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An isolate of L. monocytogenes Scott A that is tolerant to high hydrostatic pressure (HHP), named AK01, was
isolated upon a single pressurization treatment of 400 MPa for 20 min and was further characterized. The
survival of exponential- and stationary-phase cells of AKO1 in ACES [N-(2-acetamido)-2-aminoethanesulfonic
acid] buffer was at least 2 log units higher than that of the wild type over a broad range of pressures (150 to
500 MPa), while both strains showed higher HHP tolerance (piezotolerance) in the stationary than in the
exponential phase of growth. In semiskim milk, exponential-phase cells of both strains showed lower reduc-
tions upon pressurization than in buffer, but again, AKO1 was more piezotolerant than the wild type. The
piezotolerance of AK01 was retained for at least 40 generations in rich medium, suggesting a stable phenotype.
Interestingly, cells of AKO1 lacked flagella, were elongated, and showed slightly lower maximum specific growth
rates than the wild type at 8, 22, and 30°C. Moreover, the piezotolerant strain AK01 showed increased
resistance to heat, acid, and H,0, compared with the wild type. The difference in HHP tolerance between the
piezotolerant strain and the wild-type strain could not be attributed to differences in membrane fluidity, since
strain AKO1 and the wild type had identical in situ lipid melting curves as determined by Fourier transform
infrared spectroscopy. The demonstrated occurrence of a piezotolerant isolate of L. monocytogenes underscores
the need to further investigate the mechanisms underlying HHP resistance of food-borne microorganisms,

which in turn will contribute to the appropriate design of safe, accurate, and feasible HHP treatments.

Listeria monocytogenes is a gram-positive facultative anaer-
obic bacterium which can cause listeriosis, a serious disease
with high mortality in immunocompromised individuals, un-
born children, and neonates (4). Numerous food-borne out-
breaks and sporadic cases of listeriosis have been reported,
mostly in North America and Europe (4, 14). L. monocytogenes
is able to grow at temperatures as low as —0.4°C (25), with-
stand osmotic stress, and survive mild preservation treatments
(12, 14). These features make this bacterium a difficult but very
important target organism to be eliminated from the food
chain.

For thousands of years conventional thermal processing has
been the most common method used to ensure the microbio-
logical safety of foods. However, this type of processing can
have detrimental effects on the nutritional value of certain
foods. Recent trends in processing are aimed at producing
more healthy, nutritious, and convenient food. As a result, new
food preservation techniques and new concepts have been
developed and are currently being used in the food industry.
One of these concepts is hurdle technology, which refers to the
application of a combination of different (minimal) hurdles
with antimicrobial activities in food, with additive or synergistic
antimicrobial effects. One of these newly used techniques is
high hydrostatic pressure (HHP) treatment. The antimicrobial
effects of HHP treatment were first demonstrated in 1899 by
Hite (6), who proposed the use of this method for the pasteur-
ization of milk. It took about a century until high pressure-

* Corresponding author. Mailing address: Ippokratous 31, 55134
Thessaloniki, Greece. Phone: 30-310-432964. Fax: 31-310-471257. E-
mail: akaratza@otenet.gr.

1 Present address: Institute of Food Research, Food Safety Micro-
biology Section, Norwich NR4 7UA, United Kingdom.

3183

treated foods became commercially available, first in Japan in
1990 and 6 years later in Europe and the United States (11).
The fundamental basis of all pressure effects stems from the
changes in volume which accompany biochemical and physio-
logical processes (3, 26). In contrast to thermal processing,
HHP treatment can inactivate microorganisms and unfavor-
able enzymes at ambient or low temperatures without greatly
affecting flavor, color, or nutritional constituents within a food
system (20).

Pressures of between 600 and 700 MPa for 15 min (18) or
350 MPa for 40 min (16) are able to inactivate vegetative cells
of fungi and bacteria, including most infectious food-borne
pathogens (17, 21). Pressure treatments applied in the food
industry can vary in that range, depending on several factors,
such as the processing time and temperature, the kind of food
and its constituents, and the microorganisms or enzymes to be
inactivated (17, 20). By combining HHP with other treatments,
it may be possible to reduce costs and extend the range of
products to which this technique can be applied (3, 10, 17).

A wide variety of HHP-induced phenomena in living cells
have been reported and reviewed, including changes in cellular
morphology, biochemical reactions, and membrane integrity
(3, 5, 17). High pressures manifest their effects on cellular
processes in many ways, including disruption of protein and
DNA synthesis, membrane-associated processes, and macro-
molecular quaternary structures (e.g., protein denaturation)
(3, 17, 22, 27). Survival of bacteria upon pressure depends on
the species and medium composition (17). In general, gram-
positive bacteria are more HHP tolerant (or piezotolerant)
(28) than gram-negative bacteria (17, 20), and different strains
of a species can differ widely in their resistance to HHP (1).
Bacterial growth is inhibited at pressures in the range of 20 to
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130 MPa, while higher pressures (above 130 MPa) cause cell
death (5). In Escherichia coli, the syntheses of DNA, proteins,
and RNA stop at 50, 58, and 77 MPa, respectively, while cell
death occurs at pressures of above 200 MPa (27).

A problem observed in HHP treatments is that a small
portion of a bacterial population can be relatively resistant to
a certain pressure applied (16). This phenomenon is called
tailing, and it is of great importance for the food industry
because of its possible implications for food safety and the
design of HHP treatment. In 1989, Metrick et al. (16) observed
tailing effects when Salmonella enterica serovar Typhimurium
was pressurized at 340 MPa, revealing a subfraction of the
population with higher pressure resistance. However, when
isolates derived from this subfraction were cultured, they dis-
played the normal pressure resistance. In addition, Hauben et
al. (5) succeeded in isolating high-pressure-resistant E. coli
mutants after numerous repeated cycles of selective HHP
treatments. The mutants showed increased resistance to other
stresses, such as heat (but only below 62°C) and superoxide
stress generated by plumbagin, a naphthoquinone occurring in
the plants belonging to Plumbago spp. The existence of mu-
tants like these could be an explanation for the tailing phe-
nomenon. So far, there is limited information regarding the
mechanisms of bacterial survival and adaptation to high pres-
sure. Research focused on these phenomena could increase
our understanding and contribute to a more sophisticated use
of HHP in food processing.

In this study we isolated a piezotolerant strain of L. mono-
cytogenes following a single selection step of 400 MPa. We
determined its growth characteristics, its HHP resistance at
different pressures, and the effect of growth phase and tem-
perature on its piezotolerance. Furthermore, we determined
the resistance of this strain to heat, acid, and hydrogen perox-
ide. Finally, its survival in artificially contaminated semiskim
milk was determined to evaluate its behavior in a food matrix.

MATERIALS AND METHODS

Bacterial strains, culturing conditions, and selection of a piezotolerant strain.
L. monocytogenes Scott A (Department of Food Science, Wageningen Agricul-
tural University, Wageningen, The Netherlands) was used throughout this study.
The stock culture was kept at —80°C in 15% (vol/vol) glycerol. Stock cultures
were transferred to 9 ml of sterile brain heart infusion (BHI) broth (Oxoid,
Hampshire, England), using a 0.3% (vol/vol) inoculum, and incubated at 30°C
overnight before experiments. The piezotolerant isolate, designated L. monocy-
togenes AKO1, was isolated from a population of L. monocytogenes Scott A that
survived HHP treatment of 400 MPa for 20 min. The cells of L. monocytogenes
Scott A from which AKO1 was isolated were grown in BHI at 30°C as described
above, harvested at mid-exponential phase, and resuspended in ACES [N-(2-
acetamido)-2-aminoethanesulfonic acid] buffer before HHP treatment (for de-
tails, see “HHP treatment” below). We used an initial level of 10° CFU of
wild-type (wt) L. monocytogenes ml of ACES buffer~'. After HHP treatment,
viable numbers were reduced by reduced by ~6 log units. Cells from a single
colony of AKO1 were cultured in BHI broth overnight, using a 0.3% (vol/vol)
inoculum, and then kept as a stock culture at —80°C in 15% (vol/vol) glycerol.
Several tests were carried out to confirm the identity of AKO1 as L. monocyto-
genes, namely, growth on Pal-Cam Listeria selective medium (Merck, Darmstadt,
Germany) and carbohydrate utilization determined with the API zym identifi-
cation system (Bio Mérieux, Marcy-I'Etoile, France). Ribotyping (TNO Food,
Zeist, The Netherlands) also showed identical rRNA sequences for the wt strain
and strain AKOI.

To conduct experiments, stock cultures of wt L. monocytogenes Scott A and
strain AKO1 were inoculated in BHI broth and subcultured at 30°C with 0.3%
(vol/vol) inocula, and subsequently a 0.3% (vol/vol) inoculum of each culture was
added to 100 ml of BHI broth. Cultures were then incubated in a shaking
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incubator (160 rpm) at 8, 22, or 30°C, and growth was monitored by measuring
the optical density at 660 nm (ODgg). Viable counts were also determined at
regular time intervals by preparing 10-fold serial dilutions of samples in peptone-
physiological salt (1.5 g of peptone liter ! and 8.5 g of NaCl liter ') and plating
these on BHI agar (1.2%, wt/vol). Plates were incubated at 30°C for 3 days. The
mid-exponential or stationary phase of growth of the wt and AKO1 was deter-
mined at the different temperatures, based on the ODg¢, and the viable count
measurements. The maximum specific growth rates (p,,,,) for the exponential
phase were calculated using the equation ., = (In N, — In No) X (t = t5,",
where N, is the cell population at time ¢ (19).

Electron microscopy. Ten microliters of a mid-exponential-phase culture of
AKO1 and the wt was placed in a sterile petri dish, and a Formvar-coated grid was
put on top and left for 1 min. The grid was removed, the excess of liquid was
drained off, and grid was placed on a drop of 2% phosphotungstic acid for 1 min.
Subsequently, excess phosphotungstic acid was removed, and the grid was in-
spected with the use of an electron microscope (Jem-1200 EX II; Jeol Ltd.,
Tokyo, Japan).

HHP treatment. The L. monocytogenes wt strain and AKO1 were cultured at 8
or 30°C and harvested by centrifugation (10,000 X g, 10 min) at mid-exponential
phase (ODgg of 0.3 and 0.2 for the wt and AKO1, respectively). The cells were
washed twice in 50 mmol of ACES liter ! (ACES buffer; Sigma-Aldrich, Stein-
heim, Germany), pH 7.0. The pellet was resuspended in semiskim milk (Friesche
Vlag, Ede, The Netherlands) or in ACES buffer to an ODyg of 0.1. Aliquots of
10 ml were transferred into sterile plastic tubes (Greiner, Kremsmiinster, Aus-
tria). ACES buffer was selected because this buffer maintains pH 7.0 during high
pressure treatments (21). Suspensions were placed in sterile plastic stomacher
bags (Seward, London, United Kingdom) that were sealed while avoiding an
excess of air bubbles. These pouches were submerged in glycol, which was the
fluid medium through which the pressure was transferred (Resato, Roden, Hol-
land). Subsequently, cell suspensions were exposed to pressures of 150, 200, 250,
300, 350, 400, 450, or 500 MPa in a high pressure unit (Resato) at 20°C for 20
min. The viability of L. monocytogenes was determined before and after pressure
treatment. Serial 10-fold dilutions of samples were prepared in peptone-physi-
ological salt (1.5 g of peptone liter ' and 8.5 g of NaCl liter ') and plated in
triplicate onto BHI agar (1.2% [wt/vol] agar). Plates were incubated at 30°C for
5 days.

Stability of HHP resistance. To test the stability of the HHP-resistant pheno-
type of L. monocytogenes AKO1, cells were subcultured during five consecutive
days, using 0.3% (vol/vol) inocula in 9 ml of fresh BHI medium (~70 genera-
tions). The wt L. monocytogenes was cultured the same way and used as a control.
On days 2 and 5 (~30 and ~70 generations, respectively), overnight cultures
were inoculated (0.3%, vol/vol) in 100 ml of BHI broth, incubated at 30°C with
shaking (160 rpm) to mid-exponential phase (ODj of 0.3 and 0.2 for the wt and
AKO1, respectively), and harvested. These cells were tested for resistance to 250
or 300 MPa for 20 min.

Phase transition temperature. Cells from wt and AKO1 L. monocytogenes were
incubated at 30°C, harvested at mid-exponential phase, and washed in ACES
buffer as described above. The pellet was placed between two circular CaF,
windows (13 by 2 mm) and fitted in a liquid-nitrogen-cooled, temperature-
controlled brass cell. The temperature of the sample was recorded and controlled
by using two PT-100 elements that were near the sample windows. Fourier
transform infrared spectra were recorded on a Fourier transform infrared spec-
trometer (model 1725; Perkin-Elmer, Beaconsfield, Buckinghamshire, United
Kingdom) equipped with an external beam facility to which a Perkin-Elmer
infrared microscope was attached. The microscope was equipped with a narrow-
band mercury-cadmium-telluride LN,-cooled infrared detector. The sample was
cooled to —40°C and subsequently heated to 70°C at a rate of 1.5°C min~".
During the heating, spectra were recorded every minute. Spectral analysis and
display were carried out using the Infrared Data Manager Analytical Software,
version 3.5 (Perkin-Elmer). Band positions were calculated as the averages of
central positions in 20 slices between 75 and 90% of the total peak height. The
peak positions of the CH,-symmetric stretching vibration bands were analyzed to
estimate the extent of interaction between the acyl chains of the membrane lipids
as a direct indication of the membrane fluidity. Thus, transitions in membranes
from the gel to the liquid-crystalline phase can be observed in vivo from plots of
the vibrational frequency of the absorption peaks versus the temperature at
which spectra were recorded (7). Estimation of the temperature at which half of
the hydrocarbon containing compounds had been melted (7,,) was made by
probit analysis. Using this technique, we were able to monitor possible differ-
ences in the membrane fluidities of these two strains.

Heat treatment. BHI broth (100 ml) was inoculated (0.1%, vol/vol) with an
overnight culture of wt or AKO1 L. monocytogenes and incubated with shaking
(160 rpm) at 22 or 30°C. Cells were harvested at mid-exponential phase (ODggq
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FIG. 1. Growth of wt L. monocytogenes (2) and the piezotolerant isolate AKO1 ((J) monitored by viable counts (A) and ODgg, (B). Cells were

grown in BHI broth at 30°C with shaking (160 rpm).

of 0.3 and 0.2 for the wt and AKO1, respectively), washed twice, and resuspended
in ACES buffer. Suspensions were placed in 10-ml plastic tubes (Greiner) and
incubated in a water bath at 55°C for a maximum of 20 min. At regular time
intervals, samples were taken and viability was determined.

Acid treatment. The L. monocytogenes wt strain and AKO1 were cultured at
30°C and harvested as described above. Cells were resuspended in BHI broth
adjusted to pH 2.5 with HCL. Viable counts were determined immediately after
resuspension of cells in the low-pH BHI broth and then at regular time intervals.

H,0, treatment. The resistance of wt and AKO1 L. monocytogenes to hydrogen
peroxide (H,0,) was determined for cells cultured at 30°C to mid-exponential
phase, by adding H,0, (Merck, Hohenbrunn, Germany) to a concentration of
0.2%, wt/vol. Viable counts were determined just before and at regular time
intervals after the addition of H,O,.

Growth in the presence of NaCl. To determine the maximum NaCl concen-
tration at which wt L. monocytogenes and AKO1 were able to grow, cells were
inoculated (0.3%, vol/vol) in BHI broth with final NaCl concentrations ranging
from 8 to 14% (wt/vol), increasing by 0.5% (wt/vol). Growth and final population
densities were monitored by measuring the ODgg5 at regular time intervals for a
maximum of 50 h.

RESULTS

Characterization of strain AKO01 as L. monocytogenes. The
identity of AKO1 was confirmed as L. monocytogenes by growth
on Pal-Cam Listeria selective medium, demonstration of char-
acteristic metabolic activities of L. monocytogenes in the API
zym system, and ribotyping (94% similarity with L. monocyto-
genes DUP-1042).

Microorganism and growth. The ODg,, and the viable
counts of wt and AKO1 L. monocytogenes were determined at
8, 22, or 30°C at regular time intervals. At all temperatures, the
Pmax Of the wt was higher than the w,,,, of strain AKO1. The
respective .S of the wt and AKO1 were 0.97 and 0.87 h™! at
30°C (Fig. 1A) and 0.68 and 0.60 h™* at 22°C and 0.10 h and
0.09 h~! at 8°C (data not shown). Furthermore, AKO1 showed
lower final ODggs than the wt (~0.6 versus ~0.9) (Fig. 1B)
and lower final population densities (~2.3 X 10° compared to
~6 X 10° for the wt) at all temperatures.

Microscopic examination showed immobility of strain AKO1,
while wt L. monocytogenes was motile. In addition, we observed
that cells of strain AKO1 were roughly twofold longer than wt
cells. Further examination using electron microscopic analysis

confirmed that the cells of AKO1 were elongated, and in addi-
tion, flagella were not detected in strain AKO1 (Fig. 2).

HHP resistance. The HHP resistance of mid-exponential-
phase cultures of the piezotolerant L. monocytogenes AKO1
(grown at 30°C) was higher than that of the wt strain over the
range of pressures tested (150, 200, 250, 300, 350, 400, 450, and
500 MPa), showing maximally a 2.5-log-unit difference (Fig.
3A). Notably, more than a 6-log-unit reduction in viable counts
was achieved, for both the wt and AKO1, with pressures greater
than 400 MPa. A similar difference in resistance to HHP be-
tween the wt and strain AKO1 was observed for cells grown at
8°C and harvested at mid-exponential phase. Overall, cells
grown at 8°C were maximally 1 log unit more resistant to the
whole range of pressures tested than those grown at 30°C (data
not shown).

The growth phase of cells affected the HHP resistance of
both the wt and strain AKO1. When cultures reached stationary
phase, their HHP resistance increased strongly, but also in this
case, strain AKO1 had a piezotolerance that was higher (max-
imally 5.2 log units) than that of the wt (Fig. 3B). While
pressure inactivation of more than 6 log units was achieved at
450 MPa for stationary-phase cells of the wt, pressures close to
600 MPa were required for cells of AKO1.

The reductions of the viable numbers of mid-exponential-
phase cells from strain AKO1 and the wt (grown at 30°C) were
overall 2 to 3 log units lower in milk than in ACES buffer over
the whole range of pressures (150 to 500 MPa). Again, AKO1
was more resistant to HHP than the wt (Fig. 3C).

Stability of HHP resistance. Exponential-phase cultures of
AKO1 had the same HHP resistance after ~30 and ~70 gen-
erations. Their HHP resistance was tested at 250 and 300 MPa,
resulting in 1.2- and 1.6-log-unit reductions of the viable
counts, respectively, independent the number of generations,
versus 3.4- and 4.4-log-unit reductions for the wt control cul-
tures (data not shown). This suggests that AKO1 retained its
HHP-resistant character, indicating a stable phenotype.

Phase transition temperature. The in situ membrane fluidity
and the melting curve of L. monocytogenes AKO1 were identi-
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FIG. 2. Visualization of exponentially grown cells of the wt (A) and AKO1 (B) with electron microscopy. Bars, 500 nm (A) and 200 nm

(B).

cal to those of the wt strain as determined by Fourier transform
infrared spectroscopy (data not shown). The T,, was centered
between 10 and 11°C, with the beginning of melting around
—3°C and the end of the melting around 23°C.

Heat treatment. Exponential-phase cultures of AKO1 grown
at 22°C were more resistant to heat treatment than the wt
control cells. After 20 min at 55°C, only a 0.4-log-unit reduc-
tion in viable numbers was observed for the piezotolerant
strain, compared to a 3.7-log-unit reduction of viable numbers
for the wt (Fig. 4). Similarly, subjecting mid-exponential-phase
cells of AKO1 grown at 30°C to heat treatment (55°C for 20
min) resulted in no reduction of the viable counts, while a
2.3-log-unit reduction in viable numbers was observed for the
wt (data not shown).

Acid treatment. Exponential-phase cells of the wt L. mono-
cytogenes grown at 30°C showed an approximate 1-log-higher
reduction of their viable counts during exposure to pH 2.5 for
45 min than those of strain AKO1 grown at the same temper-
ature (Fig. 5).

H,0, treatment. Exposure of both L. monocytogenes strains
to 0.2% (wt/vol) hydrogen peroxide showed that AKO1 had a
higher resistance to H,O, than the wt. During the first 40 min
of exposure, the population of AKO1 showed a reduction of
only ~0.5 log unit in the viable numbers, compared to a ~4.5-
log-unit reduction in viable numbers for the wt population.
After 60 min, the viable counts of AKO1 started to decrease,
but they remained at least 1 log unit higher than those of the
wt after 150 min (Fig. 6).

Maximum NaCl concentration for growth. The growth of wt
and AKO1 L. monocytogenes was negatively affected at increas-
ing NaCl concentrations. We did not observe marked differ-
ences between the wt and strain AKO1, and the maximum
concentration of NaCl at which growth occurred was 12.5%
(wt/vol) for both strains throughout 50 h.

DISCUSSION

In this study, we characterized the piezotolerant strain AKO1
of L. monocytogenes Scott A, which was isolated from a wt

population after exposure to HHP treatment of 400 MPa for
20 min. The survival of exponential- and stationary-phase cells
of strain AKO1 upon pressurization was more than 2 log units
higher than that of wt L. monocytogenes over a broad range of
pressures tested. The piezotolerance of AKO1 was retained for
at least 40 generations in rich medium. These results suggest a
stable phenotype, likely resulting from altered cellular proper-
ties, rather than a short-lived adaptation. The HHP phenotype
was accompanied by a slightly lower ., than that of the wt
and by altered morphological characteristics, namely, the ab-
sence of flagella and elongation of cells.

To date, only a limited number of studies have demonstrated
the occurrence of piezotolerant strains derived from microor-
ganisms that can be present in foods. To our knowledge, this is
the first report describing an L. monocytogenes piezotolerant
strain. In a study performed by Iwahashi et al. (8), piezotoler-
ant mutants of Saccharomyces cerevisiae were obtained upon
treatment of cells with mutagenic substances such as N-methyl-
N'-nitro-N-nitrosoguanidine. Furthermore, Hauben et al. (5)
reported the isolation of HHP mutants of E. coli after numer-
ous subsequent selective HHP cycles. By contrast, L. monocy-
togenes AKO1 was selected upon a single HHP cycle that re-
duced the initial wt population of ~10° CFU ml~! to such an
extent that the only colony formed on the agar was AKO1.

We investigated whether the difference in HHP tolerance
between the piezotolerant strain and the wt strain could be
attributed to altered membrane properties, since there is evi-
dence that an increased membrane fluidity of natural and ar-
tificial membranes gives rise to an increased high-pressure
resistance (15). Importantly, strain AKO1 and the wt had iden-
tical in situ membrane fluidities, indicating that the piezotol-
erant phenotype was not originating from a higher membrane
fluidity of strain AKO1 than of the wt. Similar findings have
been reported for piezotolerant E. coli mutants, which showed
no significant differences in fatty acid composition and outer
membrane properties compared with the wt strain (5). While
the difference in the piezotolerances of strain AKO1 and the wt
could not be linked to their membrane fluidities, wt and AKO1
cells grown at 8°C had similarly increased HHP resistances
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FIG. 3. Reductions in viable numbers of wt L. monocytogenes (A) and AKO1 (m) after exposure to different pressures for 20 min at 20°C. Cells
were grown in BHI broth at 30°C with shaking (160 rpm). (A) Cells were harvested in mid-exponential phase and resuspended in ACES buffer
before treatment. The detection limit was a 7-log-unit reduction of the viable counts, which was exceeded by the wt at 450 MPa and by AKO1 at
500 MPa. (B) Cells were harvested in stationary phase and resuspended in ACES buffer before treatment. The detection limit was an 8-log-cycle
reduction of the viable counts, which was exceeded by the wt at 500 MPa and by AKO1 at 600 MPa. (C) Cells were harvested in mid-exponential
phase and resuspended in semiskim milk before treatment. The detection limit was a 7-log-cycle reduction of the viable counts, which was exceeded
by the wt at 400 MPa, and by AKO1 at 500 MPa. Experiments were performed in duplicate and error bars represent standard deviations.

compared with cells grown at 30°C upon pressurization at
20°C. This can be explained by a higher membrane fluidity of
L. monocytogenes cells cultured at low temperatures compared
with 30°C (24).

The piezotolerant strain L. monocytogenes AKO1 had in-
creased resistance to heat, acid, and H,O, compared with the
wt. An increased heat resistance of piezotolerant strains of E.
coli compared to the wt has also been described by Hauben et
al. (5), who demonstrated that E coli piezotolerant mutants
were thermotolerant at 58 and 60°C but not at higher temper-
atures. In addition, Iwahashi et al. (8) reported increased ther-
motolerance of a piezotolerant mutant of S. cerevisiae com-

pared to the wt. It is possible that a number of similar cellular
properties underlie pressure and heat resistance, since both
high pressure and heat destabilize the quaternary structure of
proteins (9). This is supported by the findings that E. coli wt
cells showed an induced expression of 55 proteins upon expo-
sure to a pressure upshift to 55 MPa, many of which are also
induced by heat shock (26). A correlation between pressure
resistance and resistance to organic acids has previously been
established for a variety of strains from different species (2),
while increased oxygen tolerance was observed for a piezotol-
erant mutant of S. cerevisiae (8). Although it is not clear what
mechanisms underlie the increased resistance of the piezotol-
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FIG. 4. Effect of heat treatment at 55°C on viable numbers of wt L.
monocytogenes (A) and AKO1 (m). The viability of both cultures in
absence of heat treatment is also represented for the wt (A) and AKO1
(O). Cells were cultivated aerobically at 22°C in BHI broth (pH 7),
harvested, and resuspended in ACES buffer (50 mM, pH 7.0) before
treatment. Values are means of triplicate measurements from a rep-
resentative experiment. Bars represent standard deviations (n = 3)

erant strain to the different stresses, it could possibly be attrib-
uted to altered expression levels of proteins involved in the
(general) stress response. Furthermore, the piezotolerance of
strain AKO1 and the wt was increased in the stationary phase
compared with the exponential phase of growth, which might
be related to the increased expression of genes involved in
stationary-phase stress survival (13).

Important in relation to food processing is our observation
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FIG. 5. Effect of exposure to pH 2.5 on viable numbers of wt L.
monocytogenes (A) and the piezotolerant strain AKO1 (m). The viabil-
ity of both cultures in absence of HCI at pH 7 is also represented for
the wt (A) and the piezotolerant strain (OJ). Cells were cultivated
aerobically at 30°C in BHI broth (pH 7). Experiments were performed
in BHI broth adjusted to pH 2.5 with HCI. Values are means of
triplicate measurements from a representative experiment. Bars rep-
resent standard deviations (n = 3)
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FIG. 6. Effect of exposure to 0.2% H,O, on viable numbers of wt L.
monocytogenes (A) and the piezotolerant strain AKO1 (m). Experi-
ments were performed in BHI broth, at 30°C, with shaking, in the
absence of light. Values are means of triplicate measurements from a
representative experiment. Bars represent standard deviations (n = 3).

that reductions in viable numbers of the wt and the AKO1
strain were lower upon pressurization in milk than in buffer. A
lower sensitivity of cells to HHP treatment in milk and other
food matrices has previously been observed (18, 23, 17) and
has been attributed to the protective effect of food components
like sugars, free amino acids, and vitamins (17). On the other
hand, it has been shown that HHP treatment combined with
other preservation factors has a synergistic effect on the inac-
tivation of microorganisms. We recently demonstrated that
combined treatment with HHP and the essential oil compound
carvacrol had a strong synergistic effects (10), while other au-
thors demonstrated an effective control of pressure-resistant
food-borne microbes by combined treatment with HHP and
acid (2).

The piezotolerance observed for AKO1 is quite significant
considering that pressures in the range of 300 to 600 MPa are
selected for pasteurization purposes (17) and that this resis-
tance could increase in certain cases due to protective effects of
some food constituents (17, 23). The application and optimi-
zation of combined processing in food systems therefore seems
to be required to ensure effective inactivation of pressure-
resistant strains in foods. Furthermore, the occurrence of pi-
ezotolerant isolates urges further investigation of the mecha-
nisms underlying HHP resistance of microorganisms. Using
protein two-dimensional gel electrophoresis, we have been
able to identify proteins that are differentially expressed in the
wt strain and the piezotolerant strain AKO1. We recently ob-
tained evidence that a single mutation in a key regulator of
stress proteins is responsible for the observed phenotype of
strain AKO1. Such insights may resolve problems caused by
phenomena like tailing and contribute to the design of safe,
accurate, and feasible HHP treatments.
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