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High hydrostatic pressure (HHP) processing is becoming a valuable nonthermal food pasteurization technique, although there
is reasonable concern that bacterial HHP resistance could compromise the safety and stability of HHP-processed foods. While
the degree of natural HHP resistance has already been shown to vary greatly among and within bacterial species, a still unre-
solved question remains as to what extent different food-borne pathogens can actually develop HHP resistance. In this study, we
therefore examined and compared the intrinsic potentials for HHP resistance development among strains of Escherichia coli,
Shigella flexneri, Salmonella enterica serovars Typhimurium and Enteritidis, Yersinia enterocolitica, Aeromonas hydrophila,
Pseudomonas aeruginosa, and Listeria innocua using a selective enrichment approach. Interestingly, of all strains examined, the
acquisition of extreme HHP resistance could be detected in only some of the E. coli strains, indicating that a specific genetic pre-
disposition might be required for resistance development. Furthermore, once acquired, HHP resistance proved to be a very sta-
ble trait that was maintained for >80 generations in the absence of HHP exposure. Finally, at the mechanistic level, HHP resis-
tance was not necessarily linked to derepression of the heat shock genes and was not related to the phenomenon of persistence.

High hydrostatic pressure (HHP) processing is currently consid-
ered as one of the most promising nonthermal food preservation

techniques and is being used for the commercial pasteurization of an
increasing number of food products (7, 18). Typically, pressures in
the range of 200 to 600 MPa are applied to inactivate food-borne
pathogens and spoilage microorganisms, in order to enhance the
safety and extend the shelf life of the product (5, 10, 17, 27). Since this
process can be conducted at ambient temperature or in refrigerated
conditions, products generally incur less deterioration of nutritional
value, flavor, color, and texture than occurs with heating (19).

A sustained further exploitation of HHP technology in the
food industry, however, requires a more profound understanding
of the impact of pressure on microorganisms. In this context, for
reasons still not understood, it appears that the susceptibility of
vegetative bacteria to HHP varies significantly among different
genera and species (2, 28), and even within species as well (4, 23,
31). Indeed, when exposure is to an identical HHP treatment (345
MPa, 5 min, 25°C), the difference in inactivation among different
strains of Listeria monocytogenes or Escherichia coli O157:H7 can
amount up to 3.5 and 5.6 log cycles, respectively (2). Moreover,
studies with E. coli and L. monocytogenes have further revealed that
HHP resistance seems to be a trait that can be readily acquired (9,
13, 34). As such, Karatzas et al. (13–15) obtained HHP-resistant
mutants of L. monocytogenes Scott A from the small fraction of
cells surviving a single HHP shock of 400 MPa (20 min). These
spontaneous mutants were typically impaired in the CtsR regula-
tor, which represses type 3 heat shock proteins, and de novo intro-
duction of a ctsR-null allele correspondingly imposed HHP resis-
tance on L. monocytogenes. Interestingly, because of a short but
unstable tandem repeat tract in the ctsR gene, it was shown that
ctsR mutants actually constituted a preexisting subpopulation in
stationary-phase cultures of L. monocytogenes originating from a
wild-type inoculum, which explained their isolation already after
a single HHP shock (14, 15). In contrast, our group demonstrated
the isolation of extremely HHP-resistant mutants of E. coli
MG1655 (up to 2 GPa) during a selective enrichment approach

based on consecutive cycles of increasingly severe HHP shocks
with intermittent resuscitation and outgrowth of the surviving
population (9, 34). While their level of HHP resistance by far
exceeds that of the L. monocytogenes ctsR mutants, these E. coli
MG1655 mutants similarly displayed derepression of a number of
heat shock genes (1). Unfortunately, the genetic basis of this ex-
treme HHP resistance in E. coli still remains elusive, although it
can reasonably be anticipated that a number of different muta-
tions are required and that the corresponding mutants concomi-
tantly do not naturally preexist in a wild-type population of E. coli
MG1655. Spurred by the apparent potential of E. coli MG1655 to
develop extreme HHP resistance, and by the importance of this
phenomenon for the efficacy and safety of HHP processing, we
investigated how readily this trait could evolve in food-related
pathogens and how stably it would be maintained in the absence
of HHP exposure.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The different bacteria used in
this work are listed in Table 1. E. coli 536 was kindly provided by Erick
Denamur (Inserm U722, Paris, France), while the E. coli MG1655A7 mu-
tant as well as its corresponding parental strain (i.e., E. coli MG21) was
kindly provided by Nathalie Questembert-Balaban (Hebrew University,
Jerusalem, Israel).

Unless stated otherwise, stationary-phase cultures were obtained by
aerobic growth with shaking (200 rpm) for 23 h in tryptone soy broth
(TSB) (Oxoid, Basingstoke, United Kingdom) at 30°C (Pseudomonas
aeruginosa, Aeromonas hydrophila, Yersinia enterocolitica, and Listeria in-
nocua) or at 37°C (E. coli, Salmonella enterica serovars Typhimurium and
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Enteritidis, and Shigella flexneri). When necessary, a final concentration of
100 �g/ml ampicillin (Ap100; Applichem, Darmstadt, Germany) was used
to select for the presence of pAA212 (encoding the promoter of the dnaK
heat shock gene upstream of the green fluorescent protein gene [gfp]; i.e.,
PdnaK-gfp reporter) (Table 1).

During serial passaging (in the absence of HHP treatment), station-
ary-phase cultures were repeatedly diluted 1/10,000 in prewarmed TSB
and grown overnight (24 h) to stationary phase again, until successive
growth for ca. 80 generations was achieved (i.e., 6 growth cycles).

Treatment with HHP. Cells from a stationary-phase culture were har-
vested by centrifugation (4,000 � g; 5 min) and resuspended in an equal
volume of 0.85% KCl. Subsequently, 200 �l of the suspension was heat
sealed in a sterile polyethylene bag after exclusion of the air bubbles and
subjected to high hydrostatic pressure (HHP) (100 to 800 MPa) for 15
min in an 8-ml pressure vessel (Resato, Roden, The Netherlands), held at
20°C with an external water jacket connected to a cryostat. Please note that
both the slow pressure increase (100 MPa/min) and the external water
jacket attenuate adiabatic heating during pressure build-up, and conser-
vative estimates indicate only a transient increase in sample temperature
of �13°C at 800 MPa. Finally, decompression was almost instantaneous.
After HHP treatment, the culture was used for determination of viability
(see below). During the selection procedure for HHP-resistant mutants,
an HHP-treated culture was also inoculated 1/100 into fresh, prewarmed
TSB and regrown for 23 h at the appropriate temperature (30 or 37°C)
prior to a next round of pressurization.

Determination of viability. Appropriate dilutions of a sample were
prepared in 0.85% KCl with 0.1% peptone (i.e., peptone physiological salt
[PPS]) and subsequently spread plated (100 �l) or spot plated (5 �l) on
tryptone soy agar (TSA). After 24 h of incubation at the optimal growth
temperature for the respective bacterium (e.g., 30 or 37°C; see above), the
plates were counted and the logarithmic reduction factor was calculated as
log(N0/N), in which N0 and N represent the number of survivors in CFU
per ml prior and after the HHP treatment, respectively. Please note that
the detection limit was 10 or 200 CFU/ml for spread- or spot-plated sam-
ples, respectively.

Determination of growth curves. In order to compare growth curves
among different strains, the optical density at 600 nm (OD600) of growing
cultures was measured over time using a Bioscreen C plate-reader system
(Thermo Labsystems Oy, Helsinki, Finland). For each experiment con-
ducted on the Bioscreen C system, stationary-phase precultures were
grown overnight as described above, after which the culture was diluted to
approximately 105 CFU/ml in prewarmed lysogeny broth (LB) (24). Next,
300 �l of the corresponding suspension was placed in a honeycomb well
and incubated in the Bioscreen C system for a 24-h period at 37°C, with
regular shaking and automatic OD600 measurements every 10 min.
Growth curves were averaged across three replicate cultures, and standard
variations were �8.5%.

Measurement of PdnaK-gfp expression. Strains of E. coli were first
transformed with pAA212 (encoding PdnaK-gfp) by electroporation and
subsequently purified. For measurement of basal PdnaK-gfp expression,
cultures of the corresponding strains were grown to stationary phase in LB
Ap100 at 37°C prior to analysis of GFP fluorescence. For measurement of
induction by heat shock, on the other hand, stationary cultures were di-
luted 1/100 in fresh prewarmed LB Ap100 and further incubated at 37°C
until late exponential phase (OD600 � 0.6). Portions (1 ml) of these cul-
tures were subsequently pelleted by centrifugation (4,000 � g; 5 min) and
resuspended in the same volume of fresh prewarmed LB, after which an
aliquot (500 �l) was placed in a water bath at 50°C for 15 min. Heat-
shocked and untreated control cultures were maintained at 37°C for 5 h
prior to measurement of GFP fluorescence.

For measurement of GFP fluorescence, 200-�l samples were trans-
ferred to microplate wells and placed in a Fluoroscan Ascent FL (Thermo
Labsystems, Brussels, Belgium), after which fluorescence at 520 nm was
measured using an excitation wavelength of 480 nm. The obtained fluo-
rescence values were subsequently divided by the OD600 of the same sam-
ple and expressed as relative fluorescence units (i.e., RFU � fluorescence/
OD600).

Determination of persistent fraction with ampicillin. To determine
the fraction of persister cells, the method as described by De Groote et al.
(6) was adapted. Briefly, stationary-phase cultures were diluted 1/100 in 4

TABLE 1 Bacterial strains and plasmids used in this study

Bacterium or plasmid Characteristic Source or reference

Bacteria
E. coli

MG1655 Parental strain 8
DVL20 HHP-resistant mutant of MG1655 This work
MG21 MG1655 zde-264::Tn10, parental strain of MG1655A7 29
MG1655A7 MG1655 zde-264::Tn10 hipA7, mutant of MG21 with increased persistence 29
ATCC 11775 Parental strain ATCCa

ATCC 43888 Parental strain, O157:H7 serotype ATCCa

DVL24 HHP-resistant mutant of ATCC 43888 (O157:H7) This work
536 Parental strain 33
DVL25 HHP-resistant mutant of 536 This work

S. Typhimurium LT2 Parental strain SGSCb

S. Enteritidis ATCC 13076 Parental strain ATCCa

S. flexneri LMG 10472 Parental strain BCCMc

Y. enterocolitica ATCC 9610 Parental strain ATCCa

A. hydrophila ATCC 7966 Parental strain ATCCa

P. aeruginosa PAO1 Parental strain 26
L. innocua LMG 11387 Parental strain BCCMc

Plasmid
pAA212 dnaK-gfp transcription fusion cloned in pFPV25 1

a American Type Culture Collection, Manassas, Virginia.
b Salmonella Genetic Stock Center, Calgary, Canada.
c Belgian Coordinated Collection of Microorganisms, Ghent, Belgium.
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ml of fresh, prewarmed LB, containing 100 �g/ml of ampicillin. Cultures
were subsequently further incubated at 37°C with shaking (200 rpm) for 5
h, after which samples were serially diluted in PPS and plated on LB agar
for the determination of survivors (corresponding to the persisters).

RESULTS
Development of HHP resistance in different food-borne patho-
gens. To examine their intrinsic abilities to evolve extreme HHP
resistance, different food-borne pathogens (including E. coli, S.
flexneri, S. Typhimurium, S. Enteritidis, Y. enterocolitica, A. hydro-
phila, P. aeruginosa, and L. innocua) were individually subjected to
iterative cycles of increasingly severe HHP shocks with intermit-
tent outgrowth of the survivors. Starting from an initial exposure
of 200 MPa, the pressure was incrementally increased by 25 MPa
each cycle, and this selection regimen was maintained until bac-
terial growth was no longer observed after HHP treatment or until
the maximum pressure of the equipment (i.e., 800 MPa) was
reached. For each of the examined strains, four independent cul-
tures underwent the above selection procedure, after which 10
purified clones out of each evolved culture were individually ex-
amined for HHP resistance. Of these mutants, HHP inactivation
of the most resistant derivative was compared to that of its corre-
sponding parental strain (Fig. 1).

Selection of E. coli MG1655 toward extreme HHP resistance
was already demonstrated earlier (9, 34), and this strain was in-
cluded as a positive control in this study. In agreement with those
earlier findings, high levels of piezotolerance were reproducibly
(i.e., in all four of the independently evolved lineages) achieved
after 25 consecutive cycles of HHP treatment (Fig. 1). While sur-
vival of the E. coli MG1655 parental strain already fell below the
detection limit at 700 MPa (i.e., �8.0 log inactivation), its most
HHP-resistant derivative (i.e., DVL20) obtained in this study only
decreased 2.8 log cycles at 800 MPa (Fig. 1).

Subsequently, we examined HHP resistance development in E.
coli O157:H7 and some other food-borne pathogens from related
Enterobacteriaceae, such as S. flexneri, S. Typhimurium, S. Enter-
itidis, and Y. enterocolitica (Fig. 1). Interestingly, of these strains,
E. coli O157:H7 readily developed HHP resistance to a similar
extent as E. coli MG1655, even though the original parental strain
was markedly more HHP sensitive. Furthermore, the wild-type
strain of S. flexneri, a species that is in fact indistinguishable from
E. coli (11), already exhibited an exceptional HHP resistance prior
to the imposed selection regimen, although this resistance did not
further develop to the same extent as in E. coli MG1655 and
O157:H7 and resulted in 6.4-log cycle inactivation at 800 MPa
(Fig. 1, white bars). In contrast, however, the evolving lineages of
S. Typhimurium, S. Enteritidis, and Y. enterocolitica failed to sur-
vive the imposed selection regimen well before 800 MPa could be
reached. As such, only limited HHP resistance could be raised in
the most resistant derivatives of S. Typhimurium (6.4-log cycle
inactivation at 600 MPa) and S. Enteritidis (6.6-log cycle inactiva-

tion at 600 MPa), while Y. enterocolitica failed to develop any no-
table HHP resistance at pressures of �400 MPa (Fig. 1).

Interestingly, HHP resistance likewise failed to develop in A.
hydrophila, P. aeruginosa PAO1, and the Gram-positive bacterium
L. innocua subjected to the same selection procedure (Fig. 1).
Since A. hydrophila appeared to be the most HHP-sensitive paren-
tal strain, being completely inactivated already after a 300-MPa
shock, we wondered whether the failure to develop HHP resis-
tance could have been the result of a too-severe selection proce-
dure, rather than this strain’s intrinsic inability to evolve HHP
resistance. For this reason, we subjected A. hydrophila to a less
stringent selection procedure by (i) starting the selection regimen
at 100 MPa instead of 200 MPa and (ii) lowering the pressure
increment after each cycle from 25 to only 10 MPa. However,
despite this attenuation, still no increased HHP resistance could
be observed, and after 7 cycles of HHP treatments, no surviving
cells could be detected (Fig. 1).

Development of HHP resistance in different E. coli strains.
Since the potential to acquire extreme HHP resistance so far
seemed restricted to E. coli MG1655 and O157:H7 (Fig. 1), we
decided to examine additional E. coli strains to check whether this
ability is universal among isolates of this species. As such, HHP
resistance development was examined in E. coli 536 and ATCC
11775 (Fig. 2). Interestingly, while the former readily developed
HHP resistance (4.2-log cycle inactivation at 800 MPa), strain
ATCC 11775 consistently failed to do so, indicating that not all E.
coli isolates share the predisposition to become extremely HHP
resistant.

As acquisition of extreme HHP resistance was observed to co-
incide with increased expression of heat shock proteins in three
previously evolved mutants of E. coli MG1655 (1, 9), we wondered
whether or not this link was maintained in the HHP-resistant
mutants from different E. coli strains obtained in this study. We
therefore used promoter activity stemming from a PdnaK-gfp re-
porter plasmid as a reliable proxy for derepression of the heat
shock regulon (Table 2). Please note that all examined parental
and mutant strains exhibited increased PdnaK-gfp activity after heat
shock, which (i) validated reporter fusion functionality in these
different backgrounds and (ii) demonstrated that the heat shock
regulon was not completely derepressed in any of the derived mu-
tants. Interestingly, in contrast to current and earlier results with
E. coli MG1655 (1) (Table 2), the obtained HHP-resistant mutant
of E. coli O157:H7 (i.e., DVL24) did not exhibit constitutively
increased PdnaK-gfp levels compared to its parent strain. This sug-
gests that different mechanisms to evolve extreme HHP resistance
in the cell might exist and that these mechanisms do not necessar-
ily depend on the constitutive derepression of heat shock genes.

Burden and stability of the HHP resistance trait. Subse-
quently, we examined the stability of extreme HHP resistance in
the evolved mutants, as this important issue has never been ad-
dressed before. First of all, the general fitness levels of wild-type E.

FIG 1 Selective enrichment of different food-borne pathogens toward HHP resistance (at 20°C). For each strain, four independent axenic cultures were
iteratively exposed to progressively intensifying pressure shocks (15 min; 20°C), with intermittent resuscitation and growth of the survivors. Line graphs (-�-)
present the inactivation during the stepwise selection regimen with 10- or 25-MPa increments and are expressed as the logarithmic reduction factor [i.e.,
log(N0/N)]. At the end of the selection regimen, the most HHP-resistant clone that had enriched in the corresponding cultures was isolated, and its acquired HHP
resistance (black bars) was determined and compared to that of the original parent strain (white bars). Results shown in the bars are expressed as mean values �
standard deviations of three independent replicates. ND as well as the abrupt end of a line graph at pressures below 800 MPa indicate that the corresponding N
fell below the detection limit, which was 10 or 200 CFU/ml for results shown in bars or line graphs, respectively.
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coli MG1655 and its HHP-resistant mutant derived in this study
(i.e., DVL20) were compared based on their growth curves in
standard conditions. Since no significant differences in growth
characteristics were observed, the selected HHP-resistant E. coli
mutant appears not to carry important physiological handicaps
under these conditions (Fig. 3A). Moreover, similar results were
obtained for the isolated HHP-resistant mutants of E. coli
O157:H7 (i.e., DVL24) and 536 (i.e., DVL25) (data not shown).

Subsequently, we examined how stable the trait of HHP
resistance can be maintained in the absence of HHP as a selec-
tive force. Therefore, we determined the residual HHP resis-
tance of wild-type MG1655 and its resistant mutant (i.e.,
DVL20) after subculturing seven independent lineages of each
strain for ca. 80 generations in the absence of any HHP stress.
Interestingly, although subculturing seemed to cause a general
decrease in HHP resistance in both the wild type (on average
1.7-fold-increased inactivation at 400 MPa) and the mutant
strain (on average 2.0-fold-increased inactivation at 800 MPa),
the HHP-resistant mutant did not at all revert to parental HHP
sensitivity (Fig. 3B). Together, these findings indicate that ac-
quisition of extreme HHP resistance does not constitute a bur-
den for the cell and that this trait is not readily lost in the
absence of the selective pressure exerted by HHP.

Investigating a possible link between HHP resistance and
persistence in E. coli. Interestingly, despite the ability of a resis-
tant E. coli population to survive a severe HHP shock, the vast
majority (�90% or 1 log cycle) of its cells still fail to survive at
relatively mild pressures (Fig. 1 and 2, black bars). In this context,
it should be noted that it is unlikely that the surviving cells would

be genetically different from the inactivated ones, as they individ-
ually grow up to yield a population with an HHP sensitivity sim-
ilar to that of their parental one. Furthermore, selective enrich-
ment experiments aimed to select for increased survival at a given
dose of HHP (i.e., through repeated cycling at 800 MPa) were
unable to affect this phenotype (Fig. 4). As all cells inevitably ex-
perience exactly the same HHP shock, these observations would
imply that the mechanism of HHP resistance is absent or not at
work in the majority of the mutant population. As such, this fea-
ture is reminiscent of the phenomenon of bacterial persistence, in
which a small fraction of transiently metabolically dormant cells
in a clonal population display increased resistance to inimical
stresses such as antibiotics (16, 22).

In order to examine the possible involvement of persistence also in
HHP resistance, HHP inactivation of an E. coli MG1655 hipA7 mu-
tant (i.e., MG1655A7), exhibiting a 1,000-fold-increased fraction of
persister cells (21), was compared to that of its parental strain (i.e.,
MG21) (29) (Fig. 5A). However, increasing the persister fraction did
not affect the number of survivors after any of the HHP shocks im-
posed. Conversely, we also determined the number of persisters pres-
ent in populations of E. coli MG1655, O157:H7, 536, and their corre-
sponding HHP-resistant mutants (DVL20, DVL24, and DVL25),
based on the capacity of such cells to resist ampicillin-induced cell
lysis (16) (Fig. 5B). The hipA7 mutant was included as a positive
control to validate the assay and displayed a ca. 255-fold increase in
persisters in our assay. However, of the HHP-resistant E. coli mutants,
only DVL24 (derived from E. coli O157:H7) showed a significant
1.8-fold increase in persister cells (Fig. 5B), which is nevertheless too
modest to explain its extreme HHP resistance.

TABLE 2 Basal and heat shock-induced expression of PdnaK-gfp in indicated backgrounds of E. coli

Straina

RFUb,c

noninduced
RFUb,c induced by
heat shock

Ratio of parental strain vs
HHP-resistant mutant

Ratio of induced vs
noninduced strain

E. coli MG1655/pAA212 (parental strain) 4.9 � 0.2 28.1 � 1.2 1.0 5.7
E. coli DVL20/pAA212 (HHP-resistant mutant) 7.5 � 0.7 13.6 � 0.5 1.5 1.8
E. coli O157:H7/pAA212 (parental strain) 3.6 � 0.1 11.8 � 0.5 1.0 3.3
E. coli DVL24/pAA212 (HHP-resistant mutant) 3.2 � 0.2 10.3 � 0.4 0.9 3.2
a Please note that E. coli 536 and its HHP-resistant mutant (DVL25) were not included, as we were unable to transform them with plasmid pAA212.
b RFU, relative fluorescence units.
c All data shown are mean values � standard deviations from an experiment with three independent replicates.

FIG 2 Selective enrichment of different E. coli strains toward HHP resistance (at 20°C). For each strain, four independent axenic cultures were iteratively exposed
to progressively intensifying pressure shocks (15 min; 20°C), with intermittent resuscitation and growth of the survivors. Line graphs (-�-) present the
inactivation during the stepwise selection regimen with 25-MPa increments and are expressed as the logarithmic reduction factor [i.e., log(N0/N)]. At the end of
the selection regimen, the most HHP-resistant clone that had enriched in the corresponding cultures was isolated and its acquired HHP resistance (black bars)
was determined and compared to that of the original parent strain (white bars). Results shown in the bars are expressed as mean values � standard deviations of
three independent replicates. ND as well as the abrupt end of a line graph at pressures below 800 MPa indicate that the corresponding N fell below the detection
limit, which was 10 or 200 CFU/ml for results shown in bars or line graphs, respectively.
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DISCUSSION

The increasing use of HHP pasteurization in the food industry
necessitates a better understanding of bacterial resistance devel-
opment against this stress. While our previous studies have ad-
dressed the extent of extreme HHP resistance in E. coli (9, 34), this
study reports on the emergence and stability of extreme HHP
resistance in different food-borne pathogens.

During examination of the intrinsic capacity of these bacteria
to develop extreme HHP resistance when selected for, we surpris-
ingly found that acquisition of this trait seemed limited to some
strains of E. coli, as it was virtually absent from Y. enterocolitica, A.
hydrophila, P. aeruginosa, and L. innocua. Moreover, while most of
the E. coli strains reproducibly evolved to readily survive 800 MPa,
close relatives and important pathogens such as S. Typhimurium
and S. Enteritidis achieved only limited resistance to pressures up
to 600 MPa. A notable exception in this context was posed by S.
flexneri, a phylogenetically indistinguishable relative of E. coli, of
which the wild-type strain already exhibited extreme HHP resis-
tance prior to the imposed selection regimen, further underscor-
ing the finding that especially strains of E. coli are poised to be-

come extremely HHP resistant. It should be noted in this regard
that E. coli and Shigella spp. harbor a number of important patho-
gens whose increased HHP survival might compromise the safety
of HHP processing in food industry (3, 12, 32). In fact, a distinct
representative of one of these pathogens, i.e., the O157:H7 isolate
designated ATCC 43888, was shown to readily evolve explicit
HHP resistance.

Interestingly, one of the examined E. coli isolates (i.e., ATCC
11775) reproducibly failed to acquire HHP resistance, and the
observation that the ability to develop HHP resistance is not at all
common among different bacterial species, nor obligatorily
shared among closely related strains of E. coli, seems to suggest the
existence of a particular set of genes from which this trait is able to
evolve. As such, the possibility cannot be excluded that specific
isolates of other relevant species could harbor the correct genetic
predisposition to become HHP resistant. Clearly, identification of
this genetic signature will shed light on the evolution and mecha-
nism of HHP resistance and might in the future even serve to more
rapidly identify strains able to develop HHP resistance when ex-
posed to this stress.

Once acquired, HHP resistance in E. coli did not seem to im-
pair cellular fitness nor revert during at least 80 generations in the
absence of any HHP exposure, underscoring both the limited bur-
den and genetic stability of this trait. Surprisingly, however, serial
culturing for 80 generations in the absence of HHP did increase
HHP sensitivity in both the wild type and HHP-resistant mutants
alike, although the latter strain remained abundantly more resis-
tant than its original parent. While the underlying mechanism
behind this observation remains unclear, prolonged growth in
liquid broth during serial passaging has previously been shown to
select for an altered genetic constitution (20, 30). As serial passag-
ing is also an integral part of the employed regimen selecting for
HHP resistance, it is tempting to think that the development of
this trait would even be more rapid and pronounced in the ab-
sence of the apparent counterselection imposed by subculturing.

Interestingly, it was also observed that not all HHP-resistant E.
coli mutants displayed the anticipated constitutive derepression of
the heat shock regulon (as indicated by the PdnaK-gfp reporter)
that had previously been proposed as a possible mechanism for

FIG 3 (A) Growth curves of E. coli MG1655 (straight line) and its corresponding HHP-resistant mutant (dotted line) (i.e., DVL20), monitored as OD600 in LB
growth medium at 37°C. Growth curves were averaged across three replicate cultures. Standard variations were below �8.5% and were not included. (B) Change
in logarithmic reduction factor of seven independent axenic cultures of both E. coli MG1655 (treated at 400 MPa, 15 min, 20°C) and its HHP-resistant mutant
(DVL20; treated at 800 MPa, 15 min, 20°C) after growth to stationary phase for 24 h (i.e., control) or for an additional ca. 80 generations (i.e., � 80 generations)
in the absence of HHP exposure. Please note that lines are used to connect data points from the same lineage.

FIG 4 Selective enrichment of two independent cultures of E. coli DVL20
toward increased HHP resistance at 800 MPa (20°C). The two axenic cultures
were iteratively exposed to HHP shocks of 800 MPa (15 min, 20°C), with
intermittent resuscitation and growth. Line graphs (�o� and ) present
the inactivation after each HHP shock and are expressed as log(N0/N).
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HHP resistance (1). Furthermore, complementary to this obser-
vation, a recently evolved heat-resistant mutant of E. coli MG1655
(34) exhibited constitutive derepression of the heat shock regulon
(ca. 5-fold induction of PdnaK-gfp compared to its parental strain;
data not shown) without displaying a marked increase in HHP
resistance. As such, while it has been shown that the heat shock
response can transiently increase HHP resistance in E. coli (1), the
causal relationship between constitutive derepression of heat
shock proteins and mutationally acquired extreme HHP resis-
tance remains unclear.

Since the majority of cells within an extremely HHP-resistant
population still fail to survive relatively mild pressures (�400
MPa) and thus seem to remain pressure sensitive, we decided to
specifically examine the putative involvement of persistence in
HHP resistance. Persistence is a well-established phenomenon in
antimicrobial therapy and refers to a small number of cells within
a clonal population that are refractory to the effects of inimical
treatments (16, 21, 22). Interestingly, this specific form of resis-
tance stems from the transient metabolic dormancy of persister
cells, which is assumed to attenuate stress-induced deregulation of
cellular physiology. Although the exact molecular mechanism be-
hind persistence remains unsolved, a particular mutation in the
hipA gene (yielding the hipA7 allele) drastically increases the frac-
tion of persisters in a population (25). Nevertheless, E. coli cells
carrying this mutation and displaying a ca. 255-fold-increased
persistence to ampicillin exposure did not show any increased
HHP resistance. Conversely, none of the HHP-resistant mutants
of E. coli isolated in this study (i.e., DVL20, -24, and -25) showed
a markedly increased persister subpopulation that could other-
wise explain their resilience to HHP stress. As such, it is unlikely
that the metabolic dormancy that is characteristic for persisters,
and enables them to survive antibiotic treatment, plays any role in
HHP survival.

Among the bacteria tested in this study, the capacity to develop
extreme HHP resistance was limited to the species of E. coli, al-
though not all of its isolates share this characteristic. Once ac-
quired, HHP resistance appears to be a stable trait with no obvious
impact on cellular fitness. Furthermore, HHP resistance is not
necessarily linked to derepression of the heat shock response as

previously proposed, and further research is necessary to mecha-
nistically understand and perhaps predict the emergence of HHP
resistance in bacteria.
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