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The stringent response is a regulatory system that allows bacteria to sense and adapt to nutrient-poor
environments. The central mediator of the stringent response is the molecule guanosine 3�,5�-bispyrophos-
phate (ppGpp), which is synthesized by the enzymes RelA and SpoT and which is also degraded by SpoT. Our
laboratory previously demonstrated that a relA mutant of Pseudomonas aeruginosa, the principal cause of lung
infections in cystic fibrosis patients, was attenuated in virulence in a Drosophila melanogaster feeding model of
infection. In this study, we examined the role of spoT in P. aeruginosa virulence. We generated an insertion
mutation in spoT within the previously constructed relA mutant, thereby producing a ppGpp-devoid strain. The
relA spoT double mutant was unable to establish a chronic infection in D. melanogaster and was also avirulent
in the rat lung agar bead model of infection, a model in which the relA mutant is fully virulent. Synthesis of
the virulence determinants pyocyanin, elastase, protease, and siderophores was impaired in the relA spoT
double mutant. This mutant was also defective in swarming and twitching, but not in swimming motility. The
relA spoT mutant and, to a lesser extent, the relA mutant were less able to withstand stresses such as heat shock
and oxidative stress than the wild-type strain PAO1, which may partially account for the inability of the relA
spoT mutant to successfully colonize the rat lung. Our results indicate that the stringent response, and SpoT
in particular, is a crucial regulator of virulence processes in P. aeruginosa.

Pseudomonas aeruginosa is an environmentally and metabol-
ically diverse bacterium that is, perhaps, most notorious for its
role in chronic lung infections in cystic fibrosis (CF) patients,
with 55% of all CF patients and approximately 80% of adult
CF patients being colonized by P. aeruginosa (15). This organ-
ism also causes a variety of other community-acquired and
nosocomial infections, including microbial keratitis associated
with contact lens usage (63), ventilator-associated pneumonia
(30), and burn wound infections (14). The diverse infections
caused by P. aeruginosa are of significant concern to the med-
ical community and can be partly attributed to the pathogen’s
versatility and large virulence arsenal. The synthesis of viru-
lence factors is precisely attuned to environmental conditions
by several regulatory systems, of which the stringent response
was of particular interest to our study.

The stringent response was originally described as an adap-
tation to amino acid starvation, whereby stable RNA and ri-
bosomal protein synthesis is downregulated while proteolytic
and amino acid biosynthetic enzymes are upregulated, as stud-
ied primarily in Escherichia coli (10). Currently, it is recognized
that the stringent response can be induced by starvation for a
variety of nutrients resulting in a broad-scale adaptation to

stressful conditions. Such adaptations include regulatory
changes to central metabolic pathways, induction of the RpoS-
dependent general stress response, and repression of DNA
replication (19, 57). The stringent response, therefore, func-
tions as a switch between “feast or famine” conditions, which is
used by bacteria to determine resource allocation to either
reproductive or cell maintenance functions (39). Additionally,
the stringent response is utilized by many bacterial pathogens,
including members of the gamma-, alpha-, and epsilonproteo-
bacteria, Actinobacteria, Firmicutes, and spirochetes, to control
virulence functions (reviewed by Dalebroux et al. [16]). The
central signaling molecules of the stringent response are two
guanine nucleotides, guanosine 3�,5�-bispyrophosphate (ppGpp)
and guanosine 3�-diphosphate 5�-triphosphate (pppGpp), col-
lectively referred to as (p)ppGpp (10). These molecules, which
exert their cellular effects by binding to and modifying the
transcription pattern of RNA polymerase, are produced by
enzymes termed Rel/Spo homologues. In all beta- and gam-
maproteobacteria studied thus far, there are two such enzymes,
RelA and SpoT (27). RelA, the foremost producer of
(p)ppGpp in E. coli (8), is activated by ribosomal stalling
caused by amino acid starvation (23). SpoT is a secondary
producer of (p)ppGpp and is solely responsible for degrading
these signaling molecules (4, 24, 32). The environmental cues
sensed by SpoT are not well-defined but include starvation for
carbon (65), iron (60), phosphate (52), and fatty acids (49).
Fatty acid starvation may be sensed via a direct interaction
between SpoT and the acyl carrier protein in both E. coli and
P. aeruginosa (2). Additionally, alkaline pH triggers ppGpp
accumulation in P. aeruginosa in a SpoT-dependent manner
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(4). These inducing factors may mediate a switch between the
two opposing enzymatic activities of SpoT (1), allowing a sen-
sitive response to external conditions.

Several groups have begun to examine the stringent re-
sponse in P. aeruginosa and its role in regulating expression of
virulence factors. Two studies have demonstrated that RelA is
a positive regulator of the quorum-sensing circuitry of P.
aeruginosa (20, 58). Since quorum sensing is an important
regulator of virulence functions in P. aeruginosa (33), Erickson
et al. examined the virulence of a relA mutant (20), finding that
this strain secreted reduced amounts of the extracellular pro-
tease elastase but increased amounts of the secondary metab-
olite pyocyanin. Preliminary experiments showed that the relA
mutant was fully virulent in the rat lung agar bead model (20).
Intriguingly, the relA mutant was attenuated in virulence in the
Drosophila melanogaster feeding model of infection (20). To
explain the different virulence potentials of the relA mutant in
these two model systems, we postulated that (p)ppGpp may be
required for full virulence of P. aeruginosa but that a functional
copy of SpoT may be sufficient to fulfill this requirement in
some situations, such as in the rat lung. In support of this idea,
Boes et al. (4) recently showed that a P. aeruginosa relA mutant
has some ability to produce ppGpp but that a relA spoT double
mutant is ppGpp negative. They also showed that SpoT posi-
tively regulates a set of universal stress proteins with roles in
anaerobic energy stress adaptation, which may contribute to
survival within a host (4).

In this study, we assessed the role of spoT in P. aeruginosa
virulence by creating a relA spoT double mutant devoid of
(p)ppGpp production. We examined the virulence of the dou-
ble mutant in two chronic infection model systems and found
that this strain was incapable of establishing a successful infec-
tion in either organism. We also examined this mutant in a
model of acute infection where it seemed the stringent re-
sponse did not play as large a role in pathogenesis. Further
experiments showed that the double mutant was defective in
both secretion of virulence factors and survival under a variety
of stresses, suggesting that the stringent response promotes P.
aeruginosa virulence through several distinct mechanisms.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Bacterial strains and plas-
mids used in this study are listed in Table 1. Escherichia coli strain DH5� (22)
was utilized for all cloning. Unless otherwise indicated, both P. aeruginosa and E.
coli were cultured using Luria-Bertani (LB) broth or agar at 37°C.

Creation and complementation of the relA spoT double mutant. The region of
the P. aeruginosa PAO1 (parental, wild-type strain) genome (54, 64) encompass-
ing spoT was PCR amplified using primers SpoFor3 (For stands for forward)
(5�-CTGGTCGATGAGAACGTCG-3�) and SpoRev1 (Rev stands for reverse)
(5�-GATAACGGTCTTGGTCATGG-3�) and cloned into pCR2.1. An insertion
mutation was generated by liberating the � cassette, encoding streptomycin and
spectinomycin resistance, from pHP45� (43) by SmaI digestion and inserting it
into the unique NruI site in spoT. This spoT::� construct was then transferred
into the suicide plasmid pEX18Tc (25) by an XbaI/SstI double digestion, thereby
producing pSS11. pSS11 was subsequently electroporated into the PAO1 relA
mutant as previously described (11). The genotypes of putative double mutants
were verified by PCR amplification and Southern hybridization (data not shown).

Plasmid pSS6, which contains the rpoZ and spoT open reading frames from P.
aeruginosa strain PAO1 cloned into the vector pUCP28T, was used to comple-
ment the spoT mutation. Since pUCP28T does not contain a promoter suitable
for driving expression of the cloned insert in P. aeruginosa, we needed to include
the endogenous promoter of the spoT gene in order for the construct to be
expressed. rpoZ was included in pSS6 because a similar plasmid containing only
spoT and its upstream intergenic region failed to complement any mutant phe-
notype that we examined (data not shown) and because rpoZ and spoT are
predicted to be cotranscribed (Pseudomonas Genome Database v2 [http://www
.pseudomonas.com]). We therefore concluded that the promoter driving spoT
expression is located within or upstream of rpoZ. The complementation region
was amplified from strain PAO1 using primers SpoFor2 (5�-GACGCCCAGCA
GCAACGC-3�) and SpoRev1.

(p)ppGpp assays. Production of (p)ppGpp by strains of P. aeruginosa was
detected using a radiolabeling assay (9). Strains were cultured overnight on LB
agar and then resuspended in 1 ml of 1� minimal medium containing morpho-
linepropanesulfonic acid (MOPS) (38). After the strains were washed once in the
same medium, the optical density at 600 nm (OD600) of the cell suspension was
normalized to 0.5 in 100 �l of the appropriate starvation medium. For amino acid
starvation, 1� MOPS was supplemented with 0.2% glucose, 1 mg/ml serine
hydroxamate (Sigma), and 0.5 mg/ml L-valine (Sigma). For carbon starvation, no
supplements were added to the medium containing 1� MOPS. For iron starva-
tion, the iron(II) sulfate was omitted from the 1� MOPS mixture, and the
medium was supplemented with 0.2% glucose, 100 �g/ml Casamino Acids, and
2.5 mM 2,2�-dipyridyl (Sigma). 32Pi (PerkinElmer) was added to each well to an
activity of 20 �Ci/ml; labeling was carried out at 37°C for 1 h. Nucleotides were
extracted by adding 100 �l of cold 90% formic acid to each sample. Cells were
then lysed by two freeze-thaw cycles on dry ice. For analysis of cellular nucleotide
pools, 5 �l of each cell lysate was spotted onto a cellulose-polyethyleneimine
thin-layer chromatography (TLC) plate (Selecto Scientific), which was developed

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description and/or genotype or phenotypea Reference or source

Bacterial strains
P. aeruginosa

PAO1 Prototypical laboratory strain 26
relA mutant PAO1 with a gentamicin resistance cassette inserted into relA; Gmr 20
relA spoT mutant PAO1 relA mutant with an � streptomycin/spectinomycin resistance cassette inserted into

spoT; Gmr Smr/Spr
This study

E. coli DH5� F� �80dlacZ�M15 �(lacZYA-argF)U169 recA1 endA1 hsdR17(rK
� mK

	) phoA supE44 
�

thi-1 gyrA96 relA1
22

Plasmids
pCR2.1 TA cloning vector; Apr Kmr Invitrogen
pHP45� Cloning vector pHP45 containing the Smr/Spr � element; Apr Smr/Spr 43
pEX18Tc Gene replacement vector containing the MCS from pUC18 and the sacB gene; Tcr 25
pSS11 pEX18Tc containing a spoT::� insert; Tcr Smr/Spr This study
pUCP28T E. coli-P. aeruginosa shuttle vector derived from general cloning vector pUC18; Tpr 47
pSS6 pUCP28T containing rpoZ-spoT from PAO1; Tpr This study

a MCS, multiple cloning site.
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in 1.5 M KH2PO4, pH 3.4. Radioactivity was detected by exposing the dried TLC
plate to X-ray film.

Fly feeding model of infection. The Drosophila melanogaster fly feeding assay
was performed by the method of Chugani et al. (12). P. aeruginosa strains were
cultured overnight with maximum aeration at 37°C in brain heart infusion (BHI)
broth. Cultures were normalized to an OD600 of 3.0 in 2 ml of BHI broth, then
pelleted, and resuspended in 175 �l of sterile 5% sucrose. These bacterial
cultures were placed on sterile filters atop 5% sucrose agar medium in fly vials.
Three- to 5-day-old male D. melanogaster strain Oregon R flies were starved for
5 h before being placed in infection assay vials, with 10 to 12 flies per vial. Flies
were incubated at 28°C, and their mortality was monitored daily for 14 days. To
determine the survival of P. aeruginosa strains on feeding filters, one filter from
each strain was removed from its feeding vial every 2 days throughout the course
of the experiment. The filter was vortexed vigorously in 5 ml of LB broth to
resuspend bacteria, and the resulting cell suspension was plated for viable cell
counting.

Fly nicking model of infection. The fly nicking model was performed by the
method of D’Argenio et al. (17). Bacteria were cultured overnight in BHI broth
at 37°C. The following day 3- to 5-day-old female D. melanogaster flies were
anesthetized, using a tile cooled on ice, and nicked in the abdomen with a
27.5-gauge needle dipped in a bacterial culture normalized to an OD600 of 1.0.
Once inoculated, the flies were transferred to vials containing cornmeal agar
medium, and survival was monitored for up to 36 h.

Rat lung agar bead model of infection. The rat lung agar bead infections were
performed by the method of Cash et al. (7). Two experiments were performed;
the first experiment compared wild-type strain PAO1 with the relA mutant, and
the second compared strain PAO1 with the relA spoT mutant. In both experi-
ments, a minimum of seven male Sprague-Dawley rats were infected with each
strain by placing agar beads enmeshed with approximately 104 CFU of bacteria
in the lungs. After 7 days of incubation, the rats were sacrificed. Three rats per
strain were examined for lung pathology, and at least four rats per strain were
analyzed for quantitative bacteriology. For quantitative histopathology, lung
involvement or consolidation was characterized by infiltration of inflammatory
cells, neutrophils, and mononuclear cells in the airway lumen as well as visible
epithelial desquamation.

Virulence factor assays. Pyocyanin production was assessed using the chloro-
form-hydrochloric acid extraction method of Carty et al. (6). Cultures to be
assayed were incubated in LB broth with maximum aeration at 37°C for 18 h. The
reverse-elastin plate assay and elastin-Congo red assay for detection of elastase
production were performed by the method of Rust et al. (45), with cultures
grown in BHI broth at 37°C for 20 h. Overall protease production was tested on
dialyzed BHI agar containing skim milk (BHI-skim milk agar) (50), with cultures
grown in the same manner as for elastase assays. Siderophore production was
assayed using chrome azurol S (CAS) agar by the method of Schwyn and
Neilands (48). Lipase activity was measured using a turbidimetric assay based on
the cleavage of a Tween 20 substrate (62). The radiometric ADP-ribosylation
assay for exotoxin A production was performed by the method of Chung and
Collier (13). Overnight cultures were normalized to an OD600 of 0.3 before they
were placed on the agar in all plate-based assays. All virulence factor assays were
performed three or four times in triplicate.

Motility assays. Swarming assays were carried out by the method of Kohler et
al. (29). The swarm medium used on the plates was M8 medium supplemented
with 0.2% glucose, 0.05% sodium glutamate, and 0.5% agar. The plates were
inoculated with 1 �l of a normalized culture (OD600 of 0.2) and incubated at
37°C for 48 h. Twitching assays were performed by the method of Darzins (18).
A sterile toothpick was used to stab bacteria to the bottom of a LB plate with 1%
agar. The plates were incubated at 37°C for 48 h. The agar was then carefully
removed, and the petri plate was air dried and stained for 5 min with 1%
Coomassie blue. Motility zones were measured after rinsing with distilled water.
For the swimming motility assay, 1 �l of a bacterial culture standardized to an
OD540 of 1.0 was inoculated into the center of an LB plate containing 0.3% agar
and then incubated at 37°C for 24 h (21).

Stress tolerance assays. Assays to examine the sensitivity of P. aeruginosa
strains to heat shock, osmotic stress, and oxidative stress were performed essen-
tially by the method of Suh et al. (55). For the osmotic stress assays, 4 M sodium
chloride and 2 M sucrose were used as the ionic and nonionic solutes, respec-
tively. The hydrogen peroxide disc diffusion assay was performed using Vogel-
Bonner minimal medium (VBMM) (61) rather than LB, since we expected to see
a larger difference between the wild-type and ppGpp-deficient strains in the
nutrient-limiting environment of VBMM. All stress tolerance assays were per-
formed in triplicate or quadruplicate.

Competition assay. The ability of P. aeruginosa PAO1 and the relA spoT
double mutant to survive in an environment depleted of nutrients was assessed

in a competition assay. Strains were cultured individually overnight in BHI broth
and then coinoculated into a diluted rich medium (0.1� BHI broth), with the
starting cell density normalized to an OD600 of 0.002 for strain PAO1 and 0.02
for the relA spoT mutant. The mixed culture was incubated at 37°C with aeration,
without supplementing with fresh medium. The culture was sampled daily for an
overall viable cell count as well as to determine the proportion comprised by each
strain. Viable cell counting was performed by serially diluting the culture and
plating onto LB agar. For determination of strain ratios, the mixed culture was
plated on LB agar for isolated colonies, 100 of which were randomly selected to
be patched onto plates containing antibiotics selective for the relA spoT mutant.
Control pure cultures of each strain were prepared and plated as described
above. Three replicate experiments were performed.

Statistical analysis. All data were analyzed and graphed using Prism version
5.0a (GraphPad Software, Inc.). All comparisons, with the exception of fly sur-
vival curves, were made using a one-way analysis of variance followed by Tukey’s
multiple-comparison test. Fly survival curves were compared using the Mantel-
Cox log rank test.

RESULTS

Construction of a P. aeruginosa relA spoT double mutant. In
this study, our primary objective was to characterize the in-
volvement of ppGpp and SpoT, in particular, in the virulence
of P. aeruginosa. We created a strain lacking both known
ppGpp synthetase-encoding genes by generating an insertion
mutation in the spoT open reading frame within a previously
constructed relA mutant (20). The same construct was intro-
duced into the wild-type strain PAO1, but all attempts at cre-
ating a spoT mutation in a relA	 background failed (see Dis-
cussion). In accordance with the report by Boes et al. (4), no
(p)ppGpp synthesis could be detected in the relA spoT double
mutant under any growth condition tested, including starvation
for nutrients such as amino acids, carbon, and iron (see Fig. S1
in the supplemental material). We were also unable to detect
(p)ppGpp synthesis in the relA mutant under these conditions,
although a small amount of ppGpp was produced by the relA
spoT mutant complemented in trans with spoT (on pSS6) dur-
ing carbon starvation (Fig. S1B). Since this strain lacks relA, we
conclude that this ppGpp was synthesized in a SpoT-depen-
dent manner.

A P. aeruginosa relA spoT mutant is severely attenuated in
virulence in two chronic infection models. To determine
whether P. aeruginosa stringent response mutants are defective
in virulence, we orally inoculated D. melanogaster with wild-
type or mutant bacteria and monitored fly mortality for 14
days. Figure 1A shows that the relA spoT double mutant was
significantly less virulent than both the wild-type strain PAO1
and the relA mutant (P � 0.0001) and did not kill significantly
more flies than sterile sucrose (P � 0.0904). Enumeration of
viable bacteria on the fly feeding filters indicated that the relA
spoT mutant maintained a high CFU count until only day 6;
subsequently, the CFU counts plunged rapidly (Fig. 1B). No-
tably, at around day 10, the colony morphology of the relA spoT
mutant also changed, with tiny punctiform colonies rapidly
outnumbering the large, irregular colonies that are typical of
this strain (data not shown). To remedy this difference in
bacterial survival on the filters, the fly feeding experiments
were repeated, with flies transferred to freshly prepared bac-
terial filters every 6 days. Viable cell counts of these filters
revealed that the relA spoT mutant was able to maintain filter
colonization at levels comparable to both PAO1 and the relA
mutant throughout the experiment (Fig. 1D), and no colony
morphology variants were observed. Increased filter coloniza-
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tion did not affect the survival of the infected flies, with the relA
spoT double mutant still causing no additional fly lethality over
the sucrose control (P � 0.1174) (Fig. 1C). Therefore, the
reduced survival of the relA spoT mutant on the fly feeding
filters is unlikely to account for the inability of this strain to
produce a lethal infection in flies. In addition, the virulence of
the relA spoT mutant could be partially restored by comple-

mentation with spoT in trans (Fig. 1E). Although still less
virulent than the relA mutant, the complemented strain, the
relA spoT mutant carrying the pSS6 plasmid, killed significantly
more flies than either the relA spoT mutant or the vector
control strain, the relA spoT mutant carrying pUCP28T (P �
0.0001).

To assess the virulence of stringent response mutants in a

FIG. 1. A P. aeruginosa relA spoT double mutant is avirulent in the fly feeding model of infection. (A, C, and E) Mortality of flies infected with
P. aeruginosa PAO1 (Œ), relA mutant (f), and relA spoT (F) mutant, as well as the negative control of sterile sucrose (�), was monitored for 14
days following infection. In panel A, the data points making up the survival curve and standard errors of the means (SEM) (error bars) were
generated from three replicate experiments with 30 to 60 flies per strain. In panel C, flies were transferred to fresh bacterial filters on days 6 and
12 (indicated by the vertical broken lines); the data making up the survival curve and SEM were generated from one experiment with 40 flies per
strain. In panel E, the vector control strain, the relA spoT mutant carrying pUCP28T (relA spoT pUCP28T) (‚), and the complemented strain, the
relA spoT mutant carrying pSS6 (relA spoT pSS6) (�) were also examined; the data points making up the survival curve and SEM were from one
experiment with 60 flies per strain. (B and D) Enumeration of viable bacteria remaining on fly feeding filters containing strain PAO1 (Œ), relA mutant
(f), and relA spoT mutant (F) throughout the experiment. CFUs were determined in triplicate for each filter. Graphed data represent the average
CFU/filter, with error bars (mainly too small to be visible) denoting SEM. In panel B, one filter per strain was removed every 2 days for the duration of
the experiment. Note that the colony morphology of the relA spoT mutant changed throughout the experiment from the original large colonies (�) to
a small-colony variant; thus, both total counts and large-colony counts are shown for this strain. In panel D, flies were transferred to fresh bacterial filters
on days 6 and 12. CFU counting was performed on the inoculum on days 0, 6, and 12, and also on the removed filters on days 6, 12, and 14 (end of
experiment). In this experiment, no small colonies were observed for the relA spoT mutant.
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mammalian model, two sets of rat lung agar bead infections
were performed. Figure 2 shows that there was no significant
difference between the mean bacterial load of rats (n � 4)
infected with strain PAO1 and the relA mutant in experiment
1. Likewise, there was similar pathology and involvement of
tissue in the lungs of rats infected with either strain, suggesting
that the relA mutant was as virulent as the parental strain in the
rat lung infection model. In contrast, in experiment 2, there
was a significant difference between the mean total bacterial
loads of rats (n � 4) infected with strain PAO1 (1.64 � 105

CFU/ml) and the relA spoT double mutant (no culturable cells)
after 7 days of infection (Fig. 2). As expected, strain PAO1
caused an influx of neutrophils and monocytes, with accompa-
nying epithelial desquamation involving on average 47% of the
lung tissue (n � 3), whereas there was no lung pathology
evident in the rats infected with the relA spoT mutant (n � 3).
These results suggested that the relA spoT double mutant was
unable to survive, was effectively cleared from the rat lung
within 7 days, and was unable to provoke any tissue damage
during the infection.

Both of these models are representative of chronic infec-
tions. Thus, we also performed fly nicking experiments as an
acute infection model. Figure 3 shows that both the relA and
relA spoT mutants were significantly less virulent than the pa-
rental strain PAO1 (P � 0.0034 and P � 0.0001, respectively).
However, there was not a significant difference between the
survival curves for the two mutant strains. This suggested that
the stringent response, and SpoT in particular, might not be as
important in this model of acute infection as in the chronic
infection model above.

ppGpp-deficient strains of P. aeruginosa are impaired in
virulence factor production. In order to understand the mech-
anisms by which the stringent response affects pathogenesis, we
characterized the production of virulence factors by our
ppGpp-deficient strains. When grown in LB, the relA spoT
mutant displayed a notable lack of pigmentation (data not
shown). This observation prompted us to examine this strain’s

production of pyocyanin, a blue redox-active compound se-
creted by many strains of P. aeruginosa (34). As illustrated in
Fig. 4A, pyocyanin production was virtually abolished in the
double mutant. Like Erickson et al. (20), we found an elevated
level of pyocyanin in supernatants obtained from the relA mu-
tant compared to those obtained from strain PAO1 (P value of
�0.05 when comparing the value for the relA mutant to the
value of either strain PAO1 or the relA spoT mutant) (Fig. 4A).
Complementation with pSS6 significantly enhanced pyocyanin
production (P � 0.05 compared to vector control pUCP28T).

We examined elastase production by wild-type and mutant
strains by measuring zones of clearing in reverse-elastin agar.
The zones observed for the relA spoT mutant were extremely
small to nonexistent (Fig. 4B) (reduced compared to either
other strain [P � 0.05]), and elastase production was restored
by complementation with pSS6 (P � 0.05 for the value for the
relA spoT mutant carrying pSS6 compared to the value for the
relA spoT mutant carrying pUCP28T). Comparable results
were obtained using the more-quantitative elastin-Congo red
assay (45) (A595 values of 0.280  0.055 for strain PAO1,
0.235  0.088 for the relA mutant, and 0.023  0.008 for the
relA spoT mutant; the value for the relA spoT mutant was lower
than that of any other strain [P � 0.05]).

Since ppGpp production is stimulated by iron starvation
(60), we assessed the ability of stringent response mutants to
synthesize several iron-regulated virulence factors: protease,
siderophores, lipase, and exotoxin A. Dialyzed BHI-skim milk
agar plates were used to examine overall protease production
by strains of P. aeruginosa. Although there was no significant
difference in protease production by the relA mutant compared
to P. aeruginosa PAO1 (P � 0.05), the relA spoT double mutant
displayed a significant reduction (P � 0.05) in protease pro-
duction, with zones of clearing being approximately 66% of
PAO1 zone sizes (Fig. 4C). With this modest reduction in total

FIG. 2. A P. aeruginosa relA spoT double mutant is avirulent in the
rat lung infection model. Quantitative bacteriology of rat lung agar
bead infections with P. aeruginosa PAO1 and the relA and relA spoT
mutants on day 7 of the infection. Data represent the mean of total
bacterial counts  SEM from the lungs of four animals for each strain.
No significant differences were observed between the means of strain
PAO1 and the relA mutant. There was a significant difference between
the mean values for the colony counts of strain PAO1 and the relA
spoT mutant (P � 0.0001).

FIG. 3. The virulence of the P. aeruginosa relA spoT double mutant
is similar to that of the relA mutant, but both are less virulent than P.
aeruginosa PAO1 in the Drosophila nicking infection model. Survival
curves for D. melanogaster challenged with wild-type PAO1 or the
stringent response mutants are shown. Flies were nicked in the abdo-
men with a needle dipped into a standardized culture of P. aeruginosa.
Fly mortality was measured hourly on 3 sets of 30 flies. Significant
differences were observed between the PAO1 survival curve and the
survival curve of either the relA mutant (P � 0.0034) or the relA spoT
mutant (P � 0.0001). There is not a significant difference between the
survival curves for the relA and relA spoT mutants (P � 0.113).
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protease activity and since such a strong reduction in elastase
activity was observed in the relA spoT mutant (Fig. 4B), it is
possible that production of other proteases, such as alkaline
protease and protease IV, was unaffected in this mutant.
Again, complementation with pSS6 significantly increased pro-
tease production by the relA spoT mutant compared to the
vector control (P � 0.05).

To assess overall siderophore production by P. aeruginosa,
we spotted cultures grown in low-iron medium onto chrome
azurol S (CAS) agar. The relA spoT mutant produced orange
halos indicative of siderophore production that were signifi-
cantly smaller than those produced by strain PAO1 (P � 0.05),
and this defect in siderophore synthesis could be comple-
mented with pSS6 (P � 0.05 compared to the relA spoT mutant
carrying pUCP28T) (Fig. 4D).

The production of lipase and exotoxin A by wild-type and
ppGpp synthase-deficient strains of P. aeruginosa was also
measured. However, no significant differences were detected
between the relA spoT mutant and either strain PAO1 or the
relA mutant for the production of either exotoxin A or lipase
(data not shown).

SpoT is important for swarming and twitching motilities.
Since motility is also crucial during the colonization stage of a
P. aeruginosa infection (28), we tested P. aeruginosa PAO1 and
our mutant strains for swimming, swarming, and twitching mo-

tility. Interestingly, there were no significant differences be-
tween strain PAO1 and either the relA or relA spoT mutant in
flagellum-dependent swimming motility (data not shown).
However, the relA spoT mutant was significantly impaired in
both swarming (flagellum-dependent) (P � 0.001) and twitch-
ing (pilus-dependent) motility (P � 0.0001) compared to
PAO1, the parental strain (Fig. 5). The relA mutant displayed
increased swarming motility compared to PAO1, with exten-
sive tendril formation, but had no significant change in twitch-
ing motility (Fig. 5). Complementation of the relA spoT mutant
with pSS6 produced motility zones equivalent to those of the
relA mutant (Fig. 5). These results demonstrate that ppGpp is
required for optimal twitching and swarming motility but that
swimming is unaffected, suggesting that the stringent response
mutants are able to produce functional flagella but may be
deficient in the production of pili or surfactants such as rham-
nolipid.

ppGpp-deficient P. aeruginosa mutants are more susceptible
to abiotic stresses. We hypothesized that the poor survival of
the relA spoT mutant in the rat lung assay may reflect an
increased sensitivity of this strain to various stresses, including
heat shock, oxidative stress, high osmolarity, and nutrient star-
vation. Figure 6A shows that of the three P. aeruginosa strains,
the relA spoT mutant was the strain most susceptible to heat
shock. The difference in survival between strain PAO1 and the

FIG. 4. Virulence factor synthesis is diminished in a P. aeruginosa relA spoT double mutant. All virulence factor assay data represent the means
of three or four replicate experiments, performed in triplicate; the error bars indicate the standard deviations. The relA spoT mutant carrying
pUCP28T and the relA spoT mutant carrying pSS6 are shown as pUCP28T and pSS6, respectively, in the figure. (A) Pyocyanin production was
determined by extraction of culture supernatants with chloroform and hydrochloric acid; the absorbance at 520 nm of the resulting aqueous phase
corresponds to the concentration of pyocyanin. (B) Elastase production was quantified as the size of zones of clearing produced by bacterial
colonies on reverse-elastin agar. (C) Protease production was measured as the size of zones of clearing produced by bacterial colonies on dialyzed
BHI-skim milk agar. (D) Siderophore production was assessed as the size of the orange halos produced by bacterial colonies on low-iron CAS blue
agar.
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relA mutant was not as dramatic, but on average, PAO1 was
able to withstand heat shock better than the relA mutant (Fig.
6A). These results suggest that ppGpp improved survival dur-
ing heat stress and that even the basal level of ppGpp present

in the relA mutant was sufficient to provide some heat protec-
tion to the bacterium compared to the relA spoT mutant.

The stringent response may also promote survival under
conditions of oxidative stress, which bacteria face during sta-

FIG. 5. Swarming and twitching motilities are reduced in the relA spoT mutant compared to the relA mutant and the parental PAO1 strain. The
graphs show the means of motility from three replicate experiments performed in triplicate for strain PAO1, relA mutant, relA spoT mutant, the
vector control strain, the relA spoT mutant carrying pUCP28T (“pUCP28T” in the figure), and the complemented strain, the relA spoT mutant
carrying pSS6 (“pSS6” in the figure), overexpressing a plasmid-borne copy of spoT. Error bars denote the SEM. (A and B) The mean diameters
of spread for swarming motility (A) and twitching motility (B) are shown.

FIG. 6. Stringent response mutants of P. aeruginosa are more susceptible to abiotic stresses. The abilities of strain PAO1 (Œ), relA mutant (f),
and relA spoT double mutant (F) to survive a variety of stresses were examined. All data are from three or four replicate experiments; error bars
denote standard deviations. (A) Diluted cultures were heat shocked at 50°C for 60 min, with duplicate samples taken every 10 min to assess the
number of viable cells remaining. Cell survival is expressed as a percentage of the viable cell count at time zero. (B) The sensitivity of strains to
oxidative stress was assessed by measuring the size of the zones of clearing in the bacterial lawn surrounding discs soaked in 30% hydrogen
peroxide. In this assay, the vector control strain, the relA spoT mutant carrying pUCP28T (“pUCP28T” in the figure), and the complemented strain,
the relA spoT mutant carrying pSS6 (“pSS6” in the figure), were also tested. (C and D) Sensitivity to osmotic stress was examined by resuspending
cultures in minimal medium containing a high concentration of solute (4 M sodium chloride in panel C and 2 M sucrose in panel D). Viable cell
counting was performed after 2, 4, 6, and 24 h, with cell survival represented as the percentage of the viable cell count at time zero.
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tionary phase (40) and during colonization of mucosal tissues.
In this study, we used sensitivity to hydrogen peroxide as a
measurement of oxidative stress resistance. The differences in
hydrogen peroxide susceptibility between all three strains were
statistically significant (P � 0.05), with the relA mutant slightly
but significantly more sensitive than strain PAO1, and the relA
spoT mutant, in turn, more sensitive than the relA mutant (Fig.
6B). In this assay, complementation of the relA spoT mutant
with pSS6 effectively reduced the hydrogen peroxide sensitivity
of the relA spoT mutant to less than that of the relA mutant
(Fig. 6B). These results demonstrate that, at least for certain
phenotypes, overexpression of spoT was able to partially com-
pensate for the lack of a functional copy of relA.

The tolerance of wild-type and mutant strains of P. aerugi-
nosa to high osmolarity was assessed by exposing cultures
grown to stationary phase to high concentrations of one ionic
solute, 4 M sodium chloride, and one nonionic solute, 2 M
sucrose. Once again, the relA spoT double mutant was the most
susceptible strain, while strain PAO1 was the most resistant
strain, with the relA mutant intermediate in sensitivity (Fig. 6C
and D). Interestingly, the relA spoT mutant displayed an in-
crease in susceptibility to 2 M sucrose beginning at 2 h post-
exposure through to the end of the experiment (Fig. 6D),
whereas this strain’s increased sensitivity to sodium chloride
took considerably longer to manifest (Fig. 6C). Therefore,
ppGpp may be more important for survival with nonionic stres-
sors, such as 2 M sucrose, than with ionic stressors, such as 4 M
sodium chloride.

To verify the roles of RelA and SpoT in adaptation to
nutrient-poor conditions, cultures of P. aeruginosa PAO1 and
the relA spoT mutant were grown for 6 days in a nutrient-poor
medium without supplementation with fresh medium. Using
these conditions, we observed almost no difference in survival
between strain PAO1 and the relA spoT mutant (Fig. 7A). In
contrast, in a competition assay, where strain PAO1 and the
relA spoT mutant were inoculated at a 1-to-10 ratio, PAO1
rapidly constituted the majority of the culture, in spite of its

lower inoculum (Fig. 7B). In each replicate experiment, PAO1
represented 100% of the sampled colonies by day 3 or 4. These
experiments demonstrated that, when faced with direct com-
petition from an isogenic wild-type strain, the relA spoT mutant
was unable to thrive under conditions of nutrient starvation.

DISCUSSION

The ability to adapt to changing environmental conditions is
a hallmark of many bacterial species. One mechanism allowing
bacteria to adapt to fluctuations in nutrient availability is the
stringent response. Most bacteria, with the exception of some
obligate parasites, possess at least one enzyme capable of syn-
thesizing the stringent response signal ppGpp, with the gam-
maproteobacteria using both RelA and SpoT for this purpose
(36). As the host environment is frequently limiting for one or
more essential nutrients, which therefore triggers the stringent
response, many Gram-positive and Gram-negative pathogens
use ppGpp to regulate virulence functions (16). In this study,
we have examined the role of SpoT in the pathogenesis of P.
aeruginosa. We have determined that the stringent response is
critical for the virulence of P. aeruginosa in both the fly feeding
and rat lung agar bead models of infection.

Most previous work on the stringent response has been
performed using the bacterium E. coli; relA and relA spoT
mutants have been constructed and thoroughly characterized
(10). Interestingly, our P. aeruginosa relA spoT double mutant
displayed a number of phenotypic differences compared to the
E. coli double mutant. The P. aeruginosa relA spoT double
mutant grew at rates comparable to those of the wild-type
strain in both rich and minimal media (data not shown),
whereas the E. coli double mutant has multiple and complex
amino acid auxotrophies (65). Furthermore, the survival of the
P. aeruginosa relA spoT mutant during prolonged culture in
diluted rich medium was comparable to that of the wild-type
strain PAO1 (Fig. 7A); we could detect a difference in survival
only when the strains were cocultured (Fig. 7B). These findings

FIG. 7. A P. aeruginosa relA spoT double mutant is outcompeted by the wild-type strain PAO1 during prolonged coculture in diluted rich
medium. Pure cultures of strain PAO1 and the relA spoT double mutant were grown overnight in BHI broth and then inoculated into diluted (0.1
strength) BHI either individually or mixed in a ratio of 10:1 for the relA spoT mutant to strain PAO1. These cultures were incubated at 37°C with
aeration for 5 to 6 days without supplementation with fresh medium. (A) Results of viable cell counting for pure and mixed cultures, which was
performed daily in triplicate for each culture. Error bars denote standard errors of the means. (B) Results of plating onto selective media to
determine the proportion of cells in the mixed culture comprised by each strain. The mixed culture was plated daily on LB agar for single colonies,
and 100 randomly selected colonies were subsequently restreaked onto media containing antibiotics selective for the relA spoT mutant. Data
represent the means of three independent experiments; error bars denote standard deviations.
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imply that the relA spoT double mutant was not severely hand-
icapped in either nutrient acquisition or survival of starvation.
It is therefore possible that ppGpp is not as important for the
expression of metabolic genes in P. aeruginosa as it is in E. coli.
Our examination of ppGpp levels in the wild-type and mutant
strains indicates that the majority of (p)ppGpp synthesis in P.
aeruginosa is RelA dependent, as we were able to detect
ppGpp synthesis in a strain lacking relA only when spoT was
present on a multicopy plasmid (see Fig. S1 in the supplemen-
tal material). Since Boes et al. (4) were able to detect ppGpp
synthesis in a P. aeruginosa relA mutant during stationary
phase, we believe that SpoT is a functional ppGpp synthetase
but that our assay conditions were insufficiently sensitive to
detect the small amount of ppGpp remaining in the relA mu-
tant. This too is in contrast to E. coli, wherein ppGpp accu-
mulation in a relA single mutant is easily detected upon carbon
starvation (65).

Although the relA spoT double mutant is viable under most
conditions, we were unable to produce a spoT single mutant,
despite repeated attempts using two different wild-type strains
(PAO1 and PA14). A spoT mutant was reported and charac-
terized by Viducic et al. (59), but we believe that a spoT
mutation is extremely deleterious in relA	 strains of P. aerugi-
nosa. Despite the relatively large size of the spoT open reading
frame (2,105 bp), there is a lack of spoT mutants available in
two different PAO1 transposon mutant libraries: the phoA/
lacZ transposon library from the University of Washington
Genome Centre and the Tn5-lux library from the Hancock
laboratory at the University of British Columbia (Pseudomonas
Genome Database v2 [http://www.pseudomonas.com]). spoT
was also identified as a candidate essential gene in P. aerugi-
nosa by Sakharkar et al. (46), using in silico predictions. In
agreement with these facts, spoT is considered an essential
gene in E. coli relA	 cells, likely because even the basal level of
(p)ppGpp synthesis by RelA would prevent cell growth and
division in the absence of the hydrolyzing activity of SpoT (65).
Therefore, it is possible that the spoT mutant reported by
Viducic et al. (59) contains a suppressor mutation that allows
it to grow in spite of a lack of SpoT-mediated ppGpp hydro-
lysis.

Despite the viability of the relA spoT double mutant in vitro,
it is severely compromised in its ability to produce disease in
two models of infection. We observed an almost complete lack
of lethality in the fly feeding model (Fig. 1), and in the rat lung
model, there was no tissue damage or evidence of a sustained
infection after 7 days of incubation with the relA spoT mutant
(Fig. 2). It is important to note that the rat lung infections were
not monitored prior to 7 days postinoculation; therefore, at
this time we cannot say whether the relA spoT mutant was
defective in its ability to establish an infection or to maintain a
chronic infection in this model system. The importance of
SpoT for virulence is supported by the finding that comple-
mentation of the relA spoT mutant with a spoT-encoding plas-
mid can partially restore lethality in the fly feeding model (Fig.
1E). The reason for the lack of full complementation in the fly
model is currently unknown, but given that full complementa-
tion was observed in all of the in vitro virulence factor assays
(Fig. 4), we believe that polar effects of our spoT mutation are
unlikely. In combination, these results suggest that there is a
generalized virulence defect in the double mutant. However,

the reasons for this reduced ability to cause disease could be
numerous. On the basis of our fly filter CFU counts and our
starvation assay (Fig. 1B and 7A, respectively), we do not
believe that the relA spoT mutant has a general growth or
survival defect. However, since the relA spoT mutant is more
susceptible to a variety of different stresses that may be en-
countered within a host (Fig. 6), this strain likely has a reduced
ability to survive attacks mediated by the host immune system.
In particular, the relA spoT double mutant is more sensitive to
hydrogen peroxide, which the bacteria encounter while colo-
nizing airway epithelia. The decreased production of virulence
determinants such as pyocyanin by the relA spoT mutant (Fig.
4A) may account for decreased lung damage in the rat model
(35) and is also relevant to oxidative killing. Pyocyanin coun-
teracts the production of hydrogen peroxide in airway epithe-
lial spaces (44), leading to increased bacterial survival while
also killing host cells. Pyocyanin also kills bacteria, and it is
possible that the inability of the relA spoT double mutant to
persist in cocultures with the wild-type strain (Fig. 7B) is due to
increased sensitivity to pyocyanin or other redox-active anti-
microbial compounds.

The relA spoT double mutant also secretes reduced
amounts of virulence factors that are known to be important
for nutrient acquisition and thus survival within a host (Fig.
4). Interestingly, we noted that pyocyanin production was
increased relative to wild-type levels in the relA mutant, yet
the relA spoT double mutant was virtually devoid of pyocy-
anin (Fig. 4A) (20). Erickson et al. (20) suggested that the
increased pyocyanin production by P. aeruginosa relA could
be the result of its decreased levels of RpoS, a negative
regulator of pyocyanin synthesis (55). We believe it is un-
likely that RpoS levels could account for the decreased
pyocyanin production by the relA spoT mutant, since the
stress response assays suggest that RpoS levels are likely
even lower in this strain (Fig. 6). Instead, we speculate that
the reduced production of pyocyanin, elastase, and the sid-
erophore pyoverdin by the relA spoT mutant can be attrib-
uted to altered expression or activity of the Las and/or Rhl
quorum-sensing systems, which promote synthesis of all
three of these virulence factors (5, 33, 42, 53). This raises
the possibility that the decreased virulence of the relA spoT
mutant might be at least partially due to a disruption of
quorum-sensing signaling, which is known to contribute to
the ability of P. aeruginosa to cause infections (3).

In addition to its defects in virulence factor production, the
relA spoT double mutant displayed defects in swarming and
twitching motility (Fig. 5), the latter of which is known to play
an important role in pulmonary infections (56). The decreased
ability of the relA spoT double mutant to cause chronic infec-
tions is most likely multifactorial, reflecting the pleiotropic
nature of stringent response mutations. The reason for the
relatively minor virulence defects of the stringent response
mutants in the acute fly nicking model (Fig. 3) is not currently
known but could reflect a decreased requirement for the strin-
gent response when the bacteria need to survive within the host
for a period of only hours rather than days.

In contrast to the avirulence of the relA spoT double mutant
in both chronic models, the relA mutant was attenuated in
virulence only in the fly feeding model (Fig. 1) (18). The fact
that the relA mutant was fully virulent in the rat lung model
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suggests that the specific host environment dictates, to some
extent, which genetic regulators are required for successful
pathogenesis. These findings could imply that amino acids are
not limiting in the rat lung and therefore, that RelA is not
normally stimulated to produce ppGpp in this environment. In
this case, the absence of a functional RelA would have little
impact upon the virulence of P. aeruginosa. Recent studies
have indicated that sputum samples from CF patients contain
high concentrations of amino acids (41) and that P. aeruginosa
expresses genes required for the transport and catabolism of
amino acids when colonizing the CF lung (51). Therefore,
RelA may not be essential for P. aeruginosa virulence in the CF
lung, much like in the rat lung, because prevailing conditions
may not induce the production of ppGpp by RelA.

In combination with previous reports, our study demon-
strates the importance of the stringent response for P. aerugi-
nosa stress survival. We previously demonstrated that a P.
aeruginosa relA mutant produces a decreased amount of �S

protein, the stationary-phase and general stress response alter-
native sigma factor (20). In E. coli, ppGpp also enhances the
ability of �S to bind to core RNA polymerase, thereby allowing
�S to play a greater role in activating transcription (31). These
findings imply that ppGpp enhances both the amount and
activity of �S. Therefore, we anticipated that the ppGpp-lack-
ing relA spoT double mutant would display many similar phe-
notypes to an rpoS mutant of P. aeruginosa (55). Indeed, both
mutants displayed increased sensitivity to heat shock, oxidative
stress, and osmotic stress (55) (Fig. 4). In addition, P. aerugi-
nosa stringent response mutants have reduced expression of
several universal stress proteins that play a role in anaerobic
stress survival (4). Thus, the stringent response coordinates the
expression of a variety of stress response pathways that would
be expected to promote P. aeruginosa survival in both environ-
mental and host-associated habitats.

In summary, we have generated a P. aeruginosa relA spoT
double mutant and examined the link between the stringent
response and virulence in this organism. The ppGpp-devoid
relA spoT strain has pronounced virulence defects in both the
fly feeding model and the rat lung agar bead model of infec-
tion. Numerous virulence-associated phenotypes, including the
production of secreted compounds, such as pyocyanin and
siderophores, and degradative enzymes, such as elastase, as
well as swarming and twitching motilities are altered in the
stringent response mutants. These strains are also less able
than the wild-type strain to withstand environmental insults.
Since no orthologue of RelA or SpoT has been detected in
animals (36), these ppGpp-synthesizing enzymes may consti-
tute excellent drug targets. Alternatively, the P. aeruginosa relA
spoT double mutant may be suitable for use as a live attenu-
ated vaccine in certain situations, as already demonstrated for
a �relA �spoT strain of Salmonella enterica serovar Typhimu-
rium (37). Although a live vaccine may not be appropriate for
patients with CF, other groups that are susceptible to P. aerugi-
nosa infection, such as long-term care patients and firefighters,
might benefit from such a vaccine. Since SpoT plays a critical
role in P. aeruginosa virulence, the development of therapeutic
approaches targeting the stringent response merits further re-
search.
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