
Stress-Induced Evolution of Heat Resistance and Resuscitation Speed
in Escherichia coli O157:H7 ATCC 43888

Elisa Gayán, Alexander Cambré, Chris W. Michiels, Abram Aertsen

KU Leuven, Laboratory of Food Microbiology and Leuven Food Science and Nutrition Research Centre (LFoRCe), Department of Microbial and Molecular Systems (M2S),
Faculty of Bioscience Engineering, Leuven, Belgium

ABSTRACT

The development of resistance in foodborne pathogens to food preservation techniques is an issue of increasing concern, espe-
cially in minimally processed foods where safety relies on hurdle technology. In this context, mild heat can be used in combina-
tion with so-called nonthermal processes, such as high hydrostatic pressure (HHP), at lower individual intensities to better re-
tain the quality of the food. However, mild stresses may increase the risk of (cross-)resistance development in the surviving
population, which in turn might compromise food safety. In this investigation, we examined the evolution of Escherichia coli
O157:H7 strain ATCC 43888 after recurrent exposure to progressively intensifying mild heat shocks (from 54.0°C to 60.0°C in
0.5°C increments) with intermittent resuscitation and growth of survivors. As such, mutant strains were obtained after 10 cycles
of selection with ca. 106-fold higher heat resistance than that for the parental strain at 58.0°C, although this resistance did not
extend to temperatures exceeding 60.0°C. Moreover, these mutant strains typically displayed cross-resistance against HHP shock
and displayed signs of enhanced RpoS and RpoH activity. Interestingly, additional cycles of selection maintaining the intensity
of the heat shock constant (58.5°C) selected for mutant strains in which resuscitation speed, rather than resistance, appeared to
be increased. Therefore, it seems that resistance and resuscitation speed are rapidly evolvable traits in E. coli ATCC 43888 that
can compromise food safety.

IMPORTANCE

In this investigation, we demonstrated that Escherichia coli O157:H7 ATCC 43888 rapidly acquires resistance to mild heat expo-
sure, with this resistance yielding cross-protection to high hydrostatic pressure treatment. In addition, mutants of E. coli ATCC
43888 in which resuscitation speed, rather than resistance, appeared to be improved were selected. As such, both resistance and
resuscitation speed seem to be rapidly evolvable traits that can compromise the control of foodborne pathogens in minimal pro-
cessing strategies, which rely on the efficacy of combined mild preservation stresses for food safety.

Minimal processing of foods is based on the combination of
mild preservation methods (or hurdles) for maximizing re-

tention of the sensorial and nutritional properties of the food
while maintaining the appropriate level of food safety and shelf life
(1, 2). Methods such as mild heating, acidification, and the use of
natural antimicrobial compounds, high hydrostatic pressure
(HHP), pulsed electric fields, ultrasound, and irradiation are some
of the techniques commonly used in hurdle approaches (2–4).
While the efficacy of minimal processing relies on the additive, or
even synergistic, lethal or growth-inhibitory effects of such mild
hurdles, the mild intensity might nevertheless pose the risk of
increasing resistance to the corresponding treatments. More spe-
cifically, rare mutant strains with an increased stress resistance
that can spontaneously emerge in a population might survive
milder stress conditions and thus become enriched within the
population (5, 6). In fact, several studies found that increased
resistance emerged in a variety of bacteria after exposure to certain
stresses (7–11).

The notorious foodborne pathogen Escherichia coli strain
O157:H7 is an important concern in this context, as it combines a
low infectious dose with the capacity to cause hemorrhagic colitis,
which in humans can potentially be aggravated by the develop-
ment of hemolytic uremic syndrome (12). While the stress re-
sponse pathways of this and other E. coli strains are fairly well
understood, the evolutionary adaptability of E. coli O157:H7 in
terms of its stress resistance remains poorly documented. Never-

theless, the large phenotypic differences typically observed be-
tween various E. coli O157:H7 isolates are likely indicative of this
strain’s adaptive potential. In fact, much of this phenotypic vari-
ation can be traced back to polymorphisms in the gene encoding
the sigma factor RpoS, which controls expression of the general
stress response regulon (13–15).

Interestingly, while growth on poor carbon sources, such as
succinate, was previously shown to select for compromised rpoS
alleles in E. coli O157:H7 EDL933 at the expense of its pathogenic
potential (16), we recently demonstrated that a limited number of
exposures to mild HHP were sufficient to select for HHP-resistant
mutants of E. coli O157:H7 ATCC 43888 that display signs of
increased RpoS activity (17). Moreover, likely the result of the
general stress response triggered by this alternative sigma factor,
these mutant strains also exhibited cross-resistance against heat
(17). This tradeoff between resistance or self preservation on the
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one hand and nutritional competence on the other hand has been
referred to as the SPANC balance (18).

To further improve our understanding of the adaptive poten-
tial of E. coli O157:H7 ATCC 43888, this study focused on its
evolution under mild heat stress. As such, we demonstrate that
recurrent exposure to heat can readily select for mutants display-
ing increased heat and HHP (cross-)resistance, although distinct
mechanisms that differ in the upregulated stress response path-
ways and the level of incurred sublethal injury after stress were
discriminated. Interestingly, mutant strains displaying shorter re-
suscitation times were also selected, indicating that not only resis-
tance but also the speed of recovery are evolvable traits.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Stationary phase-grown cul-
tures of E. coli O157:H7 ATCC 43888 (obtained from the American Type
Culture Collection), its evolved heat-resistant derivatives, and its previ-
ously constructed rssB knockout mutant with a transposon (mini-
Tn5Km2) insertion (19) were used throughout this study. Strain ATCC
43888 was originally isolated from human feces and lacks the genes
for Shiga-like toxins I and II (see https://www.lgcstandards-atcc.org
/products/all/43888.aspx) and was chosen as a laboratory surrogate for
enterohemorrhagic strains because of its attenuated virulence. Where
indicated, the wild-type E. coli ATCC 43888 and its derivatives were trans-
formed with pFPV-PdnaK-gfp (previously designated pAA212 and encod-
ing the E. coli MG1655 dnaK promoter upstream of gfp) (20) and pFPV-
PbolA-gfp (encoding the E. coli MG1655 bolA promoter upstream of gfp
[see description of its construction below]) or pACYC184-rssB (har-
boring the E. coli ATCC 43888 rssB gene under the control of its native
promoter) (19) and the corresponding backbone control plasmid
(pACYC184) (21) by electroporation.

Bacterial cultures were obtained by inoculating test tubes containing 4
ml of tryptone soy broth (TSB) (Oxoid, Basingstoke, United Kingdom)
with a single colony grown on a tryptone soy agar (TSA) plate and then
incubating the bacteria aerobically with shaking (300 rpm) for 18 h at
37°C. When necessary, a final concentration of (i) 100 �g/ml ampicil-
lin (AppliChem, Darmstadt, Germany) was added to select for the
presence of bacteria with pFPV-PdnaK-gfp and pFPV-PbolA-gfp (20) or
(ii) 30 �g/ml chloramphenicol (Sigma-Aldrich, Geel, Belgium) to se-
lect for the presence of bacteria with pACYC184-based complementa-
tion plasmids (19, 21).

Heat and HHP treatment. Cells from a stationary phase-grown cul-
ture were harvested by centrifugation (4,000 � g for 5 min) and resus-
pended in an equal volume of 0.85% KCl (Sigma-Aldrich, St. Louis, MO).
For thermal treatment, 3 sterile PCR tubes were aseptically filled with 75
�l of resuspended cells and subjected to heat (54.0°C to 60.0°C) for 15 min
using a PCR apparatus (TPersonal 48; Biometra GmbH, Gottingen, Ger-
many). For HHP treatment, 300 �l of the suspension was heat sealed in a
sterile polyethylene bag after exclusion of air bubbles and subjected to
pressure (500 MPa) for 15 min in an 8-ml pressure vessel (HPIU-10000,
95/1994; Resato, Roden, The Netherlands) that was held at 20°C with an
external water jacket connected to a cryostat. Please note that the slow
pressure increase (100 MPa/min) and the external water jacket attenuated
adiabatic heating during pressure buildup, and conservative estimates in-
dicated only a transient increase in the sample temperature of 13°C at 800
MPa. Finally, decompression was almost instantaneous. After heat or
HHP treatment, samples were aseptically retrieved from the PCR tubes or
polyethylene bags, respectively, and survival was determined as described
below.

Please note that for reasons that are currently unclear, we observed
that the apparent heat and HHP resistance of the parental ATCC 43888
strain was slightly increased over that in our previous study (19), although
this did not affect the conclusions drawn in this study.

Selection of heat-resistant mutants. To obtain mutants of E. coli
ATCC 43888 with enhanced heat resistance, several independent bacterial
cultures were reiteratively exposed to heat shocks (15 min) either by pro-
gressively increasing the treatment temperature (0.5°C each cycle) or by
maintaining a constant temperature. After each heat shock, an aliquot of
the treated sample was diluted 1/100 into fresh prewarmed TSB and in-
cubated for 23 h at 37°C prior to the next round of treatment. After every
five cycles of selection, a number of survivors from each evolved culture
were purified and challenged with the last heat shock to find single clones
that represented the behavior of the pool against heat. Finally, the stability
of the isolated phenotypes was assessed by daily passages in the growth
medium without intermittent exposure to heat, which corresponded to
ca. 6.6 (log2[100]) generations per day.

Determination of viability. Samples were diluted in 0.85% KCl sup-
plemented with 0.1% bacteriological peptone (Oxoid) and subsequently
spot plated (5 �l) or spread plated (20 �l) on TSA. Where indicated, cells
were also recovered from violet red bile glucose agar (VRBGA) (Oxoid) to
determine the extent of sublethal injury. After 24 h of incubation at 37°C,
the colonies were counted and the logarithmic reduction factor was cal-
culated as log10(N0/N), in which N0 and N represent the number of
CFU/ml before and after treatment, respectively. Thus, the detection lim-
its were 200 and 50 CFU/ml for spot- and spread-plated samples, respec-
tively.

Construction of pFPV-PbolA-gfp. The pFPV-PbolA-gfp reporter was
constructed following the same procedure described for pFPV-PdnaK-gfp
(previously designated pAA212) (20). Briefly, the promoter region of bolA
was amplified from E. coli MG1655 by PCR (Phusion DNA polymerase;
Thermo Scientific, Waltham, MA) using the primers 5=-TGTTGGATCC
TGTTTGGTAAAAATTCCC-3= and 5=-TGGTTCTAGATTATTCTTCT
ATCCGCTCACG-3=. Subsequently, this amplicon was digested with
BamHI and XbaI and directionally cloned upstream of the promoterless
gfp gene in pFPV25 (22), which was digested with the same enzymes.

Measurement of reporter gene activity. To determine the fluores-
cence derived from strains equipped with pFPV-PdnaK-gfp (20) or pFPV-
PbolA-gfp (this study), 200 �l of the corresponding stationary phase-grown
culture was transferred to microplate wells and placed in a Fluoroskan
Ascent FL fluorimeter (Thermo Labsystems, Brussels, Belgium). The basal
green fluorescent protein (GFP) fluorescence was measured at an excita-
tion wavelength of 480 nm and an emission wavelength of 520 nm. The
obtained fluorescence values were subsequently divided by the optical
density of the same sample at 600 nm (OD600) to obtain the relative
fluorescence units. Differences in RpoH and RpoS activities are expressed
as fold change with respect to the parental strain.

Determination of resuscitating-culture lag times. The apparent lag
times of resuscitating cultures were monitored by optical density (OD600)
using a Bioscreen C plate-reader system (Thermo Labsystems Oy, Hel-
sinki, Finland). For each experiment, heat-treated samples and untreated
populations were serially diluted to 1/100,000 in TSB. Then, 300 �l of the
different dilutions was placed in a microtiter plate and incubated in the
Bioscreen C system for a 24-h period at 37°C with regular shaking and
automatic measurement of OD600 every 10 min. The data obtained for
each well were defined by the growth model described by Baranyi and
Roberts (23) using the DMFit 3.0 software (Institute of Food Research,
Norwich Research Park, Norwich, United Kingdom), which generates
best-fit growth parameters, including the apparent lag time and growth
rate (�max), with a determination coefficient (R2) of �0.990. For each
strain, the apparent lag times estimated from control and treated samples
were plotted against the initial viable-bacterium counts obtained by reg-
ular plating.

Statistical analysis. Statistical analyses (analysis of variance and t
tests) were carried out using the software GraphPad Prism 5.0 (GraphPad
Software, Inc., San Diego, CA), and differences were regarded to be sig-
nificant when P values were �0.05. All microbial inactivation outcomes
shown in the figures correspond to averages and standard deviations cal-
culated from at least three replicate experiments performed on different
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days. Data gathered from OD600 monitoring were obtained in quadrupli-
cate.

RESULTS
Development of heat resistance in E. coli O157:H7 ATCC 43888.
To examine the impact of heat stress on the evolution of E. coli
ATCC 43888, 10 independent cultures were individually sub-
jected to repeated cycles of increasingly severe heat treatment with
intermittent recovery and outgrowth of survivors. The selection
process started with a heat shock that inactivated approximately
1-log10 cycle of the parental strain (54.0°C for 15 min) (Fig. 1A),
after which the treatment temperature was progressively increased
by 0.5°C each cycle until bacterial growth was no longer observed
after treatment (which occurred at 60.0°C for 15 min). The heat
resistance evolution of the 10 lineages during this selection regi-
men is depicted in Fig. 1A. For comparison, the corresponding
inactivation of the parental strain (without previous exposure to
thermal stress) for each heat treatment is included. As observed,
the number of survivors of the parental strain decreased exponen-
tially with increasing treatment temperature. Overall, the inacti-
vation of cultures repetitively challenged by heat shock followed

the same profile as that of the parental strain during the first five
cycles (i.e., heat shocks from 54.0°C to 56.0°C), although at this
point, individual clones isolated from 4 of 10 lineages already
showed significantly higher heat resistance (1.6-log10 cycles at
56.0°C on average; data not shown). After further temperature
increments, however, heat resistance development occurred in all
the lineages. It should be noted that three control lineages sub-
jected to 10 similar cycles without intermittent heat shock did not
acquire increased heat resistance. In fact, heat resistance even di-
minished ca. 17-fold at 56.0°C in these lineages, indicating that the
serial passaging of cultures itself was not selecting for heat resis-
tance (data not shown).

The heat resistance of one individual clone (designated MT1 to
MT10) from each of the evolved populations after 10 cycles of
progressively intensifying heat treatment (i.e., after exposure to a
heat shock at 58.5°C) is illustrated in Fig. 1B. Please note that each
of the three clones randomly picked from each lineage exhibited
approximately the same heat resistance as that shown by the
evolved culture from which it was isolated, indicating that resis-
tant variants constituted the majority of the population. The via-

FIG 1 Selection of E. coli ATCC 43888 toward heat resistance. (A) Evolution of the heat resistance of 10 independent axenic cultures iteratively exposed to
progressively intensifying heat treatments (15 min), with intermittent resuscitation and growth of survivors. The black lines indicate the inactivation [i.e.,
logarithmic reduction factor, log10(N0/N)] of the evolving lineages during the stepwise selection regimen with 0.5°C increments, while white bars represent the
resistance of the (unevolved) parental strain. Gray bars correspond to the average inactivation of the 10 individual clones that were isolated from each of the 10
evolved lineages after either five (reaching a 56.0°C exposure [light-gray bar]) or 10 (reaching a 58.5°C exposure [dark-gray bar]) cycles. (B) Logarithmic
reduction factors of the 10 individual E. coli ATCC 43888 clones (designated MT1 to MT10) that were isolated from each of the 10 evolved lineages after 10
cycles (i.e., breakdown of the data for the 10 clones represented by the dark-gray bar plotted in panel A) and the wild-type (WT) strain by a heat shock at
58.5°C for 15 min. Survivors were recovered from plates with nonselective medium (TSA). Letters indicate statistically significant differences (P � 0.05)
in inactivation among different isolates.
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bility of the 10 isolated clones after a 58.5°C heat shock was re-
duced by only 2.6-log10 cycles on average, whereas the survival of
the parental strain fell below the detection limit (�7.3-log10 re-
ductions). Overall, inactivation among MT1 to MT10 popula-
tions varied more than 1.5-log10 cycles.

When three independent lineages of clones displaying high
heat resistance (i.e., MT3, MT6, and MT9) were subcultured for
ca. 66 generations (i.e., 10 cycles) without heat exposure, their
heat resistance levels declined by 1.2-log10 cycles on average at
58.5°C (data not shown), in accordance with the decline men-
tioned earlier for the parental strain after serial passaging. Never-
theless, their remaining resistance still outperformed that of the
parental strain at ca. �104-fold, suggesting that the acquired heat
resistance was mutationally fixed.

Examination of heat resistance and HHP cross-resistance in
selected E. coli O157:H7 ATCC 43888 mutants. Subsequently,
the levels of heat resistance in MT3, MT6, and MT9 were more
thoroughly examined. Figure 2 shows the reduction factors of the
three mutants and the parental strain subjected to heat treatments
of various intensities. Please note that survivors were recovered
from nonselective (TSA) and selective (VRBGA) media to deter-
mine the extent of sublethal injury. The three mutants showed
markedly enhanced resistance to heat compared to the resistance
of the parental strain at all temperatures tested. The survival of all
heat-resistant mutants on the nonselective medium was only
slightly affected after 56.0°C heat shock (0.6-log10 reduction on
average on TSA), while the viability of the parental strain was
reduced by �99.9%. Furthermore, the inactivation of the three
variants was �2-log10 cycles at 58.0°C, whereas the inactivation of
the wild-type strain at that temperature was 7.1-log10 cycles. At the
two temperatures, the heat resistance levels of MT3, MT6, and
MT9 did not differ widely in the nonselective medium. Interest-
ingly, however, counts on VRBGA plates showed that large pro-
portions of the surviving populations of MT3 and MT9 were sub-
lethally injured, whereas this did not appear to be the case for MT6
survivors. For instance, although the viable population of MT6
recovered from TSA from a heat shock at 58.0°C was slightly larger
than that of MT3 (8.4- and 7.6-log10 cycles, respectively), more
than 99.99% of the surviving MT3 cells were sublethally injured
against only 65.81% of damaged cells scored in MT6. After expo-
sure to 59.0°C, the viability of MT6 in the nonselective medium
was 43- and 9-fold higher than that of MT3 and MT9, respectively,
and more than 3 � 104-fold higher than that of the parental strain.
Importantly, the increased heat resistance of the mutants did not
extend to higher temperatures such as 60.0°C (data not shown).

Although selected solely on the basis of heat resistance, the
three mutants also exhibited increased cross-resistance to HHP
compared to that of the parental strain (Fig. 3). In fact, MT3, MT6,
and MT9 were 2.3-, 2.9-, and 2.1-log10 cycles more piezotolerant,
respectively, than the parental strain after a 500-MPa exposure for
15 min. In addition, the extents of sublethal injury stemming from
HHP exposure were larger in the surviving populations of MT3
and MT9 (2.9- and 3.5-log10 cycles, respectively) than in MT6
(1.4-log10 cycles) but lower than in the parental strain.

Increased RpoH and RpoS activities govern development of
heat resistance in selected E. coli O157:H7 ATCC 43888 mu-
tants. In an attempt to mechanistically infer the origin of resis-
tance development in MT3, MT6, and MT9, the basal activities of
two important stress-related sigma factors (RpoH and RpoS) were
examined. More specifically, the activity of RpoH (directing ex-

pression of the heat shock response) was assayed by quantifying
expression of the dnaK promoter (PdnaK, using the pFPV-PdnaK-
gfp construct) (20, 24), while the activity of RpoS (directing ex-
pression of the general stress response) was assayed by quantifying
expression of the bolA promoter (PbolA, using the pFPV-PbolA-gfp
construct) (25). Please note that while dnaK and bolA promoter
sequences originated from E. coli MG1655, their sequence identi-
ties with the corresponding sequences of E. coli ATCC 43888 are
99.6% and 99.0%, respectively, and both reporters proved to be
functional in the ATCC 43888 background (reference 17 and
Fig. 4A).

FIG 2 Logarithmic reduction factors of E. coli ATCC 43888 MT3, MT6, and
MT9 isolated by 10 cycles of selection enrichment with progressively intensi-
fying heat shocks and the wild-type (WT) strain by heat treatment at 56.0°C
(A), 58.0°C (B), or 59.0°C (C) for 15 min. Survivors were recovered from
TSA (gray bars) or VRBGA (white bars) plates. Letters indicate statistically
significant differences (P � 0.05) in inactivation among the wild-type and
mutant strains recovered from TSA plates. Asterisks indicate statistically
significant differences between the numbers of survivors recovered from
TSA and VRBGA plates for each of the strains.
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Using these reporters, it could be inferred that MT3 and MT9
exhibited significantly increased PdnaK and PbolA expression, indic-
ative of constitutively increased RpoH and RpoS activity (Fig. 4A).
In fact, PbolA-gfp expression was similar (for MT3) or even higher
(for MT9) than that of the rssB-compromised ATCC 43888 mu-
tant that was attenuated in quenching its RpoS activity (19). In
contrast, PdnaK-gfp expression did not seem to be affected in MT6,
and this mutant only displayed increased PbolA-gfp expression.

Moreover, while MT3 and MT9 suffered attenuation of heat
resistance after quenching of their RpoS activity (using pACYC-
rssB), such quenching did not affect the inactivation or sublethal
injury of MT6 (Fig. 4B), further suggesting that the resistance
development of MT6 differs from that of MT3 and MT9. Further-
more, none of these mutants exhibited any sequence alterations at
their rpoS or rssB loci (data not shown).

Prolonged selection at 58.5°C allows for the emergence of E.
coli O157:H7 ATCC 43888 mutants with faster resuscitation.
Further focusing on MT6 as the most heat-resistant mutant, we
wondered whether its heat resistance could be further improved.
Since Fig. 1A demonstrates that a regimen with further tempera-
ture increments proved futile, we decided to impose a regimen
with repetitive exposures at the same challenge temperature of
58.5°C to see whether the remaining ca. 1.6-log10 cycles of inacti-
vation of MT6 at 58.5°C (Fig. 1B) could be further reduced. How-
ever, when five individual lineages of MT6 were challenged with
10 cycles of a 58.5°C heat shock and intermittent outgrowth of
survivors, the resistance levels of their respective isolated clones
(designated MT6.1 to MT6.5) increased only 0.5-log10 cycles on
average with regard to the parental MT6 clone (Fig. 5), suggesting
that the mechanism and/or population distribution of heat resis-
tance did not evolve to protect the entirety or even majority of the
population.

In an effort to look for subtler differences, however, the inac-
tivation kinetics at 58.5°C of one of these mutants (i.e., MT6.5)
was compared in more detail to its corresponding ancestral MT6
and the wild-type strain (Fig. 6). While the inactivation of the
parental strain followed log-linear kinetics, the survival curves of
MT6 and MT6.5 displayed prominent shoulders prior to a gentler

exponential inactivation phase (decimal reduction time [D] �
1.10, 4.64, and 4.80 min for the WT, MT6, and MT6.5, respec-
tively). The survival of MT6.5 on the nonselective medium re-
mained higher (0.46-log10 cycles; P � 0.05) than that of MT6
throughout the log-linear decay, although equal numbers of intact
MT6.5 and MT6 cells were recovered from VRBGA plates.

Since heat survival of MT6.5 was improved only modestly
compared to that of its MT6 parent (Fig. 6), we wondered
whether the isothermic selection regimen instead might have
selected for the enrichment of variants displaying faster recov-
ery. To more closely examine and compare the resuscitation
times of MT6 and MT6.5, the durations of their respective
apparent lag phases after recovery from a heat shock that inac-
tivated ca. 1-log10 cycle of each strain using TSA as the plating
medium (i.e., 58.5°C for 12 and 14 min for MT6 and MT6.5,

FIG 3 Logarithmic reduction factors of E. coli ATCC 43888 wild-type (WT)
strain and heat-resistant mutants MT3, MT6, and MT9 by an HHP treat-
ment at 500 MPa for 15 min. Survivors were recovered from TSA (gray
bars) or VRBGA (white bars) plates. Letters indicate statistically significant
differences (P � 0.05) in inactivation among the wild-type and mutant
strains recovered from TSA plates. Asterisks indicate statistically signifi-
cant differences between the numbers of survivors recovered from TSA and
VRBGA plates for each of the strains.

FIG 4 (A) Fluorescence stemming from pFPV-PdnaK-gfp (encoding the E. coli
MG1655 dnaK promoter upstream of gfp [gray bars]) and pFPV-PbolA-gfp
(encoding the E. coli MG1655 bolA promoter upstream of gfp [white bars]) in
the E. coli ATCC 43888 wild-type (WT) strain, rssB::mini-Tn5Km2 transposon
mutant, and MT3, MT6, and MT9. Values are expressed as fold change with
respect to the average value of the parental strain. Lowercase and capital letters
indicate statistically significant differences (P � 0.05) in the fluorescence val-
ues derived from the PdnaK-gfp and PbolA-gfp promoters, respectively, in the
wild-type and mutant strains. (B) Logarithmic reduction factors of the E.
coli ATCC 43888 wild-type (WT) strain, MT3, MT6, and MT9 equipped
with pACYC184 (control vector [gray bars]) or pACYC184-rssB (white
bars) by heat treatment (58.0°C for 15 min). Survivors were recovered from
TSA (solid bars) or VRBGA (striped bars) plates. Asterisks indicate statis-
tically significant differences (P � 0.05) in inactivation between strains
equipped with pACYC184-rssB and the control vector recovered from TSA
or VRBGA plates.
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respectively; Fig. 6) were monitored spectrophotometrically.
Figure 7 illustrates the relationship between the lag time and
the logarithm of initial viable-bacterium counts present in re-
covering cultures of MT6 and MT6.5 exposed to heat and of the
corresponding control cultures. Interestingly, while there was
no difference in lag phases (or growth rate � �max � 0.157 �
0.103 h�1 and 0.155 � 0.138 h�1 for MT6 and MT6.5, respec-
tively) between the two strains in the absence of stress, the lag
phase of the resuscitating culture of MT6.5 (although it in-
curred a higher degree of injury) was, on average, 0.84 h shorter
than that of MT6 regardless of variations in inoculum size
(Fig. 7).

Finally, MT6.5 displayed PbolA-gfp and PdnaK-gfp expression
levels similar to those of its parental MT6 strain (data not shown),
suggesting that the increased recovery speed of MT6.5 was not
mediated by improved RpoS or RpoH activity.

DISCUSSION

Since E. coli O157:H7 is a notorious foodborne pathogen with a
low infectious dose and the capacity to cause hemorrhagic colitis

and hemolytic uremic syndrome in humans (12), its potential for
resistance development in the context of mild food processing
needs to be thoroughly documented and investigated. In this con-
text, our observations reveal that E. coli O157:H7 strain ATCC
43888 can straightforwardly and reproducibly acquire significant
resistance against mild heat after a limited number of exposures.
In fact, one of the most heat-resistant ATCC 43888 mutants iso-
lated in this study (i.e., MT6) was ca. 106-fold more resistant than
its parent after a 15-min treatment at 58.0°C and displayed less
than 1,000-fold inactivation after a 15-min exposure to 59.0°C.
Moreover, the acquisition of heat resistance coincided with cross-
resistance against HHP intensities that are relevant for the food
industry (26) and, as such, compromises the potential impact of
this nonthermal mild hurdle.

Nevertheless, the heat-resistant mutants isolated in this study
did not survive exposures of 60°C or higher, underscoring the
limits of their genomic evolvability in this respect. It should be
underscored, however, that in these laboratory-directed evolution
experiments, evolvability is typically restricted to the available

FIG 5 Selection of E. coli ATCC 43888 MT6 toward faster resuscitation. (A) Evolution of the heat resistance of five independent axenic cultures iteratively
exposed to heat shock at 58.5°C (15 min), with intermittent resuscitation and growth of survivors. The black lines indicate the logarithmic reduction factors of
the evolving lineages during 10 cycles of selection, while white bars represent the resistance of the ancestral MT6. The gray bar corresponds to the average
inactivation of the five individual clones that were isolated from each of the five evolved lineages after exposure to 10 cycles of selection by heat treatment at 58.5°C
(15 min). (B) Logarithmic reduction factors of the five individual E. coli ATCC 43888 clones (designated MT6.1 to MT6.5) that were isolated from each of the five
evolved lineages after 10 cycles (i.e., breakdown of the dark-gray bar plotted in panel A), the ancestral MT6, and the wild-type (WT) strain by heat shock at 58.5°C
for 15 min. Survivors were recovered from plates with nonselective medium (TSA). Letters indicate statistically significant differences (P � 0.05) in inactivation
among different isolates.
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genomic repertoire, while in more natural settings, lateral gene
transfer can be an important driver of adaptation. In this context,
it was recently shown that the ability of extremely heat-resistant E.
coli strains, which were isolated from a slaughterhouse plant using
steam-based carcass decontamination, to survive exposures up to
71°C stemmed from the lateral acquisition of a genomic island
termed the locus of heat resistance (27, 28).

Closer analysis of a few of the most heat-resistant mutant
strains identified in this study (i.e., MT3, MT6, and MT9) revealed
that they each displayed upregulated basal RpoS activity. Im-
proved RpoS activity tends to increase general stress resistance
(13, 17), which likely explains at least part of the observed cross-
resistance to HHP. Furthermore, MT3 and MT9 also displayed
improved RpoH activity. While improved RpoH activity can log-
ically increase heat resistance, upregulation of the heat-shock re-
sponse was previously correlated with improved HHP resistance
(17, 20). Nevertheless, intrinsic heat and HHP resistance are not
necessarily correlated with each other, as the most heat-resistant
E. coli strains are not per se the most HHP resistant, and vice versa
(13, 29). Development of heat resistance through mutational up-
regulation of the activity of global regulators, such as RpoS and
RpoH, seems to comply with the expected pleiotropic systemic
impact of heat stress on the cell, although identification of the
most important downstream effectors of these extensive stress
regulons might help us to better delineate the exact nature of in-
curred cellular injury.

Given the extensive regulatory network determining RpoS and
RpoH activities inside the cell (30, 31), it can be expected that
many different evolutionary pathways would result in an equiva-
lent modulation of their activity, although those mutations coin-
ciding with a growth defect are likely to become counterselected
during the growth stages in between repetitive exposures to heat.
Such different evolutionary routes are, in fact, evident in the com-
parison of MT3, MT6, and MT9. Indeed, while MT3 and MT9
display upregulation of RpoS and RpoH activities, MT6 displays
only upregulated RpoS activity. In addition, while MT3 and MT6
display similar upregulation of RpoS activity, their corresponding
heat resistance was not similarly affected by RssB-mediated
quenching of this activity, further suggesting that there are differ-
ent mechanisms of upregulation. Future whole-genome se-
quencing and genetic reconstruction efforts, however, should

reveal and sort out the mutations and evolutionary routes that
contribute to the constitutive upregulation of RpoH and/or RpoS
activity. Furthermore, it remains to be addressed whether other E.
coli O157:H7 isolates or other foodborne pathogenic bacteria
would evolve along the same routes in response to heat stress.

Interestingly, mutant E. coli ATCC 43888 strains with a shorter
resuscitation time were easily selected after repeated exposures to
the same heat treatment. More specifically, since MT6 already
displayed a strong heat resistance that could hardly be improved,
strains with shorter resuscitation times were likely to be enriched
during the imposed isothermal selection regimen. As such, our
data underscore that, aside from absolute resistance, resuscitation
speed itself is an evolvable trait. Previous work showed that E. coli
can also improve its resuscitation time in response to recurring
freeze-thaw cycles (32, 33), suggesting that selection for faster re-
covery is a more general phenomenon that can be triggered by
several stresses. Interestingly, most recent evidence seems to sug-
gest that E. coli can evolve to increase the time it needs or takes
before growth resumption to avoid being killed by antibiotics
(34). Together, these observations reveal the very flexible nature of
resuscitation and lag times.

In this report, we document the rapid evolvability of E. coli
O157:H7 ATCC 43888 in terms of resistance and speed of recov-
ery under heat stress selection. The resulting increased survival
and earlier outgrowth are both important concerns for food safety
and deserve further attention.
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FIG 6 Inactivation curves of E. coli ATCC 43888 wild type (Œ,o), MT6
(�,Œ), and MT6.5 (�,�) exposed to 58.5°C for the indicated times. Sur-
vivors were recovered from TSA (solid symbols) or VRBGA (open sym-
bols) plates. FIG 7 Relationship between apparent lag times determined by OD600 moni-

toring and initial viable-bacterium counts of E. coli ATCC 43888 MT6 (�,Œ)
and MT6.5 (�,�) after heat exposure (58.5°C for 12 and 14 min, respectively;
open symbols) or those left untreated (solid symbols). The means and stan-
dard deviations of four replicate experiments for the inactivation of MT6 and
MT6.5 were 1.10 � 0.12 and 1.05 � 0.16 log10 cycles on TSA plates, respec-
tively, and 2.32 � 0.14 and 3.19 � 0.22 log10 cycles on VRBGA plates, respec-
tively.
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