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Several natural isolates of Escherichia coli O157:H7 have previously been shown to exhibit stationary-phase-
dependent variation in their resistance to inactivation by high hydrostatic pressure. In this report we dem-
onstrate that loss of the stationary-phase-inducible sigma factor RpoS resulted in decreased resistance to
pressure in E. coli O157:H7 and in a commensal strain. Furthermore, variation in the RpoS activity of the
natural isolates of O157:H7 correlated with the pressure resistance of those strains. Heterogeneity was noted
in the rpoS alleles of the natural isolates that may explain the differences in RpoS activity. These results are
consistent with a role for rpoS in mediating resistance to high hydrostatic pressure in E. coli O157:H7.

In recent years there has been growing interest in the use of
high hydrostatic pressure (HHP) as a means of food preserva-
tion. The attraction of HHP lies in the production of microbi-
ologically safe foodstuffs with minimal use of chemical addi-
tives and without adversely affecting the organoleptic qualities
of the food (11). HHP processing could replace traditional
thermal pasteurization or be used in conjunction with existing
techniques (3, 10, 14, 22). However, exploitation of this poten-
tial requires a better understanding of the effects of HHP on
microorganisms. HHP resistance varies among genera and spe-
cies and is dependent on the physiological state of the organ-
isms at the time of pressurization (6, 18). It is of concern that
certain E. coli O157:H7 strains are among the most pressure-
resistant vegetative bacteria known (2, 18). It is therefore crit-
ically important to characterize the innate HHP resistance in
these strains.

We demonstrated recently that the pressure resistance of
certain natural isolates of E. coli O157:H7 varied greatly (2,
17). Strains C9490 and 30-2C4 were the most pressure resistant
and were able to withstand 500 MPa for 5 min with little
viability loss; strains NCTC 12079 and W2-2 were of interme-
diate pressure resistance (ca. 3 to 4 log units decrease under
the same conditions), whereas H1071 and an O124 strain,
NCTC 8003, were the least pressure resistant (5 to 6 log de-
crease). However, this variation in pressure resistance was
stationary-phase dependent, with the strains exhibiting similar
pressure resistance in exponential phase (2). This led us to
speculate that the differences in pressure resistance among the
isolates were related to differences in RpoS. This sigma factor
changes the specificity of RNA polymerase, allowing it to ac-
tivate more than 30 genes, some of which are involved in
stationary-phase stress survival (8). Stationary-phase bacteria
are generally more resistant to other stresses, such as oxida-

tive and osmotic stress (21). It is thus possible that resistance
to inactivation by HHP is also controlled by mechanisms used
to survive stationary-phase stress. These studies attempted to
identify the genetic basis, and specifically the role of RpoS, in
the wide variation observed in HHP resistance of natural iso-
lates of E. coli O157:H7 strains. Details of the E. coli strains
used in these experiments are shown in Table 1.

Pressure resistance of rpoS mutants. To investigate the ef-
fect of loss of RpoS on the pressure resistance of E. coli O157:
H7, we used the characterized rpoS insertion mutant FRIK
816-3 (4). Analysis of HHP resistance was performed as pre-
viously described (2, 17). Briefly, bacteria grown to stationary
phase in tryptone-soy-yeast extract (TSYE) broth were har-
vested by centrifugation and resuspended in phosphate-buff-
ered saline. HHP was applied to 2-ml bacterial suspensions in
sealed plastic pouches using a 300-ml pressure vessel (model
S-FL-850-9-W; Stanstead Fluid Power, Stanstead, United King-
dom). The pressure-transmitting fluid used was ethanol-castor
oil (80:20 [vol/vol]). Viability was assessed by plating pressure-
treated bacteria onto TSYE agar supplemented with 0.1%
pyruvate, which was incubated for 24 to 48 h at 37°C until CFU
were evident.

Following treatment at 500 MPa for 15 min, viability of
FRIK 816-3 was significantly decreased compared with the
parent, ATCC 43895 (Fig. 1a), suggesting a role for rpoS in
HHP resistance in E. coli O157:H7. To confirm that rpoS did
indeed play a general role in pressure resistance, the effect of
an rpoS null mutation on the pressure resistance of a commen-
sal strain of E. coli was also examined. As with the O157:H7
strain, the rpoS null mutant, E. coli strain BJ4L1, exhibited
decreased pressure resistance at 400MPa compared with its
wild-type parent, BJ4. trans-Complementation of BJ4L1 with
the rpoS allele from BJ4 cloned into plasmid pCR2.1 (as de-
scribed below) resulted in restoration of the pressure-resistant
phenotype to the levels observed with the wild type (Fig. 1b).
Taken together, these results suggest a role for rpoS in pres-
sure resistance of both E. coli O157:H7 and a commensal strain
of E. coli.
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RpoS activity of O157:H7 natural isolates. To investigate
the stationary-phase-dependent pressure resistance of these
strains, an spvR/spvA�::luxCDABE reporter plasmid, pSB367,
was used to measure RpoS activity in the strains (23). This
plasmid contains the spvR gene and the spvA promoter tran-
scriptionally fused to the luxCDABE genes. RpoS activates
spvR, and in turn the spvA promoter is activated by SpvR and
RpoS. As activation of the spvA promoter leads to biolumines-
cence via expression of the luxCDABE genes, this system is an
indirect reporter of RpoS activity. Bioluminescence reflects
both the total amounts of RpoS and the ability of RpoS to bind
to the spvA promoter. Plasmids were introduced into bacteria
by electroporation by standard methods (20). Cultures were
prepared by inoculating Luria-Bertani broth supplemented
with kanamycin with 1/103 of an overnight culture and incu-
bating at 30°C with shaking. At various times, the optical den-
sity at 600 nm (OD600)was measured, and bioluminescence was
assessed using a Biocounter Lumac luminometer (Lumac,
Landgraat, The Netherlands; model M1500).

The two most pressure-resistant strains, C9490 and 30-2C4,
had very similar RpoS activity kinetics (Fig. 2). At 0 h, a high
level of bioluminescence was observed that declined upon en-
try into exponential phase. This was most likely due to carry-
over of preformed luciferase from the stationary-phase inocula
used for culture preparation because lux expression would pre-
viously have been induced by RpoS in these cells. As the cells
entered exponential phase, the levels of bioluminescence de-
clined, and this was most likely due to the dilution of the
carried-over luciferase during exponential growth in the ab-
sence of RpoS-mediated induction of the spvA promoter. Both
C9490 and 30-2C4 exhibited sharp increases in RpoS activity as
bacteria entered stationary phase, attaining levels similar to
that seen at 0 h.

The moderately pressure-resistant strain NCTC 12079 had a
profile of RpoS activity similar to that of C9490 and 30-2C4,
but had 2 log units lower total levels of RpoS activity (Fig. 2).
The other moderately pressure-resistant strain, W2-2, had to-
tal levels of RpoS activity similar to those in NCTC 12079 at
25 h (Fig. 2). However, strain W2-2 did not appear to induce
RpoS activity in the same rapid growth phase-dependent man-
ner as C9490, 30-2C4, and 12079. A difference of 3 to 4 log
units between the minimum and maximum RpoS activity was
observed in C9490, 30-2C4, and 12079, whereas a 2 log differ-
ence was noted in strain W2-2.

The strains which exhibited the lowest pressure resistance of
the natural isolates, H1071 and NCTC 8003, showed little

induction of RpoS activity as the cells entered stationary phase
(Fig. 2) and after 24 h of growth exhibited the lowest levels of
RpoS activity. The level of RpoS activity was lower at 24 h than
at 0 h in strains H1071 and NCTC 8003. This may indicate that

FIG. 1. Effect of loss of rpoS on pressure resistance of E. coli
strains. (a) Stationary-phase O157:H7 strains ATCC 43895 (parent)
and FRIK 816-4 (rpoS) were pressure treated at 400 MPa for 15 min;
(b) commensal strain BJ4, BJ4L1 (rpoS), and BJ4L1C (complement-
ed) were pressure treated at 400 MPa for 8 min. The logarithmic
viability reduction was calculated as log N/N0, where N0 is the CFU per
milliliter at time zero and N is the CFU per milliliter of the pressurized
sample. Data are the averages of triplicate experiments, and standard
deviations between experiments are shown. Significant differences in
HHP resistance were noted between ATCC 43895 and FRIK 816-4
(P � 0.005, Student’s t test). Significant differences were also noted
between the commensal wild type and rpoS mutant (P � 0.005, Stu-
dent’s t test) and the wild type and the complemented strain, BJ4L1C
(P � 0.005, Student’s t test).

TABLE 1. E. coli strains used

Serotype Strain Description Source (reference)

O157:H7 C9490 Clinical isolate associated with hamburger patty M. P. Doyle
O157:H7 30-2C4 Clinical isolate associated with dry-cured salami M. P. Doyle
O157:H7 W2-2 Poultry isolate M. P. Doyle
O157:H7 H1071 Clinical isolate M. F. Patterson
O157:H7 NCTC 12079 Clinical isolate M. F. Patterson
O157:H7 ATCC 43895 Clinical isolate associated with raw hamburger meat M. T. Rowe (4)
O157:H7 FRIK 816-3 ATCC 43895 rpoS::pRR10 M. T. Rowe (4)
O124 NCTC 8003 Clinical isolate M. F. Patterson
K�:H� BJ4 Streptomycin-resistant rat gut isolate K. McClean (15)
K�:H� BJ4L1 rpoS null mutant K. McClean (15)
K�:H� BJ4L1C BJ4L1(pCR2.1), encoding rpoS from BJ4 on a 1.6-kb PCR fragment This work
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FIG. 2. Changes in RpoS activity during growth of E. coli O157 natural isolates C9490, 30-2C4, NCTC 12079, W2-2, H1071, and NCTC 8003
(non-O157). All strains contained the spvR/spvA�::luxCDABE fusion plasmid. Growth was followed by OD measurements at 600 nm (open
symbols). RpoS activity was expressed as log relative light units (RLU)/OD600 (solid symbols). Experiments were repeated twice, and representative
results are shown.
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induction of RpoS activity in these strains did not coincide with
the onset of stationary phase at 10 h, but may occur later in
stationary phase.

While it is conceivable that luciferase activity may be af-
fected by factors other than the level and activity of RpoS, this
is not likely. When the RpoS reporter plasmid pSB367 was
introduced into BJ4 (parent strain) and BJ4L1 (containing a
defined rpoS mutation but otherwise isogenic), the pattern of
luminescence seen in BJ4 (Fig. 3a) showed a clear growth
phase-dependent induction of luminescence which resembled
that seen in C9490, 30-2C4, and 12079. In contrast, the pattern
of luminescence in BJ4L1 (Fig. 3b) was similar to that seen in
H1071 and NCTC 8003. Given that the presence or absence of
RpoS has no effect on luminescence when luciferase is ex-
pressed from constitutive promoters, with luminescence re-
maining constant throughout growth (13), the difference in
light emission from BJ4 and BJ4L1 can only reflect levels of
luciferase expression from the reporter system and thus levels
of RpoS. Given this, it is highly likely that the differences in

luminescence described here are due solely to variations in the
level or activity of RpoS between strains. Consequently, the
levels of RpoS activity of the natural isolates, as measured by
the bioluminescence reporter assay, appear to correlate very
closely with their relative pressure resistance.

Cloning and sequencing of rpoS gene from E. coli strains. As
the natural isolates showed different RpoS activities, we spec-
ulated that there might be differences in their rpoS alleles. To
investigate this hypothesis, we cloned and sequenced the rpoS
genes from the natural isolates. A 1.6-kb PCR fragment spe-
cific to rpoS and the upstream promoter region was generated
using primers, RPOS-1 (5�-GGA ACA GCG CTT CGA TAT
TCA G-3�) (24) and RPOS-2 (5�-GCA GAG CAA GGA GTT
GTG AT-3�) (5) and was then cloned into the pCR2.1-TOPO
T vector according to the manufacturer’s recommendations
(Invitrogen, NV Leek, The Netherlands). Sequencing was per-
formed on at least two independent clones using an ABI Prism
Rhodamine terminator cycle sequencing reaction kit in an ABI
Prism 377 automated sequencer (Perkin Elmer, Cambridge,

FIG. 3. Changes in RpoS activity in E. coli commensal strain BJ4 (parent) and BJ4L1 (rpoS). Both strains contained the spvR/spvA�::luxCDABE
fusion plasmid. Growth was followed by OD measurements at 600 nm (open symbols). RpoS activity was expressed as log RLU/OD600 (solid
symbols). The experiment was performed twice with similar results, and standard deviations between experiments are given. Significant differences
in RpoS activity were noted between BJ4 and BJ4L1 after 9 h of growth (P � 0.001).
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United Kingdom). The following primers were used for se-
quencing: RPOS-1, RPOS-2, RPOS-3 (5�-TGA TTA CCT
GAG TGC CTA CG-3�), RPOS-4 (5�-TTG GTG AGA TTG
GTT ATT CA-3�), and RPOS-5 (5�-TAC CAC CAG ACG
CAA GTT AC-3�) (24). Primers were generated by Eurogen-
tec (Abingdon, United Kingdom). Sequences were analyzed
using the DNAStar biocomputing software (Lasergene) and
compared with the recently published O157:H7 genome data-
base from strain EDL933, a hamburger isolate (GenBank ac-
cession no. AE005174) (19). Comparisons were also made with
O157:H7 strains SEA 13B28, a salami isolate (GenBank ac-
cession no. AF002207), SEA 6318, a hamburger isolate (Gen-
Bank accession no. AF002208), and E. coli K-12 strain DH1
(GenBank accession no. D13548) (5). The main promoter re-
gion lies 601 bases upstream of rpoS in the nlpD gene, encoding
a lipoprotein putatively involved in cell wall formation (16, 24).
The rpoS sequences of the natural isolates have been deposited
in the GenBank database under accession numbers AF182102
(C9490), AF182103 (W2-2), AF182104 (H1071), AF182105
(NCTC 12079), AF182106 (NCTC 8003), and AF182107 (30-
2C4).

The two strains with the greatest pressure resistance and
RpoS activity, C9490 and 30-2C4, had rpoS sequences that
were identical to each other and to those of SEA 13B28 and
SEA 6318 (Table 2, Fig. 2). However, the EDL933 rpoS se-
quence contained two differences at nucleotide (nt) 57 and nt
61 resulting in an aspartic acid instead of a glutamic acid and
an arginine instead of a glycine as in the rpoS sequences of
C9490, 30-2C4, SEA 13B28, and SEA 6318 (Table 2). The
DNA sequences of the promoter region of rpoS in C9490 and
30-2C4 were identical to each other and to the corresponding
sequence in EDL933 (Table 2). Nine base changes were noted
in the coding and promoter regions when comparing C9490
and 30-2C4 with K-12 DH1, four of which were reported pre-
viously by Ferreira et al. (5) (Table 2). The remaining five
changes did not change the amino acid sequence (Table 2). It
therefore appears that the rpoS allele contained in C9490 and
30-2C4 produces a high level of RpoS activity during stationary
phase.

Polymorphisms were observed in the rpoS sequences of the
other natural isolates compared with the rpoS alleles from
C9490 and 30-2C4. These differences correlated well with the
HHP resistance and RpoS activity of those strains. For exam-
ple, strain NCTC 12079, which exhibited moderate pressure
resistance and RpoS activity, had an rpoS allele identical to
that of C9490 and 30-2C4 except for substitution of a threonine
for the usual isoleucine observed in the other O157:H7 strains
and K-12 DH1 (Table 2). This single polymorphism appears to
be sufficient to generate a strain that has lower total RpoS
activity than C9490 and 30-2C4 but is still able to induce RpoS
activity in stationary phase. That this strain shows moderate
RpoS activity correlates well with its intermediate HHP resis-
tance.

Strain W2-2 had pressure resistance and level of total RpoS
activity similar to those in NCTC 12079 but did not appear to
exhibit the same rapid induction of RpoS activity on entering
stationary phase (Table 2, Fig. 2). There were two sequence
alterations in W2-2 compared with C9490 and 30-2C4; a
change in the amino acid sequence from a threonine to a
proline within the coding region and the insertion of a dupli-
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cated region resulting in a stop codon in the upstream nlpD
gene. The stationary-phase-inducible promoter for rpoS lies
within the nlpD gene (16, 24), and thus sequence changes in
this region may drastically affect rpoS expression. As the rpoS
coding region is unaffected by this insertion, W2-2 may still be
capable of producing a fully functional RpoS. This may explain
why W2-2 has a total level of RpoS activity similar to that of
NCTC 12079 at 24 h but has a different pattern of induction
during growth.

Strains H1071 and NCTC 8003 both had base changes re-
sulting in early stop codons (TAG) within the rpoS coding
region (Table 2). These stop codons may result in a truncated
RpoS, which could be less active than full-length RpoS. As
these strains are largely genetically uncharacterized, the pres-
ence of amber suppressor mutations is unknown, but the pos-
sibility of limited expression of rpoS due to translational
readthrough cannot be excluded. A truncated RpoS could have
reduced ability to interact with RNA polymerase, thus affecting
its role as a transcriptional activator. It could be for this reason
that H1071 and NCTC 8003 exhibit the lowest RpoS activities
of any of the natural isolates and did not induce RpoS activity
upon entry into stationary phase.

Common laboratory E. coli strains have also been shown to
harbor and even accumulate mutant rpoS alleles (12, 25, 26, 28,
29). Some alleles that do not result in a null rpoS phenotype
nevertheless cause distinct phenotypic changes in stress resis-
tance and in other properties (1, 26, 27). Recent evidence
suggests that O157:H7 strains also show polymorphisms in the
downstream mutS-rpoS region compared to K-12 serotypes (9).
This indicates that despite its obvious importance to the cell,
rpoS is a highly mutable gene, and it is feasible that various
rpoS alleles could be found within natural O157:H7 isolates.
Furthermore, evidence suggests that subpopulations, which of-
ten dominate in stationary phase, have an rpoS mutation (28).
Maintenance of a less active RpoS at first may appear some-
what paradoxical, as this is likely to affect stationary-phase
survival; however, such mutations may confer a selective ad-
vantage under certain conditions. For example, for subpopu-
lations able to utilize a novel substrate in spent medium, de-
laying the activation of RpoS-dependent survival determinants
may allow the population to dominate the culture (28).

Concluding remarks. Available evidence suggests that HHP
resistance is multifactorial in nature. For example, calcium and
membrane stability have been shown to be important in pres-
sure resistance (2, 7). Factors controlling bacterial pressure
resistance are likely to be numerous, and our results suggest
that rpoS is an important contributing factor. How does RpoS
affect pressure resistance? Because RpoS controls a large num-
ber of genes involved in protection against stress, resistance
could be the cumulative effect of many genes switched on by
RpoS in stationary phase. Alternatively, it may be that only a
specific subset of genes are critically important in the increased
pressure resistance seen in the O157:H7 strains. Evidence that
specific functions may be involved in pressure resistance was
provided by Hauben et al. (6), who generated several mutants
by pressure cycling and found that two of the pressure-resistant
mutants were also more heat resistant but other mutants were
unaltered in their heat resistance phenotype. Further studies
are required to discover which particular gene(s) involved in
stationary phase survival is responsible for the pressure-resis-

tant phenotype of E. coli. The wide differences in pressure
resistance among strains of E. coli O157:H7 make it imperative
that care be taken in choosing and maintaining strains used for
testing the efficacy of pressure processes. To be confident that
a pressure treatment (or other mild process) can eliminate
E. coli O157:H7 from food, it will be necessary to use strains at
least as resistant as those described here and to ensure that
resistance properties are regularly monitored.
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