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The sigma factor RpoS (sS) has been described as a general stress response regulator that controls the
expression of genes which confer increased resistance to various stresses in some gram-negative bacteria. To
elucidate the role of RpoS in Pseudomonas aeruginosa physiology and pathogenesis, we constructed rpoS
mutants in several strains of P. aeruginosa, including PAO1. The PAO1 rpoS mutant was subjected to various
environmental stresses, and we compared the resistance phenotype of the mutant to that of the parent. The
PAO1 rpoS mutant was slightly more sensitive to carbon starvation than the wild-type strain, but this
phenotype was obvious only when the cells were grown in a medium supplemented with glucose as the sole
carbon source. In addition, the PAO1 rpoS mutant was hypersensitive to heat shock at 50°C, increased
osmolarity, and prolonged exposure to high concentrations of H2O2. In accordance with the hypersensitivity to
H2O2, catalase production was 60% lower in the rpoS mutant than in the parent strain. We also assessed the
role of RpoS in the production of several exoproducts known to be important for virulence of P. aeruginosa. The
rpoS mutant produced 50% less exotoxin A, but it produced only slightly smaller amounts of elastase and LasA
protease than the parent strain. The levels of phospholipase C and casein-degrading proteases were unaffected
by a mutation in rpoS in PAO1. The rpoS mutation resulted in the increased production of the phenazine
antibiotic pyocyanin and the siderophore pyoverdine. This increased pyocyanin production may be responsible
for the enhanced virulence of the PAO1 rpoS mutant that was observed in a rat chronic-lung-infection model.
In addition, the rpoS mutant displayed an altered twitching-motility phenotype, suggesting that the coloniza-
tion factors, type IV fimbriae, were affected. Finally, in an alginate-overproducing cystic fibrosis (CF) isolate,
FRD1, the rpoS101::aacCI mutation almost completely abolished the production of alginate when the bacterium
was grown in a liquid medium. On a solid medium, the FRD1 rpoS mutant produced approximately 70% less
alginate than did the wild-type strain. Thus, our data indicate that although some of the functions of RpoS in
P. aeruginosa physiology are similar to RpoS functions in other gram-negative bacteria, it also has some
functions unique to this bacterium.

Microorganisms continuously sense and respond to environ-
mental stimuli, such as starvation, desiccation, osmotic stress,
oxidative stress, and changes in temperature. In many in-
stances, an appropriate response to an environmental stimulus
requires changes in the levels of specific gene products. One
way to accomplish this is by modulating gene expression
through the replacement of the main sigma factor of RNA
polymerase with an alternative sigma factor that recognizes a
specific promoter of the stimulus response gene (19, 39). The
sigma factor RpoS (sS) was originally identified in Escherichia
coli and Salmonella typhimurium as an alternative sigma factor
that activates the expression of numerous genes required to
maintain cell viability during the stationary phase of growth
when cells are experiencing nutrient starvation (for reviews,
see references 30 and 38). Activation of these genes makes the
bacterium more resistant to environmental stresses, such as

prolonged starvation, osmotic stress, and oxidative stress.
RpoS also plays an important role in exponentially growing
cells that are exposed to increased osmolarity (22). In E. coli
and S. typhimurium, RpoS induces the expression of more than
30 genes in response to various stresses (33, 42). RpoS also
activates the genes necessary for virulence in several bacteria,
including E. coli, S. typhimurium, and Shigella flexneri (3, 31, 48,
55). Among pseudomonads, the role of RpoS as a general
stress response regulator has been described for Pseudomonas
putida (43, 51) and Pseudomonas fluorescens (52). In P. fluore-
scens, RpoS also modulates the production of several antibi-
otics and affects the biological control activity of the bacterium.

Pseudomonas aeruginosa is a gram-negative bacterium that is
found in various environmental niches, including soil, water,
plants, hospital environments, and human infections. As an
opportunistic pathogen, this bacterium primarily infects pa-
tients who are immunocompromised (11). During infection, P.
aeruginosa must survive major environmental changes, includ-
ing changes in temperature, pH, ionic strength, and the pres-
ence of reactive oxygen intermediates and antibodies. With the
exception of several genes that have been identified as being
involved in the oxidative stress response, such as katA, katB,
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sodA, sodB, and alginate genes (6, 8, 21, 40, 41, 62), little is
known about the stress responses of P. aeruginosa. However,
some information regarding the stress responses of this bacte-
rium can be obtained from studies on the regulation of its
various exoproducts. P. aeruginosa secretes a battery of extra-
cellular products that are important for virulence: exotoxin A,
elastase, LasA protease, phospholipase C, alkaline protease,
rhamnolipid, pyocyanin, and alginate. Many of these toxic exo-
products are involved in procuring nutrients and/or protecting
the bacterium from the host immune system (14). Further-
more, some of these exoproducts are synthesized in response
to the scarcity of specific nutrients (37). For example, exotoxin
A and phospholipase C are produced when iron and phosphate
are limiting, respectively. Thus, the synthesis of some of these
exoproducts may be regulated by various stresses that P. aerugi-
nosa encounters in specific niches.

The P. aeruginosa rpoS gene, which encodes RpoS, or sS, has
been cloned and sequenced by Tanaka and Takahashi (58).
The P. aeruginosa rpoS gene, like the E. coli rpoS gene, is
growth phase regulated (16). In both E. coli and P. aeruginosa,
the level of rpoS mRNA is low during exponential growth but
increases severalfold as cells enter the stationary phase. In P.
aeruginosa, the induction of rpoS gene expression has been
reported to be regulated by the quorum-sensing cascade in-
volving Vfr, the las system, and the rhl system (1, 34, 49). The
quorum-sensing systems of P. aeruginosa regulate the synthesis
of many virulence factors, including exotoxin A, elastase, LasA
protease, and pyocyanin (5, 35). Thus, the synthesis of these
virulence factors may be regulated through RpoS.

Because stress responses may play important roles in patho-
genesis, we examined the role of RpoS when P. aeruginosa
responds to various environmental changes. In this study, we
present evidence that RpoS mediates the general stress re-
sponse and modulates synthesis of several exoproducts, includ-
ing some secondary metabolites.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. Bacterial strains and plasmids used in
this study are listed in Table 1. Bacteria were grown in L broth (LB) or LB
supplemented with appropriate antibiotics at 37°C with aeration, unless other-

wise indicated. For minimal salts medium, no-carbon–E minimal medium (NCE)
(12) supplemented with either glucose (10 mM) or succinate (20 mM) as a
carbon source was used. For exotoxin A assays, iron-depleted Trypticase soy
broth dialysate was used as previously described (47). For phospholipase C assays
and pyocyanin extractions, 1% peptone broth supplemented with 1% glycerol
and 1% NaCl was used as the growth medium. For pyoverdine assays, P. aerugi-
nosa was grown in King B medium (28). Following conjugations, pseudomonas
isolation agar was used to counterselect against E. coli. Media were solidified
with 1.5% Bacto Agar (Difco). The following antibiotic concentrations (per
milliliter) were used in this study: ampicillin, 100 mg for E. coli; carbenicillin, 300
mg for P. aeruginosa; gentamicin, 20 mg for E. coli and 300 mg for P. aeruginosa;
kanamycin, 50 mg for E. coli. Antibiotics were purchased from Sigma (St. Louis,
Mo.).

DNA manipulations, transformations, and conjugations. E. coli DH10B or
HB101 was routinely used as a host strain for cloning. Plasmids were purified
with QIAprep spin miniprep columns (Qiagen, Santa Clarita, Calif.). DNA
fragments were excised from agarose gels and purified with the Qiaex II DNA gel
extraction system (Qiagen), according to the manufacturer’s instructions. Re-
striction enzymes and DNA modification enzymes were purchased from New
England Biolabs (Beverly, Mass.), Gibco BRL (Gaithersburg, Md.), or Boehr-
inger Mannheim (Indianapolis, Ind.). For DNA amplifications with a GeneAmp
2400 (Perkin-Elmer, Foster City, Calif.), either Pfu (Stratagene, La Jolla, Calif.)
or Amplitaq (Perkin-Elmer) was used. Oligonucleotides were purchased from
Operon, Inc. (Alameda, Calif.). DNA was introduced into E. coli or P. aeruginosa
either by electroporation or by conjugation. A standard electroporation proce-
dure was used for E. coli with the E. coli gene pulser (Bio-Rad, Hercules, Calif.).
For P. aeruginosa, electrocompetent cells were prepared as follows. Cells were
grown to mid-log phase (optical density at 600 nm [OD600], 0.5 to 0.7) in 100 ml
of LB and harvested by centrifugation. Following two washes with 10 ml of 0.3 M
sucrose, the cells were resuspended in 1 ml of 0.3 M sucrose, and 40 ml of this cell
suspension was used for electroporation. The conditions used to electroporate P.
aeruginosa were 200 V, 200 mF, and 1.6 kV. For conjugations, triparental matings
were performed with the helper plasmid pRK2013 as previously described (17),
with the following modifications. Briefly, 50 to 100 ml of overnight cultures of
donor, helper, and recipient strains were mixed in 1 ml of saline, centrifuged,
washed with 1 ml of saline, and resuspended in 50 ml of saline. The cell suspen-
sion was spotted on an LB plate and incubated overnight at 30°C. Following
incubation, the cells were scraped with a sterile cotton swab, resuspended in 2 ml
of saline, and plated on selective plates. Introduction of plasmid DNA into P.
aeruginosa FRD1 was done exclusively by conjugation.

Construction of P. aeruginosa rpoS mutants. To generate P. aeruginosa rpoS
mutants, the suicide plasmid pSS1, which carries the rpoS101::aacCI null allele,
was constructed. Briefly, pDB18R, which carries P. aeruginosa rpoS on a 1.8-kb
KpnI-HindIII fragment, was digested with SphI to cut once within rpoS. Follow-
ing T4 DNA polymerase digestion to blunt the protruding ends, the linearized
plasmid was digested with HincII to delete approximately 420 nucleotides within
the rpoS gene. The aacCI gene, which encodes gentamicin resistance (Gmr) and
which was obtained from pUCGM1 as a SmaI fragment, was inserted to generate
the rpoS101 allele. pSS1 was introduced into P. aeruginosa PAO1 and PA103 by
electroporation, and the potential rpoS mutants were isolated as having Gmr

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Genotype or relevant characteristica Source or reference

P. aeruginosa
PAO1 Prototroph 23
PA103 Exotoxin A-overproducing strain 36
FRD1 Alginate-overproducing strain 45
SS6 PA103 rpoS101::aacCI This study
SS24 PAO1 rpoS101::aacCI This study
SS138 FRD1 rpoS101::aacCI This study

E. coli
DH10B F2 mcrA D(mrr-hsdRMS-mcrBC) f80dlacZDM15 DlacX74 deoR recA1 endA1 araD139

D(ara, leu)7697 galU galK l-rpsL nupG
Gibco BRL

HB101 F2 D(gpt-proA)62 leuB6 supE44 ara-14 galK2 lacY1 D(mcrC-mrr)rpsL20 xyl-5 mtl-1 recA13 Lab collection

Plasmids
pDB18R 1.8-kb KpnI-HindIII fragment of P. aeruginosa rpoS in pTZ18R 58
pRK2013 Tra1 (RK2), ColE1; Kmr 15
pSF1 pMB1 replicon, 1.3-kb oriT from (RK2); Apr 54
pSS1 rpoS101::aacCI in pTZ18R; Apr/Cbr Gmr This study
pSS6 rpoS101::aacCI in pTZ18R plus 1.2-kb EcoRI fragment of oriT from pSF1 This study
pTZ18R pUC18-derived general cloning vector; Apr/Cbr Pharmacia
pUCGM1 pUC1918 carrying the aacCI (Gmr) cassette; Apr/Cbr Gmr 53

a Kmr, kanamycin resistant; Apr, ampicillin resistant; Cbr carbenicillin resistant; Gmr, gentamicin resistant.
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(encoded by the rpoS101::aacCI allele) but lacking carbenicillin resistance (Cbr)
(encoded by the plasmid vector), indicating a double crossover event. Introduc-
ing the suicide plasmid pSS6 by conjugation and isolating mutants that had
undergone allelic exchange generated an rpoS mutation in FRD1. pSS6 carries a
1.2-kb oriT fragment isolated from pSF1 as an EcoRI fragment in the unique
EcoRI site of pSS1. The presence of the rpoS101::aacCI allele in these mutants
was verified by two methods, Southern blot hybridization (57) and PCR analysis,
to demonstrate the replacement of the wild-type rpoS gene with the rpoS101
allele (data not shown).

For Southern blot analysis, chromosomal DNAs from the putative rpoS mu-
tants and their respective wild-type strains were digested independently with
either EcoRI or EcoRV, electrophoresed on agarose gels, and blotted to nitro-
cellulose. The blots were probed with rpoS, a 420-bp HincII-SphI internal frag-
ment of rpoS, the 820-bp aacCI gene, or the plasmid vector. The rpoS gene and
the 820-bp aacCI gene both hybridized to the same-sized EcoRI or EcoRV
fragments of chromosomal DNA isolated from putative mutants. Neither the
internal rpoS fragment nor the plasmid vector hybridized to chromosomal DNA
from the putative mutants. For PCR analysis, oligonucleotides that hybridized to
the rpoS flanking sequences were used. In rpoS mutants, we observed the disap-
pearance of the DNA fragment corresponding to the wild-type rpoS gene and the
appearance of the larger fragment corresponding to the rpoS101::aacCI allele.

Stress response assays. The ability of the wild-type cells (PAO1) and the rpoS
mutant cells (SS24) to survive during prolonged starvation was determined with
cells grown at 37°C with aeration in LB, NCE with 20 mM succinate, or NCE
with 10 mM glucose. After cells entered the stationary phase of growth, incuba-
tion was continued for several days; cell viability was determined by taking
periodic aliquots and measuring the CFU on LB plates. The time at which the
cells entered the stationary phase of growth was taken as day 0, and aliquots were
taken in periodic increments of 24 h from that initial point. The viability was
measured as a percentage of the highest number of CFU for PAO1 and SS24 in
each experiment.

To measure cells’ ability to survive heat shock, cells grown overnight in LB at
37°C with aeration were washed twice and diluted in NCE to a density of
approximately 7,000 CFU/ml. One milliliter of the diluted culture was placed in
a prewarmed tube at 50°C, and the viability was determined by taking periodic
aliquots and plating them directly on LB plates to measure the CFU. To measure
sensitivity to osmotic stress, cells were grown overnight in LB at 37°C with
aeration, washed twice in NCE, and resuspended in NCE, NCE with NaCl, or
NCE with sucrose. Resuspended cells were incubated at 37°C with aeration,
periodic aliquots were taken, and serial dilutions of the samples were plated on
LB plates to determine the CFU. NaCl concentrations of 2, 2.5, and 3 M and
sucrose concentrations of 1, 1.5, and 2 M were tested. Sensitivity to hydrogen
peroxide (H2O2) was measured on cells grown for 17 h in LB at 37°C as
previously described (21). Cells from cultures in mid-log (OD600, 0.3) and sta-
tionary phases of growth were plated on LB plates. Sterile Whatman no. 1 filter
disks impregnated with 10 ml of 30% H2O2 were placed on top of bacterium-
seeded plates and incubated at 37°C for 24 h, and the zones of inhibition were
measured.

Enzyme assays. The catalase assays were performed as described by Beers and
Sizer (4) with 19.5 mM H2O2 with cells grown in LB. Cell extracts for the catalase
assays were prepared as previously described (6). For the exotoxin A assays, cells
were grown in Trypticase soy broth dialysate at 32°C with aeration for 18 h. The
cells were harvested by centrifugation, and 10 ml of the supernatant was used to
measure the exotoxin A activity, as previously described (47). The values for the
ADP-ribosyltransferase activity were measured as counts per minute per 10 ml of
supernatant. To measure elastase, LasA protease, and casein-degrading protease
activities, cells were grown in LB at 37°C for 14 to 17 h with aeration. Following
centrifugation to harvest the cells, the quantity of total proteins in the culture
supernatants was determined by the Bradford method (with a kit from Bio-Rad).
Elastase activity was determined by the elastin Congo red hydrolysis assay with
20 to 30 mg of supernatant protein, as previously described (46). The elastase
activity was calculated as the increase in A495 minute21 gram of protein21. The
staphylolytic activity of LasA protease was determined with approximately 25 mg
of total supernatant protein, as previously described (26). The LasA protease
activity was calculated as the rate of decrease in A595 minute21 milligram of
protein21. To determine the phospholipase C activity, the cells were grown at
30°C for 20 to 24 h in 1% peptone broth supplemented with 1% glycerol and 1%
NaCl. The ability of phospholipase C to degrade p-nitrophenylphosphorylcholine
was determined as previously described (32) with approximately 10 mg of super-
natant protein.

Secondary metabolite assays. To isolate pyocyanin, cells were grown in pep-
tone broth (1% peptone, 1% NaCl, 1% glycerol) for 17 h at 37°C with aeration.
Pyocyanin from 4 ml of supernatant was extracted by repeated extractions (a
total of four times) with 1 ml of chloroform (9). The organic layer containing
pyocyanin was collected, and the relative amount of pyocyanin isolated was
determined by measuring the OD695. The amount of pyoverdine produced and
secreted by P. aeruginosa was determined by measuring the fluorescence of
pyoverdine when excited at 400 nm, as previously described (50). Briefly, the cells
were grown in King B medium for 16 to 17 h at 37°C with aeration. The culture
supernatants were serially diluted in 10 mM Tris-HCl (pH 7.5) and excited at 400
nm, and the emission at 460 nm was recorded. The optical density measurements
were normalized to the OD600 of the cultures used for the assay.

Alginate assays. To quantitate the amount of alginate produced when it was
grown in liquid medium, cells were grown in LB for 20 to 24 h at 37°C with
aeration. Alginate in the culture supernatant was separated from the cells by
centrifugation (17,000 3 g for 10 min) and dialyzed at 4°C against deionized
water for 24 h with three changes of water. Dialysis tubing with a molecular
weight cutoff of 10,000 (Spectrum, Houston, Tex.) was used. To quantitate the
alginate produced on solid medium, overnight cultures of FRD1 or SS138 were
serially diluted in saline (0.85% NaCl), and 0.1 ml of diluted cultures was plated
on LB plates. The plates were incubated at 37°C for 25 to 30 h; alginate was
collected by scraping the cells and alginate with saline, followed by centrifugation
to separate the alginate from the cells. The alginate thus collected was subjected
to 24 h of dialysis at 4°C against three changes of deionized water. The amount
of alginate present in the samples was quantitated by the carbazole method of
Knutson and Jeanes (29), with Macrocystis pyrifera alginate (Sigma) as a stan-
dard. The values for alginate production were obtained by normalizing the total
amount of alginate produced to the CFU of the culture or the number of colonies
on plates.

Twitching-motility assay. A twitching-motility assay was performed by stab-
bing a colony of bacteria into the bottom of a petri plate containing 10 ml of L
agar (1% agar content). Following incubation at 37°C for 17 h, the volume of
agar was reduced with a thick stack of circular paper towels to absorb the
moisture. The zone of motility was visualized by staining the agar with Coomassie
blue, as described by Alm and Mattick (2).

Chronic-lung-infection assay. The rat chronic-lung-infection assay was per-
formed as previously described (60). Briefly, agar beads embedded with approx-
imately 3 3 104 cells of either the wild-type bacteria or the rpoS mutant were
placed in the left lungs of rats. The lungs of three animals from each group were
isolated at days 7 and 14 for bacterial quantification. The lungs of two additional
animals from each group were isolated at the same times for histopathological
examination as previously described (56). Briefly, sagittal slices of the entire left
lobes of the fixed lungs were dehydrated in graded alcohols, embedded in par-
affin, and cut into 6-mm-thick sections. Mounted sections were stained with
hematoxylin and eosin. Infiltration of the lung by inflammatory cells and exudate
was measured microscopically with a Zeiss integrating eyepiece. The number of
points overlying the surface area of the infiltrate was divided by the total number
of points counted over the entire surface area of the left lobe to measure the
percent infiltration. This procedure was repeated with left lobe slices from each
animal’s lung.

RESULTS

Construction of P. aeruginosa rpoS mutants. P. aeruginosa
rpoS mutants were isolated in order to better understand the
potential role of RpoS (sS) in P. aeruginosa physiology and
pathogenesis. Figure 1 shows the schematic diagram for con-
structing the suicide plasmid, pSS1, which carries the null P.
aeruginosa rpoS101::aacCI allele, and the subsequent genera-
tion of P. aeruginosa rpoS mutants with pSS1. We generated a

FIG. 1. Construction of P. aeruginosa rpoS mutants. To generate a null allele
of the P. aeruginosa rpoS gene, approximately 420 bp of the rpoS coding sequence
on a 1.8-kb fragment was replaced with the aacCI gene, which encodes Gmr, to
form pSS1. The wild-type rpoS was replaced with the rpoS101::aacCI allele
carried on the suicide plasmid pSS1, as described in Materials and Methods, to
generate P. aeruginosa rpoS mutants.
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null allele of rpoS by deleting the 420-bp HincII-SphI fragment
of the rpoS coding sequence and replacing it with an 820-bp
SmaI fragment that confers the Gmr encoded by aacCI. We
introduced pSS1 into P. aeruginosa and isolated colonies that
had undergone the allelic exchange reaction replacing the wild-
type rpoS with the rpoS101::aacCI allele. The inheritance of
the rpoS101::aacCI allele in P. aeruginosa was confirmed by
Southern blot hybridization analysis and/or PCR analysis (data
not shown). The rpoS mutants of PAO1, PA103, and FRD1
were designated SS24, SS6, and SS138, respectively (Table 1).

Response of rpoS mutants to environmental stresses. To
determine whether RpoS confers cross-protection for P.
aeruginosa against various stresses, the resistance of the parent
(PAO1) and rpoS mutant (SS24) against prolonged starvation,
heat shock, increased osmolarity, and H2O2 was determined.
To study its response to prolonged carbon starvation, we grew
P. aeruginosa on three different growth media to determine
whether growth on a specific carbon source affected the sur-
vival of P. aeruginosa. The media used were minimal medium
with glucose, minimal medium with succinate, and LB. For P.
aeruginosa, glucose is a less preferred carbon source than suc-
cinate. There was no difference in growth rate between the
parent and rpoS mutant in each of three growth media (data
not shown). When bacteria were grown with glucose as the sole
carbon source, we observed increased sensitivity by the rpoS
mutant to prolonged starvation (Fig. 2A). However, the differ-
ence in survival between the parent and the rpoS mutant was
not as pronounced as that observed in other bacteria. For
example, an E. coli rpoS mutant is almost 50-fold more sensi-

tive to starvation than the parent strain after 9 days of incu-
bation (33). In P. aeruginosa, we consistently observed only a
four- to eightfold difference between the parent and rpoS mu-
tant after 12 to 14 days of incubation. In contrast, when bac-
teria were grown with succinate as a sole carbon source (Fig.
2B) or in LB (Fig. 2C), we observed little difference in survival
between the rpoS mutant and the parent. The most striking
difference observed among the three growth conditions was the
relative resistance of P. aeruginosa to prolonged starvation
when the cells were grown with glucose as the carbon source.
When cells were grown on glucose as the sole carbon source,
approximately 12% of the parent cells and 4% of the rpoS
mutant cells were viable after 15 days of starvation. In contrast,
when cells were grown on succinate, approximately 1% of the
parent cells and 0.8% of the rpoS mutant cells were viable after
13 days of incubation. When cells were grown in LB, no viable
cells were recovered after 10 to 16 days of continued incuba-
tion (data not shown). Thus, P. aeruginosa is sensitive to pro-
longed starvation, and RpoS had little effect in protecting the
bacterium from prolonged starvation. In addition, the growth
of P. aeruginosa on glucose appeared to decrease the sensitivity
of the bacterium to prolonged starvation. Although only three
substrates were tested, it appeared that survival of P. aerugi-
nosa was enhanced when a poorer substrate was used.

When stationary-phase cultures of the parent (PAO1) and
the rpoS mutant (SS24) were exposed to a sudden shift in
temperature from 24° to 50°C, the rpoS mutant was more
sensitive to heat shock at 50°C. After 8 min of incubation at
50°C, there was a 50-fold difference in survival between the

FIG. 2. Effect of rpoS mutation on stress responses of P. aeruginosa. To assay cell survival after prolonged starvation (A to C), PAO1 (h) and SS24 (}) cells were
grown in the indicated growth media at 37°C with aeration. Day 0 is the time point at which cells entered stationary phase of growth, and then samples were taken at
24-h intervals. Viability was measured as the number of CFU and was expressed as a percentage of the number of CFU at day 0. Minimal salt medium was supplemented
with either 10 mM glucose (A) or 20 mM succinate (B). LB (C) was used as a rich medium. To assay cell survival of heat shock at 50°C (D), stationary-phase cultures
of PAO1 (h) and SS24 (}) were grown in LB, washed, and transferred to prewarmed tubes. The number of viable cells was measured by plating aliquots on LB plates
at each time point and determining the number of CFU. Viability is expressed as a percentage of the number of CFU at time 0. To assay survival of exposure to 2 M
NaCl (E), stationary-phase cultures of PAO1 (h) and SS24 (}) were grown in LB, washed, resuspended either in minimal salts or in minimal salts supplemented with
2 M NaCl, and incubated at 37°C with aeration. Cell viability was determined at 2 and 6 h. One hundred percent viability corresponds to the CFU present immediately
following resuspension in 2 M NaCl. The carbon starvation experiments were performed at least four times, and the other stress response assays were performed at
least twice. The data shown are representative of those experiments.
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parent and the rpoS mutant (Fig. 2D). When the cells were
subjected to an increase in osmotic pressure caused by the
addition of a high concentration of salt, the rpoS mutant was
more sensitive to a 2 M concentration of sodium chloride (Fig.
2E). After 6 h of exposure, there was approximately a 37-fold
difference in relative viability between the parent and the rpoS
mutant. Thus, RpoS was essential for resistance against os-
motic stress caused by exposure to salt. Against nonionic os-
motic stress, the wild type was only slightly more resistant (an
approximately threefold difference after 6 h of exposure) to 2
M sucrose than the rpoS mutant (data not shown). This indi-
cated that the role of RpoS in protecting P. aeruginosa from
nonionic osmotic stress may be small.

We also assayed whether RpoS mediated protection against
H2O2 in P. aeruginosa (Table 2). In exponentially growing cells,
there was no difference in sensitivity to H2O2 between the
parent and the rpoS mutant. However, when stationary-phase
cells were tested, the zone of inhibition caused by H2O2 was
approximately 20% larger for the rpoS mutant than for the
parent strain. We tested whether this hypersensitivity of the
rpoS mutant to H2O2 was due to a decreased production of
catalases in the mutant. In stationary-phase cultures, the rpoS
mutant produced 60% less catalase activity than the parent
strain. Thus, RpoS was required for maximum protection
against H2O2 by mediating the production of catalase in P.
aeruginosa.

Effect of rpoS mutation on production of exoproducts. P.
aeruginosa produces and secretes numerous toxins, proteases,
and secondary metabolites that contribute to the pathogenesis
of the bacterium. We investigated whether RpoS controls the
production and secretion of exotoxin A, elastase, LasA pro-
tease, casein-degrading proteases, phospholipase C, pyocyanin,
and pyoverdine. The data are shown in Table 3.

Exotoxin A is an ADP-ribosyltransferase that inhibits eu-
karyotic protein synthesis (36). Exotoxin A activity in the cul-
ture supernatants was decreased by 50% in the PAO1 rpoS
mutant (SS24). In the exotoxin A-overproducing PA103 and its
respective rpoS mutant (SS6), the RpoS2 defect resulted in a
70% reduction in exotoxin A activity (18,502 6 1,276 for the
parent versus 5,809 6 407 for the rpoS mutant). We also
determined the effect of the rpoS mutation on the extracellular
accumulation of proteases and phospholipase C in the PAO1
background. Culture supernatants of the PAO1 rpoS mutant
consistently had 20% less elastase activity and 10% less LasA
protease activity. The decreased accumulation of these extra-
cellular proteins in the culture supernatant of rpoS mutant was
fully restored to the level of the parental strain when RpoS was
provided in trans from a plasmid (data not shown). A measure
of casein degradation detects many proteases produced by the

bacterium (i.e., elastase and alkaline protease). The difference
in the production of casein-degrading protease between the
parent strain and the rpoS mutant was negligible (data not
shown). Similarly, little difference in the production and secre-
tion of total phospholipase C (Table 3) or hemolytic phospho-
lipase C (data not shown) between the parent and the rpoS
mutant was observed. Based on these data, we concluded that
RpoS was required for the maximum production of exotoxin A
but that it was not required for the maximum production of
casein-degrading proteases or phospholipase C.

Pyocyanin and pyoverdine are secondary metabolites pro-
duced by P. aeruginosa. Pyocyanin is a blue compound that
plays an important role in P. aeruginosa pathogenesis (59).
Pyocyanin kills bacteria and inhibits lymphocyte proliferation
and ciliary function. The color of P. aeruginosa rpoS mutant
culture supernatants was an intense blue relative to parent
strains, suggesting that rpoS mutants were producing and se-
creting more pyocyanin. Measurements showed that culture
supernatants from the rpoS mutant contained twice as much
pyocyanin as the parent strain PAO1. Conversely, the overpro-
duction of RpoS from a high-copy-number plasmid in PAO1
resulted in a decrease in pyocyanin levels in culture superna-
tants (data not shown). We also determined the effect of rpoS
mutation on the accumulation of pyoverdine, the primary sid-
erophore produced by P. aeruginosa, in culture supernatant
(10). Culture supernatant from the rpoS mutant contained
1.5-fold more pyoverdine than the parent strain. These data
indicated that RpoS modulates the level of pyocyanin and
pyoverdine production in P. aeruginosa.

Effect of rpoS mutation on alginate production. Alginate is
an exopolysaccharide that is overproduced by most of the P.
aeruginosa strains isolated from CF patients suffering from
chronic lung infections (18). The overproduction of alginate
contributes to the persistence of the bacterium in the CF lung.
To determine whether RpoS is involved in the production of
alginate, we examined SS138, the rpoS101::aacCI mutant of
FRD1 (an alginate-overproducing CF isolate). As shown in
Fig. 3, when the cells were grown in a liquid medium, alginate
production was almost completely abolished in the FRD1 rpoS
mutant. In contrast, when grown on plates (seeded with 102

CFU/plate), the rpoS mutant produced approximately 35% of
the alginate produced by the wild-type strain. Interestingly,
when agar plates were seeded with a high cell density (i.e.,
$104 CFU), the rpoS mutant accumulated as much alginate as

TABLE 2. Effect of rpoS mutation on oxidative stress in
P. aeruginosaa

Growth phase and
phenotype H2O2 sensitivityb

Catalase activity
(U/mg of
protein)

Mid-log
RpoS1 25.8 6 0.7 116 6 8
RpoS2 25.5 6 2.8 71 6 7

Stationary
RpoS1 29.8 6 0.2 1,206 6 41
RpoS2 36.3 6 0.9 476 6 21

a Values are means 6 standard deviations.
b Zone of inhibition was measured in millimeters.

TABLE 3. Effect of rpoS mutation on P. aeruginosa
PAO1 exoproductsa

Exoproduct

Activity in strain:
% Relative

activityPAO1
(RpoS1)

SS24
(RpoS2)

Exotoxin A 1,302 6 46 660 6 20 50.7
Elastase 161 6 6 126 6 2 78.6
LasA protease 0.587 6 0.002 0.518 6 0.014 88.3
Phospholipase C 33.45 6 0.65 32.97 6 0.82 98.6
Pyocyanin 0.347 0.716 206.3
Pyoverdine 0.511 0.755 147.7

a Exotoxin A activity is measured in counts per minute per 10 ml of superna-
tant. Elastase activity is measured as the increase in A495 minute21 gram of
protein21. LasA protease activity is measured as the rate of decrease in A595
minute21 milligram of protein21. Phospholipase C activity is measured as the
increase in OD405 minute21 milligram of protein21. The pyocyanin level was
measured as OD695 and the pyoverdine level was measured as OD460 following
excitation at OD400 (see Materials and Methods for details). The relative activity
was calculated as follows: (activity of the rpoS mutant/activity of the parent) 3
100. Values are means 6 standard deviations.
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the wild-type FRD1 (data not shown). Because FRD1 and the
rpoS mutant grew at similar rates (data not shown), the differ-
ence in alginate production could not be attributed to a growth
defect. Thus, RpoS, in combination with cell density, was re-
quired for maximum alginate synthesis in P. aeruginosa. Pro-
viding RpoS in trans on a multicopy plasmid restored the
alginate production of the rpoS mutant to that of the parental
strain FRD1 (data not shown).

Effect of rpoS mutation on the rat chronic-lung-infection
model. We assessed the role of RpoS in the virulence of P.
aeruginosa using the rat chronic-lung-infection model. In this
model, the bacteria are embedded in agar beads which protect
them from the host immune response (60). The results showed
that the rpoS mutant survived as well as the wild-type bacteria
when the mutant was embedded in agar beads and placed in rat
lungs. Interestingly, the rpoS mutant appeared to cause greater
damage to lung tissues than the wild-type strain (Table 4). The
increased damage inflicted on the lungs of rats by the rpoS
mutant may be due to the overproduction of pyocyanin.

Although the rat chronic-lung-infection model is a good
model for assessing the roles of extracellular products in in-
fection, it does not provide information about colonization
functions and other initial stages of infection. The colonization
of P. aeruginosa is mediated by type IV fimbriae (13), which
also mediate the twitching motility. We examined the twitching

motility of the rpoS mutant to determine whether RpoS may be
involved in P. aeruginosa colonization. As shown in Fig. 4, the
zone of motility of the rpoS mutant (SS24) was approximately
60 to 70% of that of the parent (PAO1). In addition, the shape
of the zone observed for the rpoS mutant was typically ellipti-
cal, rather than the circular shape that was observed for the
parent strain. Finally, the rpoS mutant demonstrated altered
swarming motility on the top of the agar. These data suggest
that RpoS may be involved in the colonization of P. aeruginosa
as mediated by the type IV fimbriae.

DISCUSSION

The ability of P. aeruginosa to resist, adapt, and survive in a
wide variety of environments makes it a ubiquitous bacterium
in nature and likely contributes to its opportunistic pathogenic
behavior. As an initial effort to elucidate and understand the
stress responses of this bacterium, we isolated and character-
ized P. aeruginosa rpoS mutants to determine the effect of an
RpoS2 defect on the stress responses and the synthesis of
virulence factors in this bacterium.

Our data demonstrate both similarities and differences be-
tween the role of RpoS in P. aeruginosa and its role in other
bacteria. Some of the similarities include the RpoS-mediated
resistance of P. aeruginosa to heat-shock, H2O2, and osmotic
stress. These data indicate that RpoS is a general stress re-
sponse regulator in P. aeruginosa. However, because the phys-
iology and metabolism of P. aeruginosa are different from those
of E. coli, we do not know whether RpoS-mediated resistance
to various stresses in P. aeruginosa is similar or even proceeds
via analogous genes. For example, the E. coli rpoS mutant is
hypersensitive to 15 mM H2O2 (33), while the P. aeruginosa
rpoS mutant is resistant to 100 mM H2O2 (data not shown),
despite reduced catalase production in the P. aeruginosa rpoS
mutant. In E. coli, RpoS regulates the expression of two cata-
lase biosynthetic genes, katE and katG, in order to detoxify

FIG. 3. The rpoS mutation affects alginate accumulation in mucoid strain
FRD1. To evaluate growth in liquid, FRD1 and its rpoS mutant derivative
(SS138) were grown in LB at 37°C with aeration for 20 to 24 h. For growth on
plates, approximately 1,000 cells of the parent or the rpoS mutant were spread on
L agar plates and incubated at 37°C for 25 to 30 h. Alginate was separated from
the cells and quantitated as described in Materials and Methods. The amount of
alginate produced was normalized to the number of cells in the culture or to the
number of colonies on plates to obtain the amount of alginate produced per
CFU. One hundred percent of alginate production corresponds to the level
produced by the wild-type FRD1 strain. The values obtained for alginate were as
follows: FRD1 (liquid), 1.23 3 1026 mg CFU21; SS138 (liquid), 1.39 3 1028 mg
CFU21; FRD1 (plate), 0.77 mg colony21; SS138 (plate), 0.27 mg colony21.

TABLE 4. Effect of rpoS mutation on chronic lung infection caused by P. aeruginosa

Parent or mutant Initial inoculum
(CFU/ml)

Quantitative bacteriology (CFU/ml) on daya: Quantitative pathology (% damage)
on day:

7 14 7b 14

RpoS1 (PAO1) 3.5 3 104 (4.4 6 4.3) 3 105 (1.3 6 1.2) 3 105 18.5 6 4.9 20.9 6 8.8
RpoS2 (SS24) 2.8 3 104 (2.3 6 2.2) 3 106 1.2 3 106 6 9.2 3 105 32.7 6 3.8c 56.2 6 19.3c

a Values are means 6 standard deviations.
b Infiltration index.
c Significantly different from RpoS1 value (P , 0.05) by Student’s t test.

RpoS+ RpoS-

FIG. 4. Effect of rpoS mutation on twitching motility. A colony of wild-type
(PAO1) or rpoS mutant (SS24) cells was stabbed into the bottom of a petri plate
containing 10 ml of L agar (1% agar content). Following incubation at 37°C for
17 h, the volume of agar was reduced by absorbing the moisture with a stack of
paper towels, and the zone of motility was visualized by staining the agar with
Coomassie brilliant blue.
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H2O2 (25, 44). P. aeruginosa also possesses two catalases, KatA
and KatB (6, 40). It was shown that KatA activity is under
quorum-sensing control and thus is maximal in stationary
phase (20). Because the rpoS gene is also under quorum-
sensing control (34), it may be that RpoS directly controls katA
expression in stationary phase.

We also found several differences in the role of RpoS be-
tween E. coli and P. aeruginosa. One of the differences was the
minor role of RpoS in protecting P. aeruginosa from prolonged
carbon starvation. P. aeruginosa was quite sensitive to pro-
longed starvation (Figure 2A to C), despite the fact that P.
aeruginosa is almost ubiquitous in nature, including in low-
nutrient environments. One possible explanation is that be-
cause P. aeruginosa, like other members of the pseudomonads,
can metabolize so many compounds as nutrients, it has not
developed resistance against prolonged carbon starvation. Al-
ternatively, carbon starvation resistance in P. aeruginosa may
be regulated via a mechanism not addressed by our methods
and/or by a different regulator than RpoS. In P. putida, pro-
tection against carbon starvation has been shown to be regu-
lated by both RpoS (43, 51) and RpoN (27), the sigma factor
that regulates nitrogen metabolism in several bacteria.

Another interesting results was the differential effects that
various carbon sources had on the subsequent resistance of P.
aeruginosa to prolonged carbon starvation. P. aeruginosa grown
on glucose was approximately 10- to 15-fold more resistant to
prolonged starvation than when grown on succinate and at
least 500-fold more resistant than when grown in LB. There
are several possibilities for these differences. P. aeruginosa
growing in LB or on succinate may accumulate compounds
that are toxic to the cells, or growth on glucose may induce the
expression of genes under RpoS control that confer enhanced
resistance to prolonged starvation. It is intriguing to consider
the possibility that growth on a less preferred carbon source
(such as glucose) may better prepare the bacterium for the
onset of starvation.

RpoS has been demonstrated to be required for production
of extracellular toxins or proteases in three other organisms:
Yersinia enterocolitica, Vibrio cholerae, and P. fluorescens (24,
52, 61). Of a subset of extracellular products secreted by P.
aeruginosa, the accumulation of exotoxin A, pyocyanin, and
pyoverdine was most dramatically affected by the RpoS2 de-
fect. However, it is unclear whether regulation of these exo-
products by RpoS occurs at the level of synthesis or secretion.
The expression of P. aeruginosa xcp operons, which encode the
type II secretion apparatus for exotoxin A, elastase, LasA
protease, and phospholipase C, among other proteins, is reg-
ulated by the quorum-sensing systems (7), which in turn reg-
ulate the expression of rpoS (34). This led Chapon-Hervé et al.
(7) to propose the possibility that regulation of xcp operons
may proceed via RpoS in P. aeruginosa. This proposal was also
based on the presence of a potential RpoS consensus promoter
upstream of xcp. If the xcp operons are regulated by RpoS,
then the rpoS mutant should be deficient for the accumulation
of many exoproteins. However, only the accumulation of exo-
toxin A was significantly affected by the rpoS mutation in our
study. Further data are needed to clarify whether RpoS regu-
lates the expression of genes encoding exotoxin A, elastase,
and LasA protease directly or regulates the secretion of these
proteins via Xcp.

RpoS plays a major role in the production of alginate, and
this effect is dependent on whether cells are grown in liquid or
on a solid surface. When bacteria are grown on a solid surface,
a higher cell density can be reached. Thus, RpoS-mediated
alginate production may be cell density dependent. Our data
suggest that a high cell density can minimize or even negate the

RpoS requirement for the maximum accumulation of alginate
and that RpoS is essential for alginate accumulation only when
cell density is relatively low. These results pose an interesting
question. How can RpoS induce the synthesis or secretion of
alginate under low-cell-density conditions when the expression
of rpoS itself is induced by high cell density? Perhaps the basal
level of rpoS expressed in FRD1 at a low cell density may be
sufficient for the induction of alginate production and/or se-
cretion. Alternatively, due to the close proximity of the cells
growing on a solid surface, a few cells may be sufficient to
induce the quorum-sensing system.

In conclusion, the mutation in rpoS affects a variety of func-
tions in P. aeruginosa. These include the general stress re-
sponse, the accumulation of virulence factors, and twitching
motility. Our data suggest that one of the functions of RpoS in
P. aeruginosa is to fine-tune the cell metabolism, which in-
cludes modulating the production of several secondary metab-
olites, in order to maintain the optimal conditions for cells in
stationary phase. The two-dimensional gel analysis on PAO1
and SS24 indicated that the rpoS mutation results in an alter-
ation in the production and accumulation of at least 37 pro-
teins (data not shown). Studies to identify the genes regulated
by RpoS in P. aeruginosa are in progress.
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