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A random library of Escherichia coli MG1655 genomic fragments fused to a promoterless green fluorescent
protein (GFP) gene was constructed and screened by differential fluorescence induction for promoters that are
induced after exposure to a sublethal high hydrostatic pressure stress. This screening yielded three promoters
of genes belonging to the heat shock regulon (dnaK, lon, clpPX), suggesting a role for heat shock proteins in
protection against, and/or repair of, damage caused by high pressure. Several further observations provide
additional support for this hypothesis: (i) the expression of rpoH, encoding the heat shock-specific sigma factor
�32, was also induced by high pressure; (ii) heat shock rendered E. coli significantly more resistant to
subsequent high-pressure inactivation, and this heat shock-induced pressure resistance followed the same time
course as the induction of heat shock genes; (iii) basal expression levels of GFP from heat shock promoters,
and expression of several heat shock proteins as determined by two-dimensional sodium dodecyl sulfate-
polyacrylamide gel electrophoresis of proteins extracted from pulse-labeled cells, was increased in three
previously isolated pressure-resistant mutants of E. coli compared to wild-type levels.

One of the mechanisms that bacteria have developed to
survive in unfavorable conditions is the ability to respond to
stress situations. This stress response is mediated by a changed
pattern of gene expression that typically results in an increased
tolerance of the bacteria for the stress factor that triggered the
response and usually also for a number of other stress factors
(25, 26, 44). For the last 10 years stress responses to different
types of stress have been intensively studied in various bacteria,
and the genetic regulation and interaction between different
stress regulons is well understood in model organisms such as
Escherichia coli (2, 17, 51). On the other hand, the mechanisms
of bacterial perception of most stresses remain ill defined.

In the field of food preservation, where stress is applied to
inhibit or inactivate food-borne pathogens and spoilage organ-
isms, the development of an adaptive stress tolerance response
is highly relevant, particularly in so-called minimally processed
and preserved foods, in which inhibition or inactivation relies
on the synergistic combination of multiple stresses in low doses
(13, 34, 45). The most commonly encountered stresses in foods
are high or low temperature, high salt, and low pH, and the
stress response to each of these factors has been characterized
in some detail for important food-borne pathogens, such as
Salmonella spp., E. coli O157:H7, and Listeria monocytogenes
(6, 7). However, a number of new techniques for food preser-
vation are emerging that make use of other types of stress. One
of the most advanced of these is treatment by high hydrostatic
pressure (HHP; 200 to 1,000 MPa) (14, 32), and research on
the effects of pressure on the microbial stability and safety of
foods has vastly expanded over the last few years (35, 48). At

a more fundamental level, several studies have provided infor-
mation on specific cellular targets of HHP in an attempt to
identify the ultimate cause(s) of cellular inactivation. Many in
vitro studies with purified proteins and with membrane vesicles
have indicated that HHP can cause protein denaturation and
affect membrane fluidity, effects which were predicted from
thermodynamic principles (3, 18). Most in vivo observations on
living cells exposed to HHP can be linked to these two effects:
inhibition of key enzymes (43, 49); and inactivation of cellular
structures and processes, including transcription (9), ribo-
somes (39), microtubules (33) and membrane proteins (46),
and structural and functional disruption of the cell membrane
(11, 42). Remarkable differences exist in the pressure sensitiv-
ity among bacterial species and even strains (1, 4), and several
groups have reported the isolation of mutants with acquired
HHP resistance (12, 16, 27). The bacterial response to high
pressure has been studied mainly in deep-sea bacteria (20, 21,
29, 30, 59). However, because these works were conducted with
piezotolerant and piezophilic bacteria under conditions that
support growth (�100 MPa), it cannot be extrapolated to pi-
ezosensitive food-borne organisms exposed to pressure levels
that cause inactivation (�100 MPa).

The first information on the cellular response of E. coli
towards HHP was provided by Welch et al. (57), who demon-
strated the induction of a specific set of proteins during growth
of E. coli at pressures up to 100 MPa. Many of the induced
proteins were identified as cold shock and heat shock proteins,
including several chaperones, thus suggesting protein manage-
ment as an important activity in cells growing at sublethal
pressures. Expression of the lac promoter was also induced in
E. coli at 30 MPa (31). Studies on the response of E. coli after
brief exposure to an HHP shock at pressures that inhibit
growth and protein synthesis have not been conducted to date
but could provide insight into the nature of the cellular targets
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of high pressure and in high-pressure resistance mechanisms in
E. coli. This information can be used to optimize HHP pas-
teurization processes of food. In this study we screened for
promoters that are induced and proteins that are increasingly
produced in E. coli subsequent to HHP shock and that provide
several indications for a role of heat shock proteins in HHP
resistance in E. coli.

MATERIALS AND METHODS

Strains and growth conditions. E. coli strain MG1655 (5, 15) and its pressure-
resistant mutants LMM1010, LMM1020, and LMM1030 (16) were used in this
study (Table 1). Overnight cultures were obtained by growth in Luria-Bertani
(LB) broth (36) for 21 h at 37°C under well-aerated conditions. Ampicillin was
added when necessary to a final concentration of 100 �g/ml (Ap100; Applichem,
Darmstadt, Germany).

Construction of a promoter trap library of MG1655. Fragments of 1 to 3 kb of
a partial Sau3AI digest of MG1655 chromosomal DNA were isolated from an
agarose gel after electrophoresis with the High Pure PCR Product Purification
kit (Roche Diagnostics Belgium, Vilvoorde, Belgium). This sized genomic DNA
was ligated in the dephosphorylated BamHI site of pFPV25 (53), upstream of the
promoterless gfp gene. After transformation of this ligation mixture to MG1655,
approximately 15,000 independent clones were isolated on LB agar Ap100, pu-
rified, and stored at �80°C individually in microplate wells as well as in pools of
500 clones in cryo vials. Restriction analysis of ca. 500 random clones revealed
less than 1% of clones with no insert.

Screening of the promoter trap library with DFI. The differential fluorescence
induction (DFI) technique has been described earlier by Valdivia and Falkow
(53), but it was slightly customized for isolating HHP-induced promoters. Five
microliters of a glycerol stock containing a pool of 500 random clones was
inoculated in 4 ml of LB Ap100. Stationary-phase cultures of five such pools were
combined 1:500 in 4 ml of fresh prewarmed LB Ap100, resulting in a pool of ca.
2,500 clones. This pool was grown further at 37°C until the (OD600) reached 0.6.
Cells from 1 ml of this late-exponential culture were subsequently harvested by
centrifugation (5 min at 6,000 � g) and resuspended in the same volume of fresh
prewarmed LB. This culture was next sealed without air bubbles in a polyethyl-
ene bag and was pressurized to 150 MPa for 15 min in an 8-ml pressure vessel
maintained at 20°C with an external cooling circuit (Resato, Roden, The Neth-
erlands). After pressurization the culture was recovered and incubated at 37°C
with aeration for an additional 4 h to allow green fluorescent protein (GFP)
expression. After this expression period, cell sorting was performed by using a
FACSCalibur apparatus (Becton Dickinson, Erembodegem, Belgium) fitted with
an argon laser emitting at 488 nm. Bacteria were detected by forward scatter, side
scatter, and fluorescence with logarithmic amplifiers. The flow rate for sorting
bacteria was adjusted to 1,500 events/s. GFP-producing cells, representing ca.
17% of the total cell population, were divided into two fractions according to
their fluorescence: the 80% least and the 20% most GFP-containing cells. Of
each fraction, ca. 106 cells were sorted and grown overnight in LB Ap100 (positive

selection). Subsequently these cultures were diluted 1:100 in fresh LB Ap100 and
grown to late exponential phase as described above. The cells were harvested and
resuspended in fresh LB as before, but this time the HHP treatment was omitted.
After 4 h both cultures were sorted for the fractions of cells expressing less GFP
than their induced counterparts (negative selection). The obtained fractions
were grown overnight in LB Ap100 and went through positive and negative
selection once again for enrichment of HHP-inducible clones. Afterwards cul-
tures were plated out on LB agar Ap100, and 50 to 100 clones were individually
checked for HHP induction as described below. In total, ca. 10,000 clones were
screened in this fashion. Promoters inducible by HHP were sequenced.

Induction experiments. Overnight cultures were diluted 1:100 in fresh pre-
warmed LB Ap100 and were further incubated until late exponential phase
(OD600 � 0.6). Portions (4 ml) of this culture were then pelleted by centrifuga-
tion (5 min at 6,000 � g) and resuspended in the same volume of fresh pre-
warmed LB. For heat shock induction, 500 �l of this suspension was placed in a
water bath at 50°C for 15 min. For HHP induction, 500 �l of suspension was
sealed without air bubbles in a polyethylene bag and pressurized for 15 min in an
8-ml pressure vessel maintained at 20°C. Pressurization caused some adiabatic
heating of the sample; however, this heating was less than 3°C at 150 MPa, which
was the maximum inducing pressure used in this study. After induction, cultures
were maintained at room temperature and used for the measurement of gfp
induction or for determination of resistance to HHP inactivation.

GFP fluorescence measurements. For induction experiments, 300-�l samples
were transferred to microplate wells and placed in a Fluoroscan Ascent FL
(Thermolabsystems, Brussels, Belgium). For measurement of basal (nonin-
duced) expression, 300-�l cultures were grown overnight in a microplate at 37°C
with orbital shaking (200 rpm). These cultures were subsequently diluted 1:100
in 300 �l of fresh prewarmed LB in a new microplate and were placed in the
fluorescence reader. Fluorescence at 520 nm was then measured at 60-min
intervals with intermittent shaking (every 5 min) at 37°C, using an excitation
wavelength of 480 nm. Fluorescence data shown are representative results of at
least four repetitions.

Determination of HHP resistance of heat-shocked cells. At different times
after induction, heat-shocked and control cells, the latter obtained from the same
culture but without pretreatment at 50°C, were sealed in polyethylene bags and
pressurized together at 250 MPa as described above. Adiabatic heating of the
samples at 250 MPa was less than 5°C. Serial dilutions were subsequently made
from pressurized and nonpressurized samples and were plated on Tryptone Soy
Agar (Oxoid, Basingstoke, United Kingdom) with a spiral plater (Spiral Systems
Inc., Cincinnati, Ohio). Twenty-four hours later colonies on the plates were
counted, and reduction factors (RF) were determined with the following equa-
tion: RF � (CFU per milliliter of nonpressurized sample)/(CFU per milliliter of
pressurized sample).

Construction of plasmids. Specific GFP transcriptional fusions were con-
structed in pFPV25 with the promoter regions of lon, clpPX, dnaK, and rpoH
(�32), which were obtained by PCR (Platinum Pfx DNA polymerase; Invitrogen,
Merelbeke, Belgium) by using the following primers: 5	-CAGTGGATCCGTC
GGTAATTGATGGTC-3	 and 5	-CAGTTCTAGATTATACGGGGATTTCA
ATGCG-3	 for lon; 5	-GACTGGATCCCTGTTGAAGCTGTACTGG-3	 and
5	-GACTTCTAGATTAGTTATCTCGTTCGCCGC-3	 for clpPX; 5	-TACGG
GATCCCAATTTTACGTCTTGTCCTGC-3	 and 5	-TAGCTCTAGACTTAG
CCCATCTAAACGTCTC-3	 for dnaK; and 5	-GATCTCTAGATTATGCCCG
GATGTAGGA-3	 and 5	-GTAAGGATCCGCTGCGATTGTCATC-3	 for
rpoH. All four PCR products and pFPV25 were cut with BamHI and XbaI to
allow directional cloning of the promoters upstream of gfp, resulting in pAA210,
pAA211, pAA212, and pAA213, respectively (Table 1). These constructs were
subsequently confirmed by sequencing the promoter fragment and the gfp 5	 end
and were transformed to MG1655, LMM1010, LMM1020, and LMM1030. All
restriction enzymes were purchased from Roche Diagnostics Belgium.

Two-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(2D–SDS-PAGE) analyses. For analysis of protein synthesis, strains were grown
aerobically at 37°C in M9 salts (36) supplemented with a solution of 0.04%
glucose, 0.01 mM thiamine, 0.2 mM adenine, guanine, cytosine, and uracil bases
and an amino acid mix as described by Wanner et al. (56). Overnight cultures in
supplemented M9 medium were diluted 20-fold into 5 ml of the same medium,
grown to an OD420 of 0.5, and diluted 10-fold into 10 ml of the same medium.
These cultures were labeled for 5 min with 50 �Ci of [35S]methionine (1,000
Ci/mmol) (Amersham, Uppsala, Sweden)/ml and chased for 3 min with 0.02 M
unlabeled methionine at the onset of stationary phase.

Cell extracts were analyzed by two-dimensional polyacrylamide gels by the
method of O’Farrell (41), with modifications (54). Protein spots were visualized
by autoradiography and were identified by matching their x–y coordinates to the
reference gel of the gene-protein database of E. coli (19, 50, 52, 55). Autoradio-

TABLE 1. Strains and plasmids used in this study

Strain or
plasmid Characteristic(s) Reference

or source

E. coli
MG1655 rph-1 F� lam� 5, 15
LMM1010 HHP-resistant derivative of MG1655 16
LMM1020 HHP-resistant derivative of MG1655 16
LMM1030 HHP-resistant derivative of MG1655 16

Plasmids
pFPV25 Contains promoterless GFP 53
pAA210 lon-gfp transcription fusion cloned in

pFPV25
This study

pAA211 clpPX-gfp transcription fusion cloned
in pFPV25

This study

pAA212 dnaK-gfp transcription fusion cloned
in pFPV25

This study

pAA213 rpoH-gfp transcription fusion cloned
in pFPV25

This study
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grams shown from two-dimensional analyses are representative results from two
repetitions.

Sequencing. Inserts in the pFPV25 plasmid were sequenced by MWG Biotech
AG (Ebersberg, Germany), with 5	-GACAAGTGTTGGCCATGGAACAGGT
AG-3	 in the 5	 region of gfp as the sequencing primer.

RESULTS

HHP induces heat shock genes. DFI screening of ca. 10,000
clones of a gfp promoter probe library of MG1655, stressed by
sublethal pressures, resulted in the isolation of a number of
HHP-inducible clones. Sequencing revealed that three of these
clones contained a heat shock-related promoter upstream of
gfp from the genes encoding the Lon protease, the DnaK
chaperone, and the ClpPX protease. The presence of func-
tional heat shock promoters in these clones could be confirmed
by heat shock induction of GFP expression.

To confirm HHP shock induction of dnaK, lon, and clpPX,
three new, precisely defined gfp transcription fusions were con-
structed with these genes. In addition, because the heat shock
regulon is under the control of �32, an additional gfp fusion was
made with the rpoH gene encoding �32. These constructs were
confirmed by sequencing and were inducible by heat shock.
Transcription of all four heat shock genes was also stimulated
by pressure shock (Fig. 1). The induction of gene expression
was dependent on the intensity of the pressure shock, with only
a marginal increase when cells were treated at 75 MPa and a
more substantial increase at 150 MPa. Pressures of 200 MPa
and higher inactivated the majority of cells, thereby precluding
measurement of gene induction under these conditions (data
not shown).

Heat shock-induced pressure resistance. To investigate
whether induction of heat shock genes results in increased
pressure resistance, wild-type MG1655 cells were subjected to
heat shock and subsequently were pressurized. Heat-shocked
cells were strongly protected against HHP inactivation, show-
ing hundreds-fold higher survival than non-heat-shocked cells
upon pressurization at 250 MPa (Fig. 2). In addition, the in-
crease in dnaK transcription after heat shock treatment paral-
leled the development of increased HHP resistance. (For Fig.
2 it should be noted that, due to intramolecular cyclization
resulting in fluorochrome formation of the GFP protein, flu-
orescence considerably lags gfp expression. To estimate this lag
time under our conditions, an arabinose-inducible promoter
was cloned in pFPV25 upstream of gfp, and a 60-min lag time
was observed between induction with arabinose and fluores-
cence detection [data not shown]). Much lower levels of dnaK
induction and of HHP resistance occurred when the heat shock
treatment was conducted in a buffer in the absence of nutrients
(data not shown). Taken together, these results strongly sug-
gest that the protective effect of heat shock on the HHP inac-
tivation of E. coli is due to the induction of heat shock proteins.
Conversely, we failed to increase heat or pressure resistance of
E. coli by pressure shock (data not shown).

HHP-resistant mutants of MG1655 display increased basal
expression of heat shock proteins. Basal expression levels of
lon, clpPX, and dnaK during growth at 37°C in LB broth were
strongly elevated in pressure-resistant mutants LMM1010 and
LMM1030 and were slightly elevated in pressure-resistant mu-
tant LMM1020 compared to the pressure resistance of paren-
tal strain MG1655 (Fig. 3). This difference in GFP expression

reflected a true differential expression, because growth curves
of the different strains were identical (except for LMM1030,
which has a slightly lower cell count in stationary phase) and
because it was confirmed by observation of individual cells by
fluorescence microscopy (data not shown). Basal transcription
of rpoH was higher only in LMM1030. However, because �32 is
subject to multiple posttranscriptional control mechanisms, the
expression level of the rpoH gene is a poor indicator of �32

activity. Nevertheless, the elevated transcription levels of lon,
clpPX, and dnaK are suggestive of an increased �32 activity in
all the pressure-resistant strains.

To complement these findings of increased heat shock gene
expression with evidence at the protein level, protein synthesis
was studied by 2D–SDS-PAGE analysis of pulse-labeled
MG1655 and its HHP-resistant mutants (Fig. 4). Several heat
shock proteins could be identified on the gels that were more
strongly expressed in mutants LMM1010 and LMM1030 than
in the parental strain: DnaK, GroEL, GroES, GrpE, ClpB, and
HtpG. The levels of some, but not all, of these proteins also

FIG. 1. Induction of GFP expression by treatment with 75 MPa
(�), 150 MPa (Œ), or 50°C (—) for 15 min. Noninduced control (■ )
cells were kept at 20°C during pretreatment. Transcription was assayed
from rpoH, lon, clpPX, and dnaK promoter fusions with gfp. Rfu,
relative fluorescence units.
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appeared to be elevated in mutant LMM1020, but less clearly
so. These findings correspond well with results from the re-
porter fusion expression studies.

DISCUSSION

Because there are no reports, to our knowledge, on the
genetics of bacterial HHP responses, we initiated a DFI (53)
analysis of gene expression triggered by pressure treatment of
E. coli MG1655. This analysis revealed that several heat shock
genes were induced after exposure to sublethal pressures.
These results resemble those of Welch et al. (57) who, by
2D–SDS-PAGE analyses, observed increased relative rates of
synthesis of a set of heat shock proteins in anaerobic cultures
of E. coli growing at 55 MPa compared to those of cultures
grown at atmospheric pressure. However, the results in the
latter study were obtained with cells growing at elevated pres-
sure, whereas we studied gene expression in cells during re-
covery after exposure to a growth-inhibiting level of pressure.

Interestingly, HHP (150 MPa) induction of lon, clpPX, and
dnaK transcription appears to be slower and weaker than heat
shock (50°C) induction, although both treatments caused sim-
ilar lag time before resumption of growth (data not shown).
Therefore, the different patterns and levels of induction are
likely to reflect subtle differences in cellular damage imposed
by heat and HHP. In addition, the slow induction of heat shock
proteins by HHP treatment may explain our failure to induce
heat or pressure resistance by pressure shock (data not shown)
in E. coli. A similar finding was reported by Fernandes et al.
(10), who failed to induce pressure resistance in Saccharomyces
cerevisiae by mild pressure pretreatment.

On the other hand, heat shock protein production upon
temperature upshift occurred rapidly, and we could clearly
demonstrate heat shock-induced pressure resistance in strain
MG1655. This effect was reduced when induction was per-
formed in the absence of nutrients (data not shown). Interest-
ingly, for a specific E. coli isolate, Pagan and Mackey (42)

observed pressure resistance in the absence of nutrients as a
result of prolonged heat shock (45°C for 45 min) in phosphate
buffer; however, this effect could be entirely attributed to
plasma membrane stabilization. Taken together with the ob-
servation that pressure resistance observed in this study was
correlated with the level of dnaK expression, our data strongly
suggest that heat shock proteins prevent cellular damage
and/or aid cell recovery. Heat shock-mediated HHP resistance
has also been reported for S. cerevisiae, and further studies
revealed the importance of heat shock proteins Hsc70 and
Hsp104 in the pressure resistance of this yeast (22, 23, 24). In
addition, the link between heat shock protein induction and
HHP seems to extend to mammalian cells, because Elo et al.
(8) observed induction of Hsp70 and Hsp90 in chondrocytic
cells stressed by physiologic pressures of 30 MPa. More re-
cently, cold shock also has been shown to affect HHP resis-
tance in Staphylococcus aureus and L. monocytogenes (40, 58).
To our knowledge, this study provides the first evidence of heat
shock-induced HHP resistance in E. coli as well as a clue to the
mechanism underlying this induced resistance.

FIG. 2. HHP reduction factors (250 MPa for 15 min) of heat-
shocked and non-heat-shocked cells at different time intervals after
pretreatment (bars). dnaK expression was assayed at the same time
(line with black squares, control cells; line with gray triangles, heat-
shocked cells) by pAA212. Rfu, relative fluorescence units.

FIG. 3. Basal expression levels of rpoH, lon, clpPX, and dnaK pro-
moter fusions with gfp in wild-type MG1655 (■ ) and its pressure-
resistant mutants LMM1010 (�), LMM1020 (Œ), and LMM1030 (—).
Rfu, relative fluorescence units.
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Because induction of heat shock proteins apparently pro-
tects wild-type E. coli strain MG1655, we further investigated
whether they also play a role in the pressure resistance of three
independently isolated pressure-resistant mutants of MG1655
(16). As shown in Fig. 3, all three mutants displayed increased
expression of lon, clpPX, and dnaK without any induction by
heat or pressure. Overall, mutant LMM1030 had the highest
expression levels, followed by mutant LMM1010 and finally
mutant LMM1020. In addition, it appeared from the subse-
quent two-dimensional analysis of protein synthesis that mu-
tants LMM1010 and LMM1030 had higher constitutive levels
of several heat shock proteins, including DnaK, GroEL,

GroES, GrpE, ClpB, and HtpG (Fig. 4). For mutant
LMM1020 this was not the case, and this could be a reflection
of the lower transcription rate of the heat shock genes in this
strain. Previous observations showed that these mutants were
also more resistant (although not always statistically signifi-
cant) to heat inactivation at 58 to 60°C (16), and this agrees
well with the increased heat shock protein expression observed
in this study. Comparison of protein expression patterns also
revealed differences in proteins other than these heat shock
proteins, but we were unable to identify the majority of these
protein spots because they were not assigned in the E. coli
gene-protein database (19, 50, 52, 55).

FIG. 4. Two-dimensional autoradiograms of protein expression profiles in MG1655 (A), LMM1010 (B), LMM1020 (C), and LMM1030 (D) in
late exponential phase at 37°C in supplemented M9 medium. Numbers mark heat shock proteins: 1, DnaK; 2, GroEL; 3, GrpE; 4, GroES; 5, ClpB;
6, HtpG. The letters a and b mark unidentified proteins with altered expression in the mutants. The presence of two ClpB spots is due to the
presence of two translational starts on the clpB mRNA (50).
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Interestingly, some studies observed a correlation between
heat and pressure resistance among natural isolates of E. coli
(1, 4). Other studies, in which HHP-resistant mutants of E. coli
(16) and of L. monocytogenes (27) were isolated after selection,
also found that HHP resistance coincided with increased heat
resistance. In E. coli O157:H7, the natural variation in pressure
resistance was suggested to be correlated to the activity of the
stationary-phase sigma factor (47). In L. monocytogenes, pres-
sure resistance was caused by a mutation in CtsR, a negative
regulator of class III heat shock genes, and was accompanied
by enhanced expression of these genes and by enhanced heat
resistance (28). Judging from the data shown in Fig. 3, one
might consider overexpression of �32 to be at the basis of high
pressure resistance in the MG1655 mutants, particularly in
LMM1030. It should be taken into account, however, that �32

mRNA is not readily accessible for the translational apparatus
due to secondary structures that can be resolved by heat (37,
38). Consequently, because these mutants are pressure resis-
tant without heat shock induction, an additional mechanism
must be active. Moreover, episomal expression of �32 mRNA
from a tac promoter had no effect on pressure resistance in
MG1655 (data not shown). Attempts are presently being un-
dertaken to isolate the determinant responsible for this altered
expression of heat shock genes.

Our findings suggest a causative relationship between the
expression of heat shock proteins and pressure resistance in E.
coli, emphasizing proteome alteration as the primary target of
inactivation by pressure. More specifically, heat shock protein-
based pressure resistance can occur in two different forms:
transient pressure resistance, induced by heat shock, and ac-
quired pressure resistance, achieved by selection after re-
peated exposures to high pressure. These results may have
important consequences for the use of high-pressure treat-
ment, particularly in combination with mild heat treatment, for
food preservation. It should be noted, however, that our
screening of the promoter trap library with the DFI technique
was not exhaustive, and HHP induction of other genes or
pathways might prove relevant in the future.
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