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The stringent response is a mechanism by which bacteria adapt to nutritional deficiencies through the
production of the guanine nucleotides ppGpp and pppGpp, produced by the RelA enzyme. We investigated the
role of the rel4 gene in the ability of an extracellular pathogen, Pseudomonas aeruginosa, to cause infection.
Strains lacking the rel4 gene were created from the prototypical laboratory strain PAO1 as well as the mucoid
cystic fibrosis isolate 6106, which lacks functional quorum-sensing systems. The absence of rel4 abolished the
production of ppGpp and pppGpp under conditions of amino acid starvation. We found that strains lacking
relA exhibited reduced virulence in a D. melanogaster feeding assay. In conditions of low magnesium, the reld
gene enhanced production of the cell-cell signal N-[3-oxododecanoyl]-L-homoserine lactone, whereas reld
reduced the production of the 2-heptyl-3-hydroxy-4-quinolone signal during serine hydroxamate induction of
the stringent response. In the rel4 mutant, alterations in the Pseudomonas quinolone system pathways seemed
to increase the production of pyocyanin and decrease the production of elastase. Deletion of rel4 also resulted
in reduced levels of the RpoS sigma factor. These results suggest that adjustment of cellular ppGpp and
pppGpp levels could be an important regulatory mechanism in P. aeruginosa adaptation in pathogenic

relationships.

Bacteria often face nutritional limitations and therefore
have specialized mechanisms to adapt to these situations. The
stringent response is one such mechanism that enables bacteria
to cope with nutritional stress (14). During amino acid starva-
tion, production of the nucleotides guanosine tetraphosphate
and guanosine pentaphosphate (ppGpp and pppGpp, respec-
tively) is enhanced via the ribosome-associated RelA protein
(5). RelA activity is triggered through binding of uncharged
tRNA at the ribosome. The spoT gene encodes a hydrolase
that may also have ppGpp and pppGpp synthetase activity
under conditions such as carbon starvation (33). In some bac-
terial species, both spoT and rel4 must be inactivated in order
to completely eliminate the ppGpp and pppGpp synthetase
activity (55).

Increased ppGpp and pppGpp levels result in changes in a
number of physiological processes, including reduction of sta-
ble RNA synthesis, inhibition of growth, and enhancement of
amino acid biosynthetic pathways. In Escherichia coli, high
levels of ppGpp and pppGpp result in enhanced expression of
the stationary-phase sigma factor RpoS and RpoS-regulated
genes (16). It is believed that ppGpp and pppGpp direct tran-
scription of genes under the control of alternative sigma fac-
tors such as RpoS, by enhancing the competitiveness of these
sigma factors for the holoenzyme (29). In addition to their role
in transcriptional regulation, high ppGpp and pppGpp levels
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can also affect the translational efficiency of proteins with high
frequencies of rare codons (27). Thus, ppGpp and pppGpp
exert their effects at multiple levels.

The stringent response is believed to be important for the
ability of a number of intracellular human pathogens to cause
disease. In Legionella pneumophila, ppGpp and pppGpp accu-
mulation triggers a switch between an avirulent replicative
phase and a virulent motile phase, in which the bacteria spread
to neighboring cells (18). These changes are mediated through
the GacA homologue LetA (19). In Mycobacterium tuberculo-
sis, ppGpp and pppGpp are involved in processes important
for entry into the latent phase of the disease (35, 40). In
Listeria monocytogenes, the ability to adhere to surfaces and to
infect mice is dependent on the stringent response (48). A
mutation in rel4 of Vibrio cholera affects pathogenicity in the
rabbit ileal loop and the suckling mouse models of infection
(20). The V. cholerae rel[A mutation also reduced virulence
factor production (cholera toxin and toxin-coregulated pilus)
(20). Finally, a recent paper by Pizarro-Cerda and Tedin (39)
reports that a rel4 spoT double mutant of Salmonella enterica
serovar Typhimurium is highly attenuated in vivo and nonin-
vasive in vitro. This mutant also has reduced expression of two
virulence regulators, HilA and InvF (39).

P. aeruginosa has the ability to occupy a wide range of en-
vironmental niches with various nutritional abundances. It can
also cause infection in a variety of hosts, including humans,
plants, nematodes, and insects, during which it encounters
different nutritional environments. There are several processes
related to the virulence of P. aeruginosa that could be impacted
by the stringent response. Perhaps the most notable is the
potential for interaction between the stringent response and
quorum sensing.



VoL. 72, 2004

Quorum-sensing systems allow bacteria to control gene ex-
pression through the production of small-molecule signals
(32). P. aeruginosa produces two acylhomoserine lactone sig-
nals, N-[3-oxododecanoyl]-L-homoserine lactone (3-oxo-C12-
HSL), produced via LasI (36), and N-butyryl homoserine lac-
tone (C4-HSL) (37, 54) as well as a quinolone signal, 2-heptyl-
3-hydroxy-4-quinolone (PQS) (38). For the P. aeruginosa las
and rhl system, the response regulators LasR (15) and RhIR
(34) bind autoinducers and activate transcription of a number
of target genes in a hierarchical system.

It is well established that quorum sensing is important in
P. aeruginosa infections of several hosts, including humans (7,
10). A link between the stringent response and quorum sensing
is suggested by several observations. For example, the stringent
response and quorum sensing are known to be integrated in a
marine Vibrio isolate (45) and in Myxococcus xanthus (8, 21). In
Myxococcus xanthus, A-signaling is dependent upon ppGpp
and pppGpp (21), which in turn leads to fruiting body forma-
tion. In Vibrio sp. strain S14, the relationship is reversed, with
AHL signaling required for ppGpp and pppGpp production in
response to carbon starvation (45). Recently, it was shown that
a mutation in rel4 in Agrobacterium tumefaciens abolishes the
stationary-phase-dependent expression of the acylhomoserine
lactone degradation system, suggesting that this system is
coupled to and regulated by the ppGpp and pppGpp stress
response machinery (56). In P. aeruginosa, a potential link
between quorum sensing and the stringent response might
occur through polyphosphate kinase. Deficiencies in ppGpp
and pppGpp could result in lower polyphosphate kinase ac-
tivity (28). Polyphosphate kinase is necessary for swimming
and swarming motility, virulence, and maximal autoinducer
production by P. aeruginosa (41). Still another potential link to
quorum sensing may occur through the RpoS sigma factor,
which negatively regulates A/l transcription (53). In this case,
ppGpp and pppGpp could cause negative regulation of rhll
synthesis by enhancing RpoS production.

Van Delden et al. (51) recently reported a link between
quorum sensing and the stringent response in P. aeruginosa.
These researchers compared the levels of autoinducers and
quorum-sensing-controlled genes following induction of the
stringent response. They observed that overexpression of Esch-
erichia coli relA in P. aeruginosa resulted in earlier 3-oxo-C12-
HSL and C4-HSL production. They also found that addition of
serine hydroxamate could elicit premature autoinducer pro-
duction (51). In a separate study, Guina et al. (17) observed
that, during growth in low-magnesium conditions, RelA pro-
tein levels were enhanced. They also observed that Lasl but
not RhlI protein levels are increased, as is the production of
the PQS signal (17). It was not determined if the changes in
LasI protein also result in increased autoinducer synthesis, nor
is it known if RelA is required for increased Lasl or 3-oxo-
C12-HSL synthesis under these conditions.

The possibility of a link between quorum sensing and the
stringent response prompted us to investigate whether the rel4
gene would affect the virulence of P. aeruginosa in a model
infection system. In these studies, we used an insect model of
infection to demonstrate that the stringent response does affect
the virulence of P. aeruginosa. We also found that C4-HSL,
3-0x0-C12-HSL, and PQS were each affected differently by
mutations of the rel4 gene and these effects were dependent on
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the growth conditions, suggesting that the rel4 gene contrib-
utes to the pathogenesis of P. aeruginosa through both quo-
rum-sensing-dependent and -independent pathways.

MATERIALS AND METHODS

Creation of rel4 mutant. The complete genome sequence of P. aeruginosa
PAO1 (46) contains a predicted rel4 homologue with 65% similarity to E. coli
rel4. PCR primers were designed to amplify 2,276 bases corresponding to nu-
cleotides 6 to 27 (5'-GGCGCAGTCATCGGTGGGCTAC-3") and 2262 to 2281
(5'-CGCCGCGCCTCGATGATGTT-3" ) of the rel4 open reading frame. This
region was amplified and cloned in the pCR2.1 cloning vector (Invitrogen) to
generate pCRrelA. A 900-bp gentamicin resistance cassette from pUCGm (43)
was inserted as a Sall fragment into the Sall site that occurs within the reld
sequence to generate pCRrelA::aacCl. This construct was then introduced as an
EcoRI fragment into the suicide vector pEX18Ap (25) to create pEXrelA::
aacCl. Biparental mating between E. coli SM10(pEXrelA::aacCl1) and P. aerugi-
nosa PAO1 was used to replace the wild-type allele with the mutant relA::aacl.
Double crossovers were selected with agar containing 5% sucrose and gentami-
cin (50 pg/ml). The mutation was confirmed by PCR with the same primers,
which gave a single band of approximately 3,200 bp, compared to 2,300 bp for the
wild type. This procedure was also used to create a rel4 mutant of the mucoid
cystic fibrosis isolate 6106.

To create a plasmid for overexpression of rel4 in P. aeruginosa, a 4.0-kb
fragment containing rel4 was amplified via PCR and inserted into the cloning
vector pCR2.1. This fragment was then isolated as a HindIII-PstI fragment and
cloned into the corresponding sites in the pUCP18 shuttle vector (44). In all
media tested, the growth rates of PAO1, PAO1 rel4, and the complemented
strains were similar.

ppGpp and pppGpp assays. The method of Cashel (4) was used to determine
the levels of ppGpp and pppGpp. Cells were grown overnight in morpholinepro-
panesulfonic acid (MOPS) minimal medium (4). The following morning, they
were subcultured by diluting 1:100 into MOPS phosphate-free minimal medium
containing 10 p.Ci of *?P per ml (3.7 X 10° Bg/ml), which was supplemented with
1 mg of Casamino Acids per ml. The cells were cultured to an Agq, of 0.20, at
which time pL-serine hydroxamate (Sigma) was added at a final concentration of
400 pg/ml to induce serine starvation conditions. After a 30-min incubation,
nucleotides were extracted with an equal volume of cold formic acid and visu-
alized following separation on polyethyleneimine-cellulose chromatography
sheets and exposure on a phosphoimaging plate.

Drosophila infection assays. Drosophila melanogaster flies were infected with a
feeding assay modified from that of Chugani et al. (6). Each strain to be tested
was grown overnight on Luria broth (LB) agar. The following morning, single
colonies were inoculated into 2 ml of MOPS minimal medium supplemented
with Casamino Acids and grown at 37°C with shaking for 8 h. In order to obtain
sufficient numbers for strain 6106 infections, LB broth was used and the cultures
were grown for 12 h instead of 8 h. Male Oregon R D. melanogaster flies, 3 to 5
days old, were separated into vials (10 to 12 per vial) without food or water for
5 h. An equal number of fly vials were prepared, containing 5 ml of 5% sucrose
agar, and after solidification, a 2.3-cm Whatman filter disk was placed on the
surface of the agar. After growth, 1.6 ml of each culture was centrifuged, and the
cells were resuspended in 170 wl of sterile 5% sucrose. This suspension was
added to the surface of the filter paper. Flies were then transferred to the vials
containing the cell suspensions and incubated at 28°C. Ten vials for each PAO1
strain were used, as well as 10 vials for the control treatment (5% sucrose alone),
while five vials were used for each 6106 strain. The bacteria were placed on the
filter only once, but the flies were allowed to feed on the filter throughout the
experiment.

Measurement of 3-0x0-C12-HSL, C4-HSL, and PQS production. The levels of
the autoinducers 3-oxo-C12-HSL and C4-HSL in 50 pl of spent culture super-
natants were determined with the reporter plasmids pKDT17 (tacp-lasR lasB-
lacZ) and pECP61.5 (tacp-rhiR rhIAB-lacZ), as described previously (10). Super-
natants were extracted with an equal volume of acidified ethyl acetate and stored
at —20°C until used in the bioassay. For analysis of PQS production, cultures
were inoculated to an A4y, of 0.05 in 200 ml of MOPS minimal medium supple-
mented with Casamino Acids to a final concentration of 100 wg/ml. When the
cultures reached an A, of 0.5, each culture was split, and serine hydroxamate
was added to one half to a final concentration of 400 pM. Following growth at
37°C for 24 h, 10 ml of culture was extracted twice with 10 ml of acidified ethyl
acetate as previously described (3). The extract was dried and resuspended in 100
wl of a 1:1 dilution of acidified ethyl acetate-acetonitrile; 20 pl of the concen-
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trated extract was separated by thin-layer chromatography and photographed as
described previously (3).

Measurement of pyocyanin production. Pyocyanin was measured according to
the method of Essar (12). Following growth in MOPS minimal medium supple-
mented with Casamino Acids for 12 h, 5 ml of culture supernatant was extracted
with 3 ml of chloroform. The chloroform layer was then extracted with 1 ml of
0.2 M HCJ, and the absorbance of the HCI layer was measured at 520 nm.

Measurement of elastase production. Elastase in supernatant samples was
measured with the elastin-Congo Red assay (42). Supernatants were obtained
from bacteria grown in MOPS minimal medium at 37°C for 24 h. Assays are
based on three separate growth curves.

Western immunoblotting. Western immunoblots to measure RpoS levels were
performed as described by Brown et al. (2). Protein samples were prepared from
liquid cultures by removing 1.0-ml samples at specified intervals, measuring the
Asgy, centrifuging for 5 min at maximum speed, and immediately resuspending in
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) sam-
ple buffer. Cells were resuspended in a volume of sample buffer such that the
concentration was 0.01 454, units/pl and stored at —20°C. Prior to separation by
SDS-PAGE, the protein samples were denatured in boiling water for 5 min.
Following electrophoresis, the proteins were transferred to a Nytran membrane
(Schleicher and Schuell). Polyclonal antiserum against RpoS was prepared pre-
viously in rabbits as described by Kojic and Venturi (26). Rabbit anti-RpoS
antiserum was diluted 1:2,000 in blocking buffer and incubated with the mem-
brane for 1 h at 37°C. The membrane was then washed three times with phos-
phate-buffered saline and then incubated with the secondary antibody solution,
which consisted of goat anti-rabbit immunoglobulin G coupled to horseradish
peroxidase and diluted 1:5,000 in blocking buffer for 1 h. The membrane was
then rinsed three times with phosphate-buffered saline, and bound antibody was
detected with a Bio-Rad peroxidase detection kit according to the manufactur-
er’s instructions.

RESULTS

relA affects ppGpp and pppGpp production under condi-
tions of amino acid limitation. Our objective in these studies
was to determine the effect of the stringent response on the
virulence of P. aeruginosa. A defined rel4 mutant derivative of
the prototypical laboratory strain PAO1 was created. We also
created a plasmid for overexpressing rel4 on the shuttle vector
pUCP18.

To test whether the production of the second-messenger
nucleotides ppGpp and pppGpp were being affected by these
mutations, we cultured these strains in MOPS minimal me-
dium supplemented with amino acids, and labeled the cells
with *?P-phosphate. Following the addition of serine hydrox-
amate to induce serine starvation, the nucleotides were ex-
tracted and separated via thin-layer chromatography. In these
assays, ppGpp and pppGpp were undetectable in the rel4
mutant, whereas wild-type PAO1 produced high levels of
ppGpp and pppGpp (Fig. 1A). The rel4 strain may still have
the ability to produce some ppGpp under other conditions,
such as carbon starvation, that we did not specifically test. We
were also able to restore ppGpp and pppGpp production
through overexpressing the rel4 gene on the multicopy vector
pUCP18 (Fig. 1B). Even without serine hydroxamate, ppGpp
and pppGpp were produced from this construct at levels com-
parable to those in strain PAO1 with the control plasmid
pUCP18 induced with serine hydroxamate. These results indi-
cate that the rel4 gene is necessary for ppGpp and pppGpp
production in P. aeruginosa.

relA is required for full virulence of P. aeruginosa in D.
melanogaster. P. aeruginosa can infect a wide range of plants
and animals. A very sensitive infection model is the D. mela-
nogaster model of infection (9). We used this model in order to
assess the impact of the rel4 gene and ppGpp and pppGpp
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FIG. 1. ppGpp and pppGpp analysis of wild-type and relA strains
under amino acid starvation conditions. ppGpp and pppGpp levels in
the PAOL1 and relA strains in response to induction with serine hydrox-
amate (SHX) or expression of rel4 in multicopy. Cells were labeled
with radioactive phosphate, and nucleotides were extracted and visu-
alized by thin-layer chromatography followed by exposure to X-ray
film (A) or to a phosphoimaging plate (B). (A) Serial dilution (1:125,
1:25, and 1:5) of strain PAO1 (lanes 1 to 3) and strain PAO1 rel4
(lanes 4 to 6) taken 30 min after induction with serine hydroxamate
(500 wM). (B) Lanes 1 and 2 are both strain PAO1 samples with and
without serine hydroxamate, respectively, compared to strain PAO1
relA complemented with pUCPrelA without serine hydroxamate in-
duction (lane 3).
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production on the virulence of P. aeruginosa. Male Oregon R
fruit flies, 2 to 3 days old, were starved for 5 h and then fed a
solution of either wild-type or relA P. aeruginosa PAO1 in 5%
sucrose. The flies were then monitored over a 2-week period.
The flies that were fed the mutant strain died more slowly than
those fed the wild-type strain. By day 14, approximately 25% of
the flies fed the wild-type bacteria were alive, compared with
50% of the flies that were fed the rel4 mutant (Fig. 2). The
number of viable bacteria added to each vial and the number
of viable bacteria surviving after 7 days on the filters were the
same for both groups. These results indicate that the P. aerugi-
nosa relA mutant is attenuated in Killing in the D. melanogaster
model of infection.

Impact of a mutation in rel4 on quorum sensing. As noted
in the introduction, numerous organisms have an association
between quorum sensing and the control of the stringent re-
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FIG. 2. D. melanogaster killing by wild-type and rel4 PAO1 strains.
Bacteria suspended in sucrose were applied to sterile filter disks cov-
ering the surface of a vial. Male fruit flies were then transferred to each
vial. The average number of viable cells applied to the filters was 2.22
% 10° for strain PAO1 and 2.32 X 10° for the rel4 mutant. After 7 days
of incubation, the number of viable bacteria was 2.21 X 107 for PAO1
and 3.85 X 107 for the rel4 mutant.
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FIG. 3. 3-Ox0-C12-HSL and C4-HSL levels in wild-type, relA mutant. and rel4-overexpressing strains. 3-Oxo-C12-HSL (A and C) and C4-HSL
(B and D) levels were measured in 50 pl of clarified culture supernatants of cultures grown in MOPS minimal medium supplemented with
Casamino Acids containing either a high (1 mM; A and B) or low (0.8 uM; C and D) concentration of magnesium. The results are plotted versus
the optical density of the culture at 540 nm to ensure comparison of similar culture densities.

sponse by relA. It is possible that the decreased virulence of the
P. aeruginosa relA mutant could be partially explained by de-
creased production of autoinducers and the subsequent ex-
pression of virulence factors during these infections. In order
to test this possibility, we measured the production of 3-oxo-
CI12-HSL in the wild-type PAOI, rel4, and complemented
mutant strains in MOPS minimal medium. The production of
3-0x0-C12-HSL was only slightly delayed in the mutant strain
compared to the wild type (Fig. 3A), a result similar to that
obtained by Van Delden et al. (51) in this medium. Similarly,
relA had only a small effect on the levels of C4-HSL (Fig. 3B).
Overexpression of the P. aeruginosa relA gene did not signifi-
cantly affect autoinducer production.

During the course of these studies, it was reported by Guina
et al. (17) that growth in low-magnesium conditions results in
induction of RelA as well as enhanced LasI production. It is
possible that the induction of RelA in low magnesium could
contribute to Lasl expression and perhaps increase 3-oxo-C12-
HSL production. Therefore, the effect of rel4 on autoinducer
production in low magnesium was investigated. Growth in
MOPS medium containing 0.8 wM magnesium resulted in high
levels of 3-oxo-C12-HSL-production, even at a low cell density
(Fig. 3C). The levels of 3-0xo-C12-HSL in the rel4 mutant
were decreased compared to that of the wild type, suggesting

that the ability to produce ppGpp and pppGpp could contrib-
ute to enhanced 3-oxo-C12-HSL in low magnesium (Fig. 3C).
However, the production of C4-HSL was not affected as much
by relA in these assays (Fig. 3D), which is consistent with the
observations of Guina et al. (17), who found that RhlI levels
were not enhanced during growth in low magnesium.

We also tested the effect of a high concentration (400 pM)
of serine hydroxamate on the production of the Pseudomonas
quinolone system (PQS). The PQS system is a third signal
(2-heptyl-3-hydroxyl-4-quinolone) that plays a role in the reg-
ulation of multiple virulence factors and the expression of
which is intertwined with that of the LasIR and RhIIR quo-
rum-sensing system. Interestingly, when wild-type PAO1 was
treated with serine hydroxamate, the levels of PQS were de-
creased compared to that of untreated cultures (Fig. 4). This
effect was not observed in the rel4 mutant strain (Fig. 4),
suggesting that high levels of serine hydroxamate could repress
PQS production in a rel4-dependent manner.

RelA affects pyocyanin, elastase, and RpoS levels. To exam-
ine the affect of rel4 on two virulence factors controlled by the
quorum-sensing systems, we assayed pyocyanin and elastase
production in strains PAO1 and PAO1 rel4. We observed that
the rel4 mutant produced higher levels of pyocyanin than the
wild-type strain. Pyocyanin production occurred earlier in the
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FIG. 4. PQS levels in response to serine hydroxamate induction of
the stringent response. PQS was extracted with ethyl acetate from
cultures as described in Materials and Methods. Lane 1 contains 50 ng
of synthetic PQS. The cultures for lanes 2 and 3 were grown without
serine hydroxamate and the cultures for lanes 4 and 5 were grown with
serine hydroxamate. Lanes: 2 and 4, strain PAOI; 3 and 5, strain PAO1
relA. PQS is indicated by the arrowhead. The results presented are
representative of three independent repeats of this experiment.

growth phase and was higher at 12 h in the rel4 mutant strain
(Fig. 5). Pyocyanin production is positively regulated by the rAl
quorum-sensing system and negatively regulated by the alter-
native sigma factor RpoS (47). Since the rel4 strain was
unaffected in C4-HSL production, we hypothesized that the
increased pyocyanin might be due to decreased RpoS produc-
tion. Western blotting of total protein extracts from cultures
grown in minimal medium showed that the rel4 mutant pro-
duced less RpoS than the wild-type strain and that this de-
crease could be complemented with pUCPrelA (Fig. 6).

The LasI/R signal 3-oxo-C12-HSL is required for elastase
production in P. aeruginosa. In contrast, C4-HSL and PQS
significantly enhance elastase production but are not required.
We found over a number of growth curves that elastase pro-
duction was significantly lower (by 44%) in the PAOL1 reld
mutant (average optical density at 495 nm, 0.322) compared to
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FIG. 5. Pyocyanin levels are affected by rel4. Cultures were grown
in medium containing a low concentration of magnesium (0.8 pwM).
After 12 h of growth, culture supernatants were extracted with chlo-
roform and hydrochloric acid, and pyocyanin levels were expressed as
the absorbance at 520 nm.
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the prototypical strain PAO1 (average optical density at 495
nm, 0.575) (paired ¢ test, t = 2.743, df = 5, P < 0.05). Lower
levels of both 3-oxo-C12-HSL and RpoS produced by this
strain are consistent with the decreased elastase production.

Interestingly, the rel4 mutant showed no differences from
the parental strain PAO1 with respect to swarming, swimming,
and biofilm formation (data not shown).

rel4 deletion in a mucoid cystic fibrosis isolate reduces vir-
ulence. Our results had suggested that RelA may be affecting
virulence factor production through the quorum-sensing hier-
archy. We wanted to determine if this rel4 mutation had an
effect on fly killing independent of the quorum-sensing sys-
tems. We also examined the effect of rel4 on virulence in a
cystic fibrosis strain lacking functional quorum-sensing genes.
The cystic fibrosis isolate 6106 is deficient in the production of
autoinducers and proteases. Sequence analysis shows that it
carries mutations in lasB, lasR, and rhIR (10; K. Stuber and
D. G. Storey, unpublished data). A rel4 derivative of this strain
along with the parent and the parent strain carrying a func-
tional ra/R gene in multicopy were tested in the D. melano-
gaster feeding assay (Fig. 7). Similar to many cystic fibrosis
isolates, this strain is less virulent than strain PAO1, necessi-
tating the use of higher numbers of bacteria to achieve fly
killing. Nevertheless, the rel4 mutant of strain 6106 was re-
duced in fly killing compared to the parent strain. The addition
of rhlR to strain 6106 resulted in enhanced fly killing. These
results demonstrate that the r4/ quorum-sensing system affects
virulence in this model but also that the stringent response can
impact virulence independently of quorum sensing.

DISCUSSION

In these studies, we have shown that disruption of the reld
gene of P. aeruginosa severely limits the production of ppGpp
and pppGpp under conditions of amino acid starvation. This
finding is similar to that for Vibrio cholerae, in which a relA
mutation abolishes ppGpp and pppGpp production (20) and is
in contrast to Salmonella enterica serovar Typhimurium and
E. coli, in which both rel4 and spoT must be mutated to get a
similar effect (39, 56). The ability to produce the nucleotides
ppGpp and pppGpp is likely relevant during adaptation to
different host environments, even for a predominantly extra-
cellular pathogen such as P. aeruginosa. Indeed, mutants of P.
aeruginosa that lack the rel4 gene were less virulent in an insect
model of infection. We demonstrated for the first time that the
relA gene is important for an extracellular pathogen such as P.
aeruginosa to cause infection.

We used the D. melanogaster infection model, which has
previously been used to identify virulence genes in P. aerugi-
nosa (6, 9, 13). Furthermore, we show that the production of
two P. aeruginosa virulence factors, pyocyanin and elastase, was
altered in a rel4 mutant. Pyocyanin levels were increased and
elastase levels were decreased. This is an important finding, as
it suggests that even a slight alteration in expression of these
virulence factors may result in decreased killing in the D.
melanogaster infection assay. Pyocyanin has been shown to
have both inhibitory and stimulatory effects on B and T cells
(49) as well as being important in aiding in the development of
persistent infections caused by P. aeruginosa (50). Thus, in-
creased production of pyocyanin in the D. melanogaster feeding
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separated by SDS-PAGE. Following transfer of the proteins to a Nytran membrane, RpoS was detected with anti-RpoS rabbit antiserum (1:2,000

dilution).

model, which is a more chronic type of infection, may itself
lessen the virulence of the bacterium.

Our studies suggest that the stringent response might inter-
act with the quorum-sensing systems, albeit in a manner some-
what different from what was expected based on previous stud-
ies (17, 51). In low-magnesium conditions, the rel4 gene
contributed to enhanced production of 3-oxo-C12-HSL (Fig.
3). However, the PQS signal appeared to be repressed by
ppGpp and pppGpp, as PQS production was lowered by the
addition of serine hydroxamate in wild-type but not rel4 strains
(Fig. 4).

Conversely, the effect of rel4 on the production of C4-HSL
was not as pronounced. This may be a result of the effect of the
stringent response on multiple pathways that affect C4-HSL.
For instance, we have shown that the stringent response af-
fected the production of RpoS. RpoS negatively regulates rhll
expression (53). Furthermore, PQS positively regulates rhll
expression (31), and our studies have also shown that the
stringent response can repress PQS production (Fig. 4). En-
hanced RpoS and decreased PQS would be expected to govern
the production of C4-HSL during the stringent response. Con-
versely, possible increases in 3-oxo-C12-HSL as a result of the
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FIG. 7. D. melanogaster killing by cystic fibrosis isolate 6106, 6106
relA, and 6106(pRhIR). The cultures tested were grown for 12 hin 5 ml
of LB broth to generate sufficient quantities of bacteria to kill the flies.
Approximately 9.0 X 10° bacteria suspended in sucrose were placed on
each filter, and the survival of the flies was monitored over 10 days.

stringent response might trigger enhanced rA/R and subse-
quently C4-HSL production. Therefore, the net change in C4-
HSL as a result of the stringent response appears to be small.

These findings may be relevant to the lung infections asso-
ciated with cystic fibrosis. The D. melanogaster infection assays
suggest that the stringent response may be important in estab-
lishing an infection, perhaps because of its effects on cell-cell
signaling but also likely through quorum-sensing-independent
pathways. It is possible that ppGpp and pppGpp production
might be important in adaptation of the pathogen to the airway
of cystic fibrosis patients. For instance, Guina et al. (17) found
that growth in low magnesium induces expression of the RelA
protein, which would likely increase the production of ppGpp.
Interestingly, growth in low magnesium elicits changes in lipo-
polysaccharide structure that mimic the changes that take
place in the airway of cystic fibrosis patients (11). This suggests
that some environmental signal present in the lung of cystic
fibrosis patients is also present in this medium. It is possible
that bacteria in the airways of cystic fibrosis patients do expe-
rience low-magnesium conditions. Low magnesium availability
might occur because the high level of DNA within the airways
of cystic fibrosis patients, which contributes to mucus viscosity,
could also act as a chelator of positively charged ions such as
magnesium.

One difference between our results and those reported by
Van Delden et al. (51) was the effect of overexpression of the
relA gene on the quorum-sensing systems. In their study, the E.
coli relA gene was expressed in P. aeruginosa, which resulted in
increased transcription of the las and rhl quorum-sensing
genes, as assessed with promoter fusions. Our study used the P.
aeruginosa relA gene, which may have altered ppGpp and
pppGpp levels differently. We avoided the use of reporter
fusions carried on plasmids, as the stringent response could
affect the copy number of such plasmids, potentially interfering
with the measurements (22-24). We measured ppGpp and
pppGpp production by the relA strains created in these studies
to ensure that the levels of these nucleotides were being af-
fected (Fig. 1). No such measurements were reported by Van
Delden et al. (51), which makes comparisons difficult. There-
fore, it is possible that the experimental conditions used by
Van Delden et al. elicited changes in the production of ppGpp
and pppGpp of a different magnitude, which were able to affect
autoinducer production. The concentrations of ppGpp and
pppGpp produced as a result of rel4 overexpression in our
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studies may have been too great or too small to produce a
similar effect. However, magnesium limitation did cause in-
creases in 3-oxo-C12-HSL production which were partly de-
pendent on rel4 (Fig. 3), suggesting that the levels of ppGpp
and pppGpp under these conditions were appropriate for an
effect on 3-oxo-C12-HSL.

In contrast to the effect of rel4 on 3-0xo-C12-HSL in low
magnesium, serine hydroxamate induction of the stringent re-
sponse actually repressed the production of PQS (Fig. 4).
Again, this might be a consequence of different ppGpp and
pppGpp levels elicited with the use of serine hydroxamate
versus low magnesium to induce the stringent response. Guina
et al. (17) found that growth in magnesium-limited conditions
results in enhanced RelA production and PQS synthesis but
did not examine the contribution of the stringent response to
PQS production directly. They also found that some isolates
from recently infected cystic fibrosis patients produced higher
levels of PQS.

We also observed that rel4 affects the production of RpoS.
Suh et al. (47) previously reported that RpoS regulates numer-
ous genes that play a role in the virulence of P. aeruginosa,
including exotoxin A. Deletion of rel4 did not abolish RpoS
expression, suggesting that there may not be a strict require-
ment for ppGpp for expression of RpoS-regulated genes in
P. aeruginosa.

The relationships between the stringent response, quorum-
sensing systems, and the RpoS sigma factor are complex and
remain unclear. Latifi et al. (30) initially reported that rpoS
transcription is triggered by C4-HSL and RhIR. This is sup-
ported by Wagner et al. (52), who showed that in a quorum-
sensing mutant (strain PAO-JP2), the addition of exogenous
autoinducers enhanced rpoS transcription approximately
threefold under certain growth conditions. However, Whiteley
et al. (53) presented data supporting the opposite conclusion,
that rpoS transcription is not enhanced by C4-HSL and ri/R
but that an 7poS mutant produces higher levels of C4-HSL.
Those data suggest that RpoS negatively regulates C4-HSL
production. Conversely, Kojic and Venturi (26) and Bertani et
al. (1) reported that a P. aeruginosa psrA mutant produces
substantially less RpoS yet displays no differences in either
3-0x0-C12-HSL or C4-HSL levels. Our data show that the
absence of ppGpp and pppGpp can reduce RpoS levels.

Overall, our results suggest a link between the stringent
response and the virulence of the extracellular organism P.
aeruginosa. It appears that this link is at least partially depen-
dent on the las, rhl, and/or quinolone signaling systems. The
result of this disruption of the quorum-sensing hierarchy is an
alteration in the production levels of two virulence factors,
pyocyanin and, in particular, elastase. It also appears that rel4
has an influence that is independent of the quorum-sensing
system, as shown by the attenuated fly killing by isolate 6106,
which lacks the quorum-sensing system. Further study is
needed to find out what stage of infection is affected by the
stringent response and whether rel4 and spoT together might
play a larger role in infection.
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