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The relationship between membrane damage and loss of viability following pressure treatment was examined
in Escherichia coli strains C9490, H1071, and NCTC 8003. These strains showed high, medium, and low re-
sistance to pressure, respectively, in stationary phase but similar resistance to pressure in exponential phase.
Loss of membrane integrity was measured as loss of osmotic responsiveness or as increased uptake of the
fluorescent dye propidium iodide. In exponential-phase cells, loss of viability was correlated with a permanent
loss of membrane integrity in all strains, whereas in stationary-phase cells, a more complicated picture emerged in
which cell membranes became leaky during pressure treatment but resealed to a greater or lesser extent fol-
lowing decompression. Strain H1071 displayed a very unusual pressure response in stationary phase in which
survival decreased to a minimum at 300 MPa but then increased at 400 to 500 MPa before decreasing again.
Membranes were unable to reseal after treatment at 300 MPa but could do so after treatment at higher pres-
sures. Membrane damage in this strain was thus typical of exponential-phase cells under low-pressure condi-
tions but of stationary-phase cells under higher-pressure conditions. Heat shock treatment of strain H1071
cells increased pressure resistance under low-pressure conditions and also allowed membrane damage to re-
seal. Growth in the presence of IPTG (isopropyl-3-p-thiogalactopyranoside) increased resistance under high-
pressure conditions. The mechanisms of inactivation may thus differ at high and low pressures. These studies
support the view that membrane damage is an important event in the inactivation of bacteria by high pressure,
but the nature of membrane damage and its relation to cell death may differ between species and phases of growth.

High hydrostatic pressure is one of the more promising
nonthermal methods for inactivating microbes in food, and
several food products treated by this method have now been
produced commercially. It has been especially useful for ex-
tending the shelf life of fruit juices or products such as gua-
camole, made from avocado, where freshness of taste is par-
ticularly sensitive to conventional pasteurization (8, 11, 17). To
extend the range of products that can usefully be processed by
high pressure will require a thorough knowledge of the factors
that affect microbial pressure resistance. Additionally, a better
understanding of the way pressure kills cells would help in
defining effective pressure treatments that, alone or in combi-
nation with other physical treatments or antimicrobial agents,
could form alternatives to traditional heat preservation (7, 9,
10, 18).

Many attempts have been made to discover whether the
changes observed after a pressure treatment, such as mem-
brane alterations, ribosome denaturation, changes in the nu-
cleoid, enzyme inactivation, or inhibition of transcription and
protein synthesis, are responsible for the inactivation of vege-
tative cells by high-hydrostatic-pressure treatments (1, 5, 16,
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22). However, despite much effort, the mechanisms of micro-
bial inactivation are still not completely understood.

It is generally acknowledged that membrane damage seems
to play an important role in pressure inactivation. High pres-
sure causes tighter packing of the acyl chains and promotes
membrane lipid gelation (14). There is evidence that bacterial
cells become more sensitive to pressure as the membrane be-
comes more rigid and more resistant with a more fluid mem-
brane (23). Physical damage to the bacterial cell membrane has
been demonstrated as leakage of ATP or UV-absorbing ma-
terial from bacterial cells subjected to pressure (23) or in-
creased uptake of fluorescent dyes such as propidium iodide
(PI) that do not normally penetrate the membranes of healthy
cells (2, 21, 23). Loss of membrane functionality as a conse-
quence of pressure treatment has also been described. In Lac-
tobacillus plantarum, pressure treatment caused partial inacti-
vation of the FyF, ATPase such that the ability of cells to
maintain a ApH was reduced, and the acid efflux mechanism
was impaired (25). Loss of membrane ATPase activity may
thus contribute to high-pressure inactivation.

Previously, we showed that different strains of Escherichia
coli vary quite markedly in their resistance to pressure and
presented preliminary data that this might be related to their
susceptibility to membrane damage (2). If membrane damage
is indeed a critical event leading to loss of viability, it might be
expected that, when exposed to equivalent pressure treat-
ments, pressure-resistant strains would be less susceptible to
membrane damage than pressure-sensitive strains and, con-
versely, that cells of any given strain in the exponential phase
of growth—that are more sensitive to pressure than cells in
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stationary phase—would show increased susceptibility to mem-
brane damage. The aim of this work was to examine in more
detail the relationship between membrane damage and loss of
viability in sensitive and resistant strains of E. coli. Two meth-
ods were used to monitor loss of integrity of the cell mem-
brane: measurement of uptake of the membrane-impermeant
fluorescent dye PI and measurement of the loss of ability to
plasmolyse in the presence of 0.75 M NaCl.

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli O157:H7 strain C9490 (a
clinical isolate from the Jack-in-the-Box western U.S. hamburger patty outbreak
of 1993) was kindly provided by M. Doyle, University of Georgia, Griffin. E. coli
0157:H7 H1071, a clinical isolate, was from M. Patterson, Queen’s University,
Belfast, United Kingdom. E. coli NCTC 8003 (serotype 0124) was also tested.
Previous work (2) established that stationary-phase cells of strain C9490 are very
pressure resistant, whereas those of strain NCTC 8003 are pressure sensitive.
Strain H1071 demonstrates intermediate resistance. The following strains of E.
coli K-12 were kindly provided by the E. coli Genetic Stock Center, Yale Uni-
versity, New Haven, Conn.: MO (parent), M7025 (lacZ90), M7044 (lacY328),
and Hfr 3000 YA 694 (lacl694).

Liquid growth medium consisted of tryptone soya broth (Oxoid, Basingstoke,
United Kingdom) supplemented with 0.6% yeast extract (TSBYE). The plating
medium was tryptone soy agar (Oxoid) containing 0.6% yeast extract (TSAYE).
Inoculum cultures were prepared by inoculating 10 ml of TSBYE with a loopful
of growth taken from TSAYE and incubating the resulting culture with shaking
at 37°C for 6 h. Cells in the stationary phase of growth were prepared by
inoculating 100 pl of this culture into 100 ml of fresh TSBYE and incubating the
resulting culture for 18 h under the same conditions. Under these conditions,
cells had been in stationary phase for approximately 12 h at the time of harvest.
To obtain exponential-phase cells, 100 pl of the stationary-phase culture was
inoculated into 100 ml of fresh medium and incubated for approximately 3 h,
which resulted in an optical density at 680 nm (ODgg,) of 0.2, measured with a
spectrophotometer (model CE 1021; Cecil Instruments, Cambridge, United
Kingdom) (equivalent to approximately 10® cells per ml).

Pressure treatment. Cells were centrifuged at 3,000 X g for 20 min at 4°C, and
the pellets were resuspended in phosphate-buffered saline (PBS) (pH 7.0) to give
viable counts of about 5 X 10° CFU/ml. Cell suspensions (2 ml each) were placed
in sterile plastic pouches (4 by 5 cm) that were heat sealed and kept on ice before
pressurization. Samples were treated in a 300-ml pressure vessel (model S-FL-
850-9-W; Stansted Fluid Power, Stansted, United Kingdom). The pressure-trans-
mitting fluid used was ethanol-castor oil (80:20). Cells were either exposed to a
pressure of 100, 200, 300, 400, 500, or 600 for 8 min (total) or were exposed to
a single pressure for various time intervals. Pressure treatment was at room
temperature (approximately 20°C). The rise in temperature in the transmitting
fluid, measured with a thermocouple, was about 4.3°C per 100 MPa, giving a
maximum temperature of about 46°C at 600 MPa. The time spent above 40°C
during compression to 600 MPa was approximately 70 s. After pressure treat-
ment, the pouches were removed from the unit and placed on ice before viable
counts were determined or other tests were performed.

Viable counts. Cell suspensions were serially diluted in maximum recovery
diluent (Oxoid) and plated onto TSAYE containing 0.1% (wt/vol) filter-sterilized
sodium pyruvate added to the molten agar. Colonies were counted after the
plates had been incubated at 37°C for 48 h. Data presented are mean values
obtained from two to four independent experiments. The error bars on the
figures indicate the mean standard deviations for the data points.

Heat shock treatment. Cells were centrifuged at 3,000 X g for 20 min at 4°C,
and the pellets were resuspended in PBS (pH 7.0) preheated to 45°C and held at
this temperature by immersion in a thermostated water bath. Heat-shocked-cell
suspensions (2 ml each) were sealed in sterile plastic pouches that were kept on
ice before pressurization.

Induction of B-galactosidase synthesis. Cells were grown at 37°C for 18 h in
TSBYE containing 2 mM isopropyl -p-thiogalactoside (IPTG) (Sigma-Aldrich).

Staining cells with PI. Pressure-treated cells were diluted in PBS to an ODyg,
of approximately 0.2 (corresponding to a dry weight of 95 pg (standard error,
3.9) of exponential-phase cells per ml and 76 ug (standard error, 2.7) of station-
ary-phase cells per ml; and PI (Sigma-Aldrich) was added to a final concentration
of 2.9 uM. After incubation for 10 min, the samples were centrifuged and washed
twice in PBS. Fluorescence was measured with a spectrofluorophotometer (mod-
el LS-5B; Perkin-Elmer); the excitation wavelength was set at 495 nm, and the
emission wavelength was set at 615 nm. The slit width was 10 nm. Fluorescence
data for cell suspension were normalized against ODgg,. Fluorescence values
obtained for untreated cells were subtracted from all experimental values. In
some experiments, cell suspensions were diluted in PBS as described above, and
PI was added to a final concentration of 2.9 M before pressure treatment. After
pressure treatment, the samples were centrifuged and washed twice in PBS, and
fluorescence was measured.

Measurement of osmotic response. Around 30 pl of stationary-phase pressure-
treated cell suspension or 100 pl of exponential-phase pressure-treated cell
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FIG. 1. Pressure resistance and membrane damage in exponential-phase
cells of E. coli strains C9490 (@), H1071 (A), and NCTC 8003 (m). (a) Survivors
after treatment at different pressures for 8 min; (b) osmotic responses of pres-
sure-treated cells measured as the increase in OD of cell suspensions placed in
0.75 M NaCl; (c) permeability of pressure-treated cells to PI, measured as an
increase in fluorescence relative to that of untreated cells. PI was added after
pressure treatment. Viable counts following treatments at pressures above 200
MPa were below the limits of detection (50 CFU/ml).

suspension was added in triplicate to 1 ml of PBS and 1 ml of PBS containing 0.75
M NaCl. The initial ODgg, in PBS was about 0.2. Optical density was measured
2 min after mixing. The increase in ODgg, Was calculated by subtracting the mean
value of the three measurements in PBS from the mean value of the three
measurements in PBS containing 0.75 M NaCl. These OD increases were ex-
pressed as a percentage of the mean value obtained with PBS alone.

RESULTS

Pressure resistance and membrane damage in exponential-
phase cells. When cells of E. coli strains C9490, H1071, and
NCTC 8003 were exposed to a range of pressures in the expo-
nential phase of growth, there were no differences in resistance
between them (Fig. 1a). In all cases, loss of viability was ap-
parent after treatment at 100 MPa; after treatment at 200
MPa, viable numbers had decreased by 6 to 7 log,, units. All
strains sustained membrane damage, as shown by the partial
loss of ability to plasmolyse in the presence of 0.75 M NaCl
after exposure to 100 MPa and a total loss of ability after
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FIG. 2. Pressure resistance and membrane damage in stationary-phase cells
of E. coli strains C9490 and NCTC 8003. (a) Survivors after treatment of C9490
(@) and NCTC 8003 (m) at different pressures for 8 min; (b) osmotic responses
of pressure-treated cells of C9490 (@) and NCTC 8003 (mw), measured as the
increase in OD of cell suspensions placed in 0.75 M NaCl; (c) uptake of PI,
present during pressure treatment of C9490 (O) or NCTC 8003 ([J) or after
pressure treatment of C9490 (@) or NCTC 8003 (m).

exposure to 200 MPa (Fig. 1b). Membrane damage was con-
firmed by the uptake of PI by cells treated at pressures of 100
to 200 MPa or higher (Fig. 1c).

Pressure resistance and membrane damage in stationary-
phase cells of strains C9490 and NCTC 8003. In stationary-
phase cells of strain C9490, no loss of viability occurred below
500 MPa, whereas in strain NCTC 8003, the onset of cell death
began at 100 MPa, confirming the difference in resistance
previously described by Benito et al. (2) (Fig. 2a). The pres-
sure-resistant strain C9490 completely retained its ability to
plasmolyse in a high-salt solution, but strain NCTC 8003
showed a partial loss of plasmolysis response (Fig. 2b). When
PI was added after decompression, no uptake was observed in
either strain (Fig. 2c). However, when PI was present in the
suspending medium during pressurization, both strains took up
the dye at pressures above 100 MPa, but the degree of staining
was greater in pressure-sensitive strain NCTC 8003 (Fig. 2c).
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Pressure resistance and membrane damage in stationary-
phase cells of strain H1071. Strain H1071 showed an unusual
response to pressure (of a type never seen before), and its
behavior is therefore described separately. The onset of cell
death began at 100 MPa, and the number of survivors de-
creased further between 200 and 300 MPa but then increased
between 400 and 500 MPa before decreasing again at 600 MPa
(Fig. 3a). At 400 MPa, the number of survivors per milliliter
was approximately 1.6 log,, units higher than at 300 MPa. This
unusual pattern of survival was observed consistently in many
experiments.

The corresponding ability of cells to plasmolyse decreased at
pressures above 100 MPa, reaching a minimum at 200 to 300
MPa before increasing again at higher pressures (Fig. 3b).
Uptake of PI (added after pressure treatment) began at pres-
sures above 100 Pa and increased to a maximum at 300 MPa
before decreasing to basal levels at 400 MPa (Fig. 3c). Thus, in
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FIG. 3. Pressure resistance and membrane damage in stationary-phase cells
of E. coli strain H1071. (a) Survivors after treatment at different pressures for 8
min; (b) osmotic responses of pressure-treated cells measured as the increase in
OD of cell suspensions placed in 0.75 M NaCl; (c) uptake of PI present during
(2) or after (A) pressure treatment.



2832 PAGAN AND MACKEY

(a)
10

Log cfu/ml
o

2 1 ] ]
0 200 400 600
Pressure (MPa)

(b)
40

30
20

10

% OD increase

10 1 1 Il
0 200 400 600
Pressure (MPa)

(c)

300

200 |

100

Fluorescence/OD

0 A A
0 200 400 600
Pressure (MPa)

FIG. 4. Influence of a heat shock treatment at 45°C for 45 min on pressure
resistance and membrane damage in E. coli strain H1071. (a) Survivors after
exposure to different pressures for 8 min without (A) or with (A) a prior heat
shock treatment; (b) osmotic response of cells pressure treated without (A) or
with (A) a prior heat shock treatment; (c¢) uptake of PI after decompression in
cells pressure treated without (A) or with (A) a prior heat shock treatment.

this strain, the dip in survival observed with pressures between
200 and 400 MPa coincided with maximum membrane dam-
age. However, as with the other strains tested, the membrane
of H1071 became transiently leaky at higher pressures, because
the uptake of PI present during pressurization increased from
a pressure of 100 MPa at the onset to a maximum at 200 MPa,
thereafter remaining at a similar level at higher pressures (Fig.
3c).

Effect of heat shock on pressure resistance and membrane
damage in strain H1071. A heat shock treatment at 45°C for 45
min increased the pressure resistance of strain H1071 at pres-
sures between 200 and 400 MPa (Fig. 4a). The increase in
pressure resistance was greater at 200 and 300 MPa than at 400
MPa; at the higher pressures of 500 and 600 MPa, no signifi-
cant protective effect was seen. In parallel with this increase in
pressure resistance, heat-shocked cells no longer lost the abil-
ity to plasmolyse after treatment at 200 or 300 MPa (Fig. 4b),
and no uptake of PI was observed (Fig. 4c).

APPL. ENVIRON. MICROBIOL.

Effect of inducing 3-galactosidase synthesis during growth
on pressure resistance of cells of strain H1071. During studies
of the inactivation of B-galactosidase in pressure-treated cells,
we noticed that growth in the presence of the inducer IPTG
affected the pattern of pressure resistance in strain H1071. The
principal effect was to increase pressure resistance specifically
at pressures around 500 MPa (Fig. 5a). This had the effect of
increasing the difference in pressure resistance between cells
treated at 200 MPa and those treated at 500 MPa. To examine
this effect in more detail, the time course of inactivation was
followed at 200 and 500 MPa. Figure 5b shows unequivocally
that stationary-phase cells of strain H1071 were inactivated to
a greater extent at the lower pressure than at the higher.

To investigate this phenomenon further, we examined the
pressure resistance of strains carrying mutations in the lactose
operon. However, when strains were tested over the same
range of pressures, no differences in resistance were seen be-
tween E. coli K-12 strain MO (parent) and M7025 (lacZ),
M7044 (lacY), and M3000 (lacI) strains (data not shown).

DISCUSSION

There are large differences in pressure resistance between
E. coli strains C9490, H1071, and NCTC 8003, but these dif-
ferences are observed only in stationary-phase cells. These
strains therefore provide a good opportunity for investigating
the relationship between membrane damage and loss of via-
bility under conditions in which cells of the different strains
display similar or different resistances to pressure inactivation,
depending on the growth phase.

There was a good relationship between the onset of mem-
brane damage and loss of viability in exponential-phase cells of
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FIG. 5. Effect of growth in the presence of IPTG on pressure resistance of E.
coli strain H10171. (a) Survival after exposure to different pressures for 8 min in
cells grown in medium with (m) or without (@) 2 mM IPTG; (b) time course of
inactivation at 200 (@) or 500 (m) MPa for cells grown in medium containing
IPTG.
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all three strains. After 8 min of pressure treatment at 100 MPa,
a 75% decrease in the ability to plasmolyse in exponential-
phase cells in the three strains was observed, which was con-
sistent with a similar decrease in the number of survivors.
Above this pressure, more than 99% of the cells were dead,
and the ability to plasmolyse had been reduced to nil. On the
other hand, the uptake of PI seems to be a later event occur-
ring at slightly higher pressures. This seems to indicate that, for
exponential-phase cells, the loss of ability to plasmolyse is
more closely related to cell inactivation than uptake of PI. The
simplest interpretation of the data for exponential-phase cells
is that pressure causes physical membrane damage of a type
that cannot be resealed and that such a permanent loss of
membrane integrity is inimical to the maintenance of ho-
meostasis and leads ultimately to the death of the cell.

The relationship between membrane damage and loss of
viability of stationary-phase cells after pressurization was dif-
ferent from that seen in exponential-phase cells. In cells of
strains C9490 and NCTC 8003, there was no uptake of PI in
cells stained after decompression, whereas staining did occur
when PI was present during the pressure treatment. We inter-
pret this as showing that membranes of stationary-phase cells
become leaky during pressure treatment but reseal after de-
compression, at least to the extent of excluding PI. Because
membrane leakage under pressure occurred in strain C9490
without cell death, we can conclude that a transient increase in
membrane permeability is not necessarily lethal. It is notewor-
thy that resealing of cell membranes in strain NCTC 8003
occurred after all pressure treatments, despite the fact that
more than 99.9% of cells were killed by pressures above 100
MPa.

A direct role for membrane damage in the death of station-
ary-phase cells is thus more questionable. While both pressure-
sensitive and pressure-resistant strains NCTC 8003 and C9490
appeared to reseal membranes after decompression, the mem-
branes of sensitive strain NCTC 8003 evidently became more
permeable to sodium chloride, as shown by the large decrease
in the osmotic response. The death of stationary-phase cells
could thus be due to a more subtle loss of the semipermeable
properties of the membrane than in membranes of exponen-
tial-phase cells. Although the membranes appear to be able to
reseal physically, death may result from loss of vital membrane
functions, for example, those to do with energy conservation or
ion flux.

The increase in OD observed when cell suspensions are
placed in hypotonic salt solutions, known as the optical effect,
is caused by an increase in light scattering that is related to the
extent of plasmolysis (15). In cold-shocked cells of Klebsiella
(formerly Aerobacter) aerogenes, there was a good correlation
between loss of osmotic response and cell death (24). Korber
et al. (12) developed a microscopic method for measuring
plasmolysis in single cells and showed that loss of osmotic
response was associated with cell death. However, in starved K.
aerogenes cells, cell death preceded loss of permeability control
(19); E. coli cells frozen in water at freezing rates lower than
6°C/min died with no loss of membrane integrity (3).

In pressure-treated cells, the correlation between loss of
osmotic response and death was not absolute because station-
ary-phase cells of NCTC 8003 retained up to 50% of their
ability to plasmolyse even when more than 99.9% of cells were
dead. Conversely, at 100 MPa, some loss of response was
detected with no loss of viability. Similarly, cells of strain
H1071 treated at pressures above 400 MPa completely re-
tained their ability to plasmolyse when more than 99.9% had
died. While the osmotic response is a useful test of membrane
integrity, it is not necessarily a good indicator of viability under
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all circumstances. The nature of the permanent damage sus-
tained by stationary-phase cells whose membranes have re-
sealed requires further investigation. Recent work by Ritz et al.
(20) has shown that the protein content of the membranes of
Salmonella enterica serovar Typhimurium was modified by
pressure, and it would thus be instructive to investigate possi-
ble differences in membrane protein composition in the E. coli
strains used in this work. Alternatively, some other form of
damage could be responsible for cell death in stationary-phase
cells, e.g., ribosome denaturation (16).

The behavior of strain H1071 under pressure was different
from anything previously described. It has never been reported
before that vegetative cells were more resistant to higher- than
to lower-pressure treatments. A superficially similar phenom-
enon occurs with spores of Bacillus and Clostridium species, in
which inactivation is typically greater between 200 and 300
MPa than at higher pressures. In this case, pressure treatment
causes spores to germinate and lose their resistance to heat
and pressure, and the extent and/or completeness of germina-
tion is greatest at intermediate pressures (6, 26).

The two methods used to assess loss of membrane integrity
allowed us to demonstrate major differences in the nature of
membrane damage in strain H1071 at pressures below and
above 300 MPa. Cells treated at pressures between 200 and 300
MPa lost their ability to plasmolyse and became permeable to
PI added either during or after pressure treatment. In this
pressure range, therefore, stationary-phase cells of strain
H1071 sustained permanent membrane damage and thus be-
haved like exponential-phase cells. At pressures of 400 MPa
and above, cells became leaky but resealed after decompres-
sion and retained their ability to respond osmotically to high-
salt solutions. In this higher-pressure range, cells showed the
typical behavior of stationary-phase cells.

Exposure of stationary-phase cells of strain H1071 to a mild
heat shock at 45°C increased pressure resistance in the 200 to
300 MPa range and had the associated effects of enabling cell
membranes to reseal and protecting against the loss of ability
to plasmolyse. In this respect, the response of cells to pressures
in this intermediate region changed from that typically seen in
the exponential phase to that typical of the stationary phase.

Growth in the presence of IPTG had the converse effect of
increasing resistance to a pressure treatment at 500 MPa but
not to pressures between 200 and 400 MPa. The mechanism of
this effect is not known. It is conceivable that proteins of the lac
operon might play a direct role in pressure resistance; for
example, an alteration in the membrane content of the lactose
permease might affect membrane susceptibility to damage. We
were unable to detect any differences between the pressure
response of various lactose negative mutants (lacY, lacl, and
lacZ) and their otherwise isogenic parent, but these results do
not necessarily rule out a direct role for proteins of the lac
operon because the parent K-12 strain did not show the un-
usual pressure response of H1071. To investigate this further
will require isolating the relevant lactose-negative mutants in
strain H1071. An alternative possibility is that a stress response
is involved, because IPTG is a weak inducer of a subset of the
heat shock proteins (4, 13).

The greater sensitivity of strain H1071 to lower pressures
than to some higher pressures suggests that the effects of
pressure on cells are not the same under different treatment
conditions. Perhaps the nature of cell damage at pressures
between 200 and 300 MPa is different from that at 400 MPa or
higher; only when a strain is especially sensitive to low-pressure
conditions are we able to detect this difference, seen here as
the odd behavior of strain H1071. We have examined several
other strains but so far have not seen similar behavior.
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The phenotype of strain H1071 appears in some respects as
a strange mixture of exponential- and stationary-phase at-
tributes. Sequencing studies have revealed that this strain has
a stop codon in its rpoS gene that could give rise to a truncated
RpoS protein (M. Robey et al., unpublished observation). We
speculate that some RpoS-regulated functions that affect mem-
brane composition and development of pressure resistance are
absent in this strain but that heat shock allows these changes to
occur by a separate regulatory pathway. If the increase in
pressure resistance caused by IPTG is also caused by a stress
response, it would appear to involve a separate mechanism.

We have described for the first time important differences in
the way that pressure affects the membranes of exponential-
and stationary-phase cells and have also presented evidence
that the nature of membrane damage may depend on the
intensity of the pressure treatment. This in turn implies that
the mechanisms of cell death may be different at high and low
pressures. These conclusions were possible because of the un-
usual but fortuitous properties of strain H1071. Our studies
broadly support the widely held view that membrane damage is
an important event in the inactivation of bacterial cells by high
pressure, with the caveat that the nature of membrane damage
and its relation to cell death may differ depending on the strain
and the phase of growth. In exponential-phase cells, loss of
viability appears to be directly related to a permanent loss of
physical integrity, whereas in stationary-phase cells, a more
complicated picture emerges in which cell membranes become
leaky during pressure treatment but can reseal to a greater or
lesser extent following decompression. Although death of sta-
tionary-phase cells may also be related to loss of membrane
integrity, other factors, such as ribosome denaturation, could
also be involved (16). Confirmation of the central role of mem-
brane damage in cell death will require a better understanding
of its precise nature.
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