MPa (‚), 300 MPa (Œ), 400 MPa (■), or
500 MPa (F) before being diluted into TSBYE, pH0 3.5, and held at
37°C for up to 3 h. Data are means 6 standard deviations (error bars).
Arrows indicate that viable counts were below the limit of detection
(100 CFU/ml).

FIG. 2. Effect of pH0 on survival (A) and pHi (B) of native (F) and
pressure-damaged (■)cells. Data are means 6 standard deviations
(error bars).
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damaged cells incubated at pH 3.5 at 20, 30, and 37°C. The
rates of inactivation of b-galactosidase and loss of viability
both increased as the temperature increased, but viability was
affected more than loss of enzyme activity (Fig. 4). The lack of
correlation between cell death and inactivation of b-galactosi-
dase was confirmed by the following observations: (i) when
pressure-damaged cells were incubated at 37°C at pH0 4.5,
more than 99.99% of cells died within 3 h with no loss of
b-galactosidase activity; (ii) when native cells were incubated
at pH0 3.5 at 37°C, b-galactosidase activity decreased by at
least 99% within 3 h, whereas no loss of viability occurred
under these conditions (data not shown).

b-galactosidase is not essential for the viability of E. coli
growing in TSBYE, and we would not expect there to be a
precise correspondence between inactivation of this marker
enzyme and cell death. Nevertheless, the use of b-galactosi-
dase as an activity marker allowed us to measure quantitatively
the relative acid stability of a cellular component of intact and

pressure-damaged cells. Our results suggests that the acid sen-
sitivity of stationary-phase cells caused by pressure treatment
may be due to the loss of protective or repair functions rather
than to the loss of pH homeostasis per se.

High-pressure treatments that had little or no effect on via-
bility effectively sensitized cells of E. coli O157:H7 strain C9490
to acid. This strain is resistant to a range of stresses, including
high pressure, acid, mild heat, and osmotic and oxidative
stresses (1). The combination of high pressure and acid thus
provides an effective means of eliminating even this robust
strain from food by a relatively mild process.
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FIG. 3. Effect of pressure pretreatment on survival and loss of
b-galactosidase activity in cells incubated at pH 3.5 for varying periods
of time. Data are means 6 standard deviations (error bars). Symbols:
F, survival of native cells; ■, survival of pressure-damaged cells; E,
b-galactosidase activity of native cells; h, b-galactosidase activity of
pressure-damaged cells.

FIG. 4. Effect of temperature on survival and b-galactosidase ac-
tivity of pressure-damaged cells incubated at pH 3.5. Data are
means 6 standard deviations (error bars). Symbols: F, cell survival at
20°C; ■, cell survival at 30°C; Œ, cell survival at 37°C; E, b-galactosi-
dase activity at 20°C; h, b-galactosidase activity at 30°C; ‚, b-galac-
tosidase activity at 37°C.
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