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For enteric bacteria, seawater is an extreme environment in
which they are submitted to multiple physicochemical stresses:
high osmolarity, low temperature, nutrient starvation (34), and
oxidation through solar light irradiation (1, 4). In addition to
biological interactions, these have previously been considered
responsible for the decay of enteric bacteria in natural marine
waters (2, 17). When maintained in seawater under nutrient
starvation, Escherichia coli and Salmonella typhimurium cells
respond to this situation of multiple environmental stresses by
entering a dormant, viable but nonculturable (VNC) state (41,
43). At present, very little is known about the VNC state of
members of the Enterobacteriaceae family in natural waters,
and the mechanisms allowing some of them to retain culturability under such conditions remain unknown.
Compared with enteric conditions, those in most marine
waters are relatively oligotrophic, so enteric bacterial cells exist
in seawater in a state that resembles, to some extent, the
stationary phase of growth as defined for laboratory cultures
(43). The involvement of stationary-phase resistance processes
in the VNC response might then be suspected. The stationaryphase response involves the synthesis of a set of stress proteins
which confer on E. coli cells a marked resistance to several
stress conditions, including heat shock, oxidation, hyperosmolarity, acidity, and nutrient scarcity (18, 31). One of the stationary-phase-induced genes, rpoS (katF), encodes a regulator
of central importance for gene expression and multiple stress
resistance during the stationary phase. This regulator is designated ss in E. coli (19, 26, 31) as well as in S. typhimurium (11).
A positive influence of RpoS on the survival of E. coli in

seawater has been recently reported (36), and although it has
been suspected (41), the possible implication of RpoS in the
VNC response has not been directly investigated.
The aim of this study was to test this relationship by comparing the viabilities and culturabilities in seawater of isogenic
sets of E. coli and S. typhimurium strains bearing a functional
or a nonfunctional rpoS gene. Since RpoS synthesis typically
depends on growth phase, experiments were performed with
cells taken from the logarithmic and stationary phases of
growth. In addition, as RpoS synthesis is positively regulated
by the cytoplasmic level of guanosine 39,59-bispyrophosphate
(ppGpp) (16), the influence of ppGpp in the maintenance of
viability and culturability was analyzed with E. coli mutant
strains with a partial or complete ppGpp deficiency. As enteric
bacteria grow in the intestine (and urinary tract) under anoxic
conditions at high osmolarity (24, 28, 46), the influence of
ppGpp and RpoS was also studied with cells grown either
aerobically or anaerobically at low or high osmolarity.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains used in this study are
listed in Table 1. E. coli RH90 (26) and S. typhimurium SF1005 (11) are mutant
strains in which rpoS (RpoS2 phenotype) has been deleted. E. coli CF1652 is a
relA null mutant of CF1648 with residual ppGpp synthetic activity (RelA2
SpoT1 RpoS low phenotype), and CF1693 is a double relA spoT null mutant in
which this residual synthesis is eliminated (RelA2 SpoT2 RpoS2 phenotype)
(47).
All strains were maintained at 2808C in Luria-Bertani (LB) broth (33) supplemented with glycerol (15%, vol/vol). For the experiments, the cells were
grown aerobically or anaerobically at 378C in LB broth (97 mosM) or in LB broth
supplemented with 0.5 M NaCl (1,027 mosM). Growth was monitored by measuring A600. Anaerobic growth was obtained in an H2-plus-CO2 atmosphere
(GasPack System; BioMérieux, Marcy l’Etoile, France). To prevent the accumulation of suppressor mutations and ensure consistent basal levels of RpoS in
ppGpp-deficient (ppGpp2) cells (CF1652 and CF1693), the cells were prepared
as suggested by Gentry et al. (16).
Survival assays. Survival tests were run in 100 ml of natural seawater (Cape of

* Corresponding author. Mailing address: Institut National de la
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The sigma factor RpoS is essential for stationary-phase-specific, multiple-stress resistance. We compared
the viabilities (direct viable counts) and culturabilities (colony counts) in seawater of Escherichia coli and
Salmonella typhimurium strains and those in which rpoS was deleted or which were deficient in guanosine
3*,5*-bispyrophosphate (ppGpp) synthesis (relA spoT). RpoS, possibly via ppGpp regulation, positively influenced the culturability of these bacteria in oligotrophic seawater. This influence closely depended, however,
upon the growth state of the cells and the conditions under which they were grown prior to their transfer to
seawater. The protective effect of RpoS was observed only in stationary-phase cells grown at low osmolarity. A
previous exposure of cells to high osmolarity (0.5 M NaCl) also had a strong influence on the effect of RpoS
on cell culturability in seawater. Both E. coli and S. typhimurium RpoS mutants lost the ability to acquire a high
resistance to seawater, as observed in both logarithmic-phase and stationary-phase RpoS1 cells grown at high
osmolarity. A previous growth of S. typhimurium cells under anoxic conditions also modulated the incidence of
RpoS on their culturability. When grown anaerobically at high osmolarity, logarithmic-phase S. typhimurium
RpoS1 cells partly lost their resistance to seawater through preadaptation to high osmolarity. When grown
anaerobically at high osmolarity until stationary phase, both RpoS1 and RpoS2 cells retained very high levels
of both viability and culturability and then did not enter the viable but nonculturable state for over 8 days in
seawater because of an RpoS-independent, unknown mechanism.
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TABLE 1. Strains and plasmids used in this study
Strain or plasmid

E. coli
MC4100
RH90
CF1648
CF1652
CF1693
NM522

Genotype

F9 araD139 D(argF-lac)U169 rpsL150
relA1 flb5301 ptsF25 deoC1 rbsR
MC4100 rpoS359::Tn10
l2 F2 (prototroph)
CF1648 DrelA251::kan (prototroph)
CF1648 DrelA251::kan DspoT207::cat
recA supE D(lac-proAB) hsd-5 (F9
proAB lacIq15)

Source or
reference

44
26
M. Cashel
46
46
33

Prototroph
14028s rpoS

ATCCa
11

Plasmids
pRSkatF5
pFP2

katF::lacZ (transcriptional fusion)
katF::lacZ (translational fusion)

35
29

a

American Type Culture Collection, Rockville, Md.

Nice, France; 980 mosM) filtered through membranes (pore size, 0.22 mm;
Millipore Corp., Bedford, Mass.) and autoclaved (1158C for 15 min) in 250-ml
Erlenmeyer flasks. Microcosms were inoculated with cells grown aerobically or
anaerobically and harvested either during early logarithmic phase of growth
(A600 5 0.25) or during stationary phase (overnight). The cells were washed by
centrifugation (10,000 3 g for 10 min at 208C) with three 25-ml portions of
autoclaved seawater and then suspended in 2 ml of autoclaved seawater. The
microcosms were inoculated with these suspensions at a density of approximately
1 3 106 to 3 3 106 CFU/ml. The microcosms were then incubated in the dark at
room temperature (22 to 248C).
Enumeration of bacteria. All microcosms were sampled immediately after
inoculation and after 2, 5, and 8 days of incubation. The colony-forming ability
of the cells was determined in triplicate by the membrane filtration technique
(Millipore filters; pore size, 0.45 mm) on nutrient agar (Difco Laboratories,
Detroit, Mich.). The colonies on the agar plates were counted after a 24-h
incubation at 378C, and the results are expressed as culturable cells per milliliter.
The total number of viable cells was estimated with a microscope by a direct
viable count method derived from that described by Kogure et al. (23) in which
cephalexin is used instead of nalidixic acid (27). This method is based on the
propensity of living cells to elongate when incubated with organic substrates in
the presence of an antibiotic inhibiting cell division. Elongated cells were stained
with acridine orange and counted by fluorescence microscopy. Results were
expressed as viable cells per milliliter.
b-Galactosidase assay. Quantitative b-galactosidase assays were performed
with o-nitrophenyl-b-D-galactopyranoside (ONPG) as a substrate, and activities
were expressed in Miller units (33).
Reproducibility of results. All experiments were performed at least in duplicate. An analysis of variance was performed to test the level of significance of
some observed differences.

RESULTS
Expression of rpoS in seawater. RpoS synthesis is regulated
at both transcriptional (35) and posttranscriptional (29, 32)
levels. The expression of rpoS in seawater was therefore analyzed with E. coli NM522 (33) carrying a transcriptional lacZ
fusion (pRSkatF5 plasmid) (35) or a translational lacZ fusion
(pFP2 plasmid) (29). The transcriptional fusion (Fig. 1A) was
not expressed in logarithmic-phase cells grown either at low or
high osmolarity. In seawater microcosms, the b-galactosidase
activity of stationary-phase cells, whether grown at low or high
salinity, was very high at the outset of the experiments (2,300 to
2,500 Miller units) and progressively decreased (30 to 45%)
until the end of the experiments. Expression of the translational fusion was very low (10 to 60 Miller units) in logarithmic-phase cells grown at low osmolarity (Fig. 1B). As previously reported by Loewen et al. (29), the b-galactosidase
activity of stationary-phase cells was about five times lower
than that of the cells harboring the transcriptional fusion. This

FIG. 1. Expression in seawater of transcriptional (A) and translational (B)
rpoS-lacZ fusions in E. coli NM522 cells grown in LB broth with low (circles) or
high (squares) osmolarity and taken from logarithmic phase (solid symbols) or
stationary phase (open symbols). Bars represent standard deviations as calculated from two separate experiments.

activity increased during the first day of incubation in logarithmic-phase cells adapted to high salinity. The fusion was expressed at a high level in stationary-phase cells grown at either
low or high osmolarity. In these cells, the high b-galactosidase
activity initially acquired in the LB medium (15 times that of
the logarithmic-phase cells) remained the same during the
incubation period (4 days) for cells grown at high osmolarity,
while it decreased with time in cells grown at low osmolarity.
The expression of rpoS was not analyzed for more than 4 days,
since b-galactosidase activity significantly decreases in E. coli
cells after a longer incubation in seawater (38).
Influence of RpoS on viability and culturability of E. coli. In
cells grown aerobically at low osmolarity, the loss of RpoS
resulted in a marked decrease in the culturability of cells from
a stationary-phase culture, whereas both RpoS1 and RpoS2
cells exhibited a similar rapid decline when taken from early
logarithmic phase (Fig. 2A). RpoS1 and RpoS2 populations
retained, however, high levels of viability for over 8 days, although viability was slightly but significantly (P , 0.05) less
pronounced in RpoS2 cells (Fig. 2B).
When grown aerobically at an osmolarity similar to that of
seawater, E. coli RpoS1 cells exhibited a resistance to seawater
(15, 37, 39) characterized by a high level of culturability
whether they were collected and tested during logarithmic
phase or stationary phase (Fig. 2C). The log-phase RpoS2
mutant did not show this resistance, but stationary-phase cells
did show some resistance. Nearly 100% of the RpoS1 populations remained viable throughout the experiments regardless
of their initial growth state (Fig. 2D). The RpoS2 stationaryphase cells also retained viability, whereas only about 1% of
the RpoS2 logarithmic-phase cells proved substrate responsive
after 8 days of incubation.
Influence of ppGpp synthesis in E. coli. E. coli CF1648
(RelA1 SpoT1), CF1652 (RelA2 SpoT1), and CF1693
(RelA2 SpoT2) exhibited a rapid decline in culturability in
seawater when grown aerobically at low osmolarity and harvested during the logarithmic phase (Fig. 3A). When taken
from the stationary phase, the wild-type CF1648 cells proved
much less sensitive to seawater, as was observed with E. coli
MC4100, whereas the RelA2 SpoT2 cells lost culturability
nearly as rapidly as they did in logarithmic phase. The RelA2
SpoT1 cells exhibited a loss in culturability significantly (P .
0.01) lower than that of the wild-type cells. The level of viability of CF1648 and CF1652 cells (Fig. 3B) remained very high
for over 8 days (near 50% viable cells), whereas that of CF1693
cells decreased significantly (0.2% viable cells at 10 days).
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When grown at an elevated osmolarity, only the wild-type
CF1648 cells retained a high level of culturability (3%)
throughout the experiments (Fig. 3C). The RelA2 SpoT2 cells
lost culturability at a rate comparable to that observed in cells
grown at low osmolarity. The culturability loss of the RelA2
SpoT1 population was not significantly different from that of
the RelA2 SpoT2 population after 8 days of incubation, although the decline in culturability of the RelA2 SpoT1 cells
was less rapid during the first 5 days. The decrease in viability
of the RelA2 SpoT2 cells grown at high salinity was higher
than that observed with these cells grown at low salinity (Fig.
3D). The remainder of substrate-responsive cells at the end of
the experiments, expressed as the percentage of viable cells at
day 8 relative to that of the initial concentration, was estimated
at 42, 5, and 0.2% for CF1648, CF1652, and CF1693 cells,
respectively. It is noteworthy that unlike cells grown at low
osmolarity which proved more sensitive when taken from the
exponential phase, no significant difference in both viability
and culturability between logarithmic-phase cells and stationary-phase cells was observed.
Influence of RpoS on viability and culturability of S. typhimurium. When grown aerobically in low-salt LB medium (Fig.
4A and B), S. typhimurium RpoS1 and RpoS2 cells exhibited
a behavior similar to that of E. coli RpoS1 and RpoS2 cells
(Fig. 2A and B). The effect of a previous exposure to high
osmolarity was, however, more marked with RpoS1 than with
RpoS2 logarithmic-phase cells (Fig. 4C), and the loss of RpoS
had a less dramatic effect for S. typhimurium than for E. coli
(Fig. 2C). The level of viability of RpoS1 and RpoS2 cells (Fig.
4D) was comparable to that of E. coli cells.
Anaerobically grown cells. Strains RH90 and CF1693
showed a very faint and inconsistent growth under an H2-plus-

FIG. 3. Time course changes in the numbers of culturable cells (A and C)
and viable cells (B and D) in seawater of E. coli CF1648 (RelA1 SpoT1)
(circles), CF1652 (RelA2 SpoT1) (squares), and CF1693 (RelA2 SpoT2) (triangles) grown aerobically in LB broth with low (A and B) or high (C and D)
osmolarity and taken from logarithmic phase (solid symbols) or stationary phase
(open symbols). Bars represent standard deviations as calculated from three
separate experiments.

CO2 atmosphere; therefore, it was not possible to test the
effect of the loss of RpoS and ppGpp on survival and viability
in seawater of E. coli grown anaerobically. In S. typhimurium
grown at low osmolarity (Fig. 5A), rpoS mutant cells, both log
and stationary phase, exhibited low culturability. This lower
culturability was, however, less pronounced than that observed
with cells grown aerobically (Fig. 4A) and significantly (P ,
0.05) higher in logarithmic-phase cells after 2 days of incubation in seawater. The level of viability was as high as that of
aerobically grown cells, and the loss of RpoS decreased the
viability of logarithmic-phase cells only (P , 0.05) (Fig. 5B).
When grown at a high osmolarity, RpoS1 cells retained a very
high level of culturability regardless of the initial growth state,
and the loss of RpoS was followed by a slight decrease in CFU
numbers throughout the experiments only in logarithmicphase cells (Fig. 5C). The level of viability of RpoS1 and
RpoS2 populations remained very high (nearly 100% of the
cells were substrate responsive) for over 8 days whether they
were taken from logarithmic or stationary phase (Fig. 5D).
Influence of RpoS and ppGpp on the nonculturable response. The effect of RpoS and ppGpp production on the entry
of E. coli and S. typhimurium into the nonculturable state in
seawater can be estimated more easily by examining the ratios
of culturable cells to viable cells in the microcosms at day 8
(Table 2).
The ss factor was responsible for highly significant increases
of the culturability/viability ratios observed for stationaryphase cells grown at low osmolarity as well as for log-phase and
stationary-phase cells grown at high osmolarity, provided they
were grown aerobically. This effect was not observed when cells
were grown anaerobically.
The ability of E. coli cells to synthesize ppGpp also modified
their nonculturable response in seawater. The DrelA and DrelA
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FIG. 2. Time course changes in the numbers of culturable cells (A and C)
and viable cells (B and D) in seawater of E. coli MC4100 (RpoS1) (solid
symbols) and RH90 (RpoS2) (open symbols) grown aerobically in LB broth with
low (A and B) or high (C and D) osmolarity and taken from logarithmic phase
(circles) or stationary phase (squares). Bars represent standard deviations as
calculated from three separate experiments.
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DspoT deletions resulted in significant increases in the ratios of
nonculturable cells, with the increases being more marked in
the double mutant. This effect was similar to that of RpoS in E.
coli MC4100: it affected only stationary-phase cells grown at
low osmolarity and both logarithmic-phase and stationaryphase cells grown at high osmolarity.
DISCUSSION
The sigma factor RpoS is essential for the expression of a
variety of stationary-phase-induced genes and for stationaryphase-specific, multiple-stress resistance. Our results show that
its influence on the maintenance of culturability of E. coli and
S. typhimurium in seawater closely depends upon conditions
under which cells are grown prior to their transfer to seawater.
The growth state of the cells is obviously critical since the
protective effect of RpoS was observed only in stationary-phase
cells when they were grown at low osmolarity. This is in agreement with what we know about specific induction of rpoS
expression in late exponential and stationary phases of growth
of E. coli and S. typhimurium as a consequence of nutrient
limitation (18, 19, 26, 31, 45).
A previous exposure of cells to high osmolarity also modified
the effect of RpoS on cell viability in seawater (Table 2). E. coli
and S. typhimurium cells deficient in RpoS did not acquire the
marked resistance to seawater observed in logarithmic-phase
and stationary-phase RpoS1 cells grown aerobically on media
of high osmolarity, as previously reported for various enteric
bacteria (39). The mechanism responsible for resistance is
RpoS dependent and very likely involves osmoregulatory processes.

FIG. 5. Time course changes in the numbers of culturable cells (A and C)
and viable cells (B and D) in seawater of S. typhimurium 14028s (RpoS1) (solid
symbols) and SF1005 (RpoS2) (open symbols) grown anaerobically in LB broth
with low (A and B) or high (C and D) osmolarity and taken from logarithmic
phase (circles) or stationary phase (squares). Bars represent standard deviations
as calculated from three separate experiments.

This observation supports the hypothesis of a contribution of
RpoS to osmotic regulation (3, 19–21). The expression of rpoS
itself is osmotically induced at the posttranscriptional level
(19a). Our data showed that RpoS favored the maintenance of
cell culturability and that rpoS was expressed posttranscriptionally in seawater. It can be hypothesized that the VNC response
of aerobically grown E. coli cells in oligotrophic seawater may
be regulated at the translational level. Studies of the roles of
ribosomes and protein synthesis on the survival of enteric bacteria in oligotrophic environments (10, 30, 42) support this
hypothesis. In addition, recent data suggest that the enhanced
survival of marine vibrios (22) and E. coli (25) subjected to
nutrient starvation does not depend on the number of ribosomes but is rather related to the efficiency of ribosomal translation kinetics. This efficiency might be, at least partly, regulated by RpoS in natural waters.
The highly similar responses exhibited by E. coli cells deficient in either RpoS or ppGpp (Fig. 1; Table 2) suggest an
indirect effect of ppGpp via RpoS synthesis. Indeed, ppGpp
functions as a signal of perturbations in steady-state growth as
well as the entrance into stationary phase and induces rpoS
expression (16). The relA null mutant CF1652, deficient in
ppGpp synthetase I, exhibited the same survival behavior in
seawater as the double relA spoT mutant CF1693 when cells
were grown at high osmolarity. This probably means that the
residual ppGpp content of relA cells (47) was not high enough
to increase the RpoS concentration to a sufficient level.
Another important feature that modulates the influence of
RpoS on the maintenance of culturability of enteric bacterial
cells in seawater is the previous growth of the cells under
anoxic conditions (Table 2). Both RpoS1 and RpoS2 logarith-
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FIG. 4. Time course changes in the numbers of culturable cells (A and C)
and viable cells (B and D) in seawater of S. typhimurium 14028s (RpoS1) (solid
symbols) and SF1005 (RpoS2) (open symbols) grown aerobically in LB broth
with low (A and B) or high (C and D) osmolarity and taken from logarithmic
phase (circles) or stationary phase (squares). Bars represent standard deviations
as calculated from three separate experiments.
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TABLE 2. Ratio of culturable cells to viable cells in seawater microcosms of E. coli and S. typhimurium cells after 8 days of incubation at
room temperaturea
Culturable cell/viable cell ratio
Strain

Relevant
phenotype

Low osmolarity
Aerobiosis
b

E. coli
MC4100
RH90
CF1648
CF1652
CF1693

RpoS1
RpoS2
RelA1 SpoT1
RelA2 SpoT1
RelA2 SpoT2

c

Aerobiosis

Anaerobiosis

LoPh

StPh

LoPh

StPh

LoPh

StPh

LoPh

StPh

1.3 3 1028
5.9 3 1028
2.0 3 1027
5.0 3 1027
4.7 3 1026

4.8 3 1022
8.2 3 1025d
0.33
3.0 3 1022d
2.0 3 1024d

1.2 3 1023
NDe
ND
ND
ND

5.0 3 1022
ND
ND
ND
ND

0.12
4.0 3 1027d
5.3 3 1022
4.8 3 1025d
5.6 3 1025d

0.27
8.0 3 1024d
0.2
1.7 3 1024d
5.9 3 1024d

2.1 3 1022
ND
ND
ND
ND

0.86
ND
ND
ND
ND

1.1 3 1022
3.6 3 1022

0.22
5.0 3 1024d

4.8 3 1023
9.7 3 1023

3.0 3 1022
2.5 3 1022

0.14
2.8 3 1022d

0.23
3.7 3 1022d

8.5 3 1022
1.6 3 1022

1.05
0.85

a

Cells were previously grown at low or high osmolarity and taken from exponential or stationary phase.
LoPh, logarithmic phase.
c
StPh, stationary phase.
d
Ratio significantly different (P , 0.01) from that obtained with the corresponding wild-type strain.
e
ND, not determined.
b

mic-phase cells of S. typhimurium grown anaerobically at low
osmolarity exhibited a lower culturability when compared with
cells grown aerobically after 8 days of incubation in seawater.
Furthermore, the similar sensitivities to seawater exhibited by
RpoS1 and RpoS2 cells taken from stationary phase in anaerobic cultures disclosed a drastic decrease in the protective role
of RpoS. When grown anaerobically at high osmolarity, logarithmic-phase RpoS1 cells of S. typhimurium showed lower
resistance to seawater, despite previous exposure to high osmolarity. The most important effect of anaerobic growth on the
further VNC response of cells in seawater appeared, however,
when they were grown anaerobically at high osmolarity until
stationary phase. Both RpoS1 and RpoS2 cells retained very
high levels of both viability and culturability and did not enter
the VNC state for over 8 days in seawater because of an
unknown RpoS-independent process.
The development of such a hyperresistant state in enteric
bacteria grown in media of high osmolarity and low oxygen
content might have interesting ecological and sanitary implications. It is now well documented that both the intestinal
content and the urine are media with high osmotic strengths
(24, 28, 46) in which enteric bacteria can grow and exhibit
structural and physiological adaptations to hyperosmolarity
(5–7, 24), such as OmpC porins (40) that lower the VNC
response of E. coli in seawater (12). Moreover, the very high
resistance to seawater of freshly voided fecal coliforms from
human origin has been reported recently (13). In view of the
results shown in Table 2, it is clear that the origin of inocula
from logarithmic phase or stationary phase is crucial in terms
of survival in seawater. Outside of pathological episodes during
which cells of the pathogen can multiply more actively, the
growth of enterobacteria in the enteric environment is probably slow (generation time of coliforms in the gut 5 6 to 24 h)
(8). Both conditions are sufficient to induce rpoS expression
(16, 35). Since these bacteria are, under natural conditions,
from an anoxic environment with high osmolarity, it can be
assumed that their behavior and VNC response in seawater are
independent of the sigma factor RpoS. This is only true, however, for cells directly released into seawater. Additional studies are needed to analyze changes in the growth state of the
cells and RpoS expression during transit in wastewater. As far

as we know, a short period of incubation in wastewater (,100
mosM) increases the resistance of E. coli to seawater (9) in
spite of inducing a loss of cellular compounds involved in
osmoprotection (14).
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