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Pseudomonas aeruginosa is an opportunistic pathogen that causes both acute and chronic infections in
immunocompromised individuals. This gram-negative bacterium produces a battery of virulence factors that
allow it to infect and survive in many different hostile environments. The control of many of these virulence
factors falls under the influence of one of three P. aeruginosa cell-to-cell signaling systems. The focus of this
study, the quinolone signaling system, functions through the Pseudomonas quinolone signal (PQS), previously
identified as 2-heptyl-3-hydroxy-4-quinolone. This signal binds to and activates the LysR-type transcriptional
regulator PqsR (also known as MvfR), which in turn induces the expression of the pgsABCDE operon. The first
four genes of this operon are required for PQS synthesis, but the fifth gene, pgsE, is not. The function of the
PgsE gene is not known, but it is required for the production of multiple PQS-controlled virulence factors and
for virulence in multiple models of infection. In this report, we show that PqsE can activate PQS-controlled
genes in the absence of PqsR and PQS. Our data also suggest that the regulatory activity of PqsE requires RhIR
and indicate that a pgsE mutant can be complemented for pyocyanin production by a large excess of exogenous
N-butyryl homoserine lactone (C,-HSL). Finally, we show that PqsE enhances the ability of Escherichia coli
expressing RhIR to respond to C,-HSL. Overall, our data lead us to conclude that PqsE functions as a

regulator that is independent of PqsR and PQS but dependent on the rkl quorum-sensing system.

Pseudomonas aeruginosa is a serious opportunistic pathogen
that can cause infections in a diverse group of organisms from
the animal, plant, and insect kingdoms (9, 47, 53). In humans,
P. aeruginosa can cause multiple types of infections that are
generally difficult to treat due to the high level of antibiotic
resistance exhibited by this microbe (15). These infections are
complex and generally involve numerous virulence determi-
nants, with some factors playing a larger role than others in
different types of infections (16). One aspect of P. aeruginosa
virulence that seems to be important in most infections is the
ability of the bacteria to communicate via intercellular signals
(11). P. aeruginosa uses at least three cell-to-cell signaling sys-
tems to control the expression of assorted virulence factors.
There are two classical acyl-homoserine lactone (HSL)-based
quorum-sensing systems, the las and rhl systems (see reference
43 for a review of P. aeruginosa quorum sensing). The las and
rhl quorum-sensing systems function via the signals N-(3-
oxododecanoyl) HSL (3-oxo-C,,-HSL) and N-butyryl HSL
(C,-HSL), respectively (40, 41). When at a threshold concen-
tration, 3-oxo-C,,-HSL and C,-HSL serve as coinducers for
the transcriptional activators LasR and RhIR, respectively (21,
35, 36, 39). The other cell-to-cell signaling system of P. aerugi-
nosa functions through the quinolone compound 2-heptyl-3-
hydroxy-4-quinolone (the Pseudomonas quinolone signal
[PQS]) (44). This signal serves as a coinducer for the transcrip-
tional activator PqsR (also known as MvfR), which positively
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regulates PQS production to create an autoregulatory loop (5,
32, 54, 58). These three cell-to-cell signaling systems are con-
nected by multiple regulatory pathways. The las system ap-
pears to be at the top of a hierarchy as it positively regulates
both the 74l quorum-sensing system and the quinolone signal-
ing system (27, 44, 45). The rhl and quinolone systems are also
connected in that C,-HSL negatively affects PQS production,
and PQS positively regulates ralR (14, 26, 32, 33). With regard
to genes that are controlled by cell-to-cell signaling, most are
dominantly regulated by one system or the other (51, 55). Such
is the case for rhl4, which is positively controlled by the ral
quorum-sensing system and is required for the production of
rhamnolipids, surfactants that are important for virulence (35,
42, 49). However, there is also overlap between the systems
with regard to some of the genes that are controlled. For
example, lasB, which encodes the virulence factor LasB elas-
tase, is directly regulated by both the las and rhl quorum-
sensing systems and directly or indirectly regulated by quino-
lone signaling (14, 42, 44, 52). This complex interplay between
the cell-to-cell signaling systems is one of the ways that P.
aeruginosa finely tunes the expression of many genes in re-
sponse to its environment.

With regard to PQS, the quinolone signaling system has
been shown to be important for virulence, and PQS is pro-
duced in the lungs of cystic fibrosis patients infected by P.
aeruginosa (7,12, 19, 20, 28, 29, 48). PQS also can act as an iron
chelator, and both the synthesis of PQS and the activity of
PgsR-PQS are involved in iron homeostasis, another indica-
tion of the global importance of quinolone signaling (1, 37). In
addition, PQS has a membrane-altering activity that is linked
to the formation of membrane vesicles (30, 31). To date, quin-
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olone signaling has been shown to directly or indirectly control
92 or 143 genes as determined by two separate transcriptome
analysis studies (1, 12). To activate genes, PqsR primarily re-
sponds to PQS, but it can also be activated by the PQS pre-
cursor, 2-heptyl-4-quinolone, which is 100-fold less potent than
PQS (58). PgsR can also interact with and be negatively af-
fected by fungus-produced sesquiterpenes, which share some
structural similarities to PQS (8).

It has been shown that PqsR-PQS directly activates at least
the pgsABCDE and phnAB operons (5, 54). All of the members
of these two operons, except for pgsE, appear to encode en-
zymes involved in the synthesis of 4-quinolone compounds,
including PQS (10, 20). Curiously, mutation of the pgsE gene
has no effect on the production of PQS or other 4-quinolone
compounds, but the production of PQS-controlled virulence
factors is negatively affected in pgsE mutants (13, 20). It has
been reported that pgsE mutants do not produce pyocyanin or
PA-IL lectin and that they produce much lower amounts of
elastase and rhamnolipid (14, 20). In addition, like pgs4 and
pgsR mutants (which do not produce PQS), a pgsE mutant is
avirulent in mice (12). Overall, the pgsE gene appears to play
no role in the synthesis of PQS but seems to be absolutely
required for the cells to respond to PQS. PgsE is predicted to
be a 34.3-kDa protein that is most likely not secreted and is
localized to the cytoplasm, according to in silico analysis with
SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP-3.0/) and
CELLO (version 2.5) subcellular localization predictor (http:
/[cello life.nctu.edu.tw/). A BLAST search of available ge-
nomes indicated that PqsE is related to the metallo-B-lacta-
mase superfamily, members of which have a conserved motif
able to bind up to two metal ions in their active sites (4).
Unfortunately, this information provided no real indication of
how PqgsE allows the cell to respond to PQS. Therefore, we
have begun a preliminary study of PgsE to try to understand
how it can allow a cell to induce PQS-controlled virulence
factors. We present data that suggest that PgsE serves a reg-
ulatory function and that this function is linked to the activa-
tion of RhIR.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacterial strains used in
this study are listed in Table 1. Strains of P. aeruginosa were maintained at —70°C
in 10% skim milk (Becton Dickinson), and freshly plated bacteria were used to
begin each experiment. Bacteria were cultured at 37°C in Luria-Bertani (LB)
medium (50), peptone tryptic soy broth (PTSB) (38), or supplemented A me-
dium (40) as noted below. When necessary to maintain plasmids, cultures were
supplemented with 200 wg/ml carbenicillin for P. aeruginosa and 100 pg/ml
ampicillin and/or 30 pg/ml chloramphenicol for Escherichia coli.

Plasmids used in this study are listed in Table 1. In order to generate an
expression plasmid for PqsE, a 953-bp DNA fragment, which began at the pgsE
start codon (ATG) and ended 47 bp downstream from the stop codon, was
amplified by PCR using cosmid pMTP58 as a template. The oligonucleotide
primers used for this amplification were engineered to contain a single HindIII
site downstream from the stop codon (all oligonucleotide primer sequences are
available upon request). Vector plasmid pEX1.8, which contains a tac promoter
(tacp) to control gene expression, was digested with EcoRI and then treated with
Klenow fragment to generate blunt-ended fragments. The plasmid was then
digested with HindIII. The prepared plasmid DNA was ligated with the pgsE-
containing PCR fragment, which had also been digested with HindlIII, to produce
the tacp-pgsE expression plasmid pZOEOQ1. This construct was designed to con-
tain optimal spacing between the ribosome binding site and the pgsE start codon.
To create a PqsE expression plasmid for use in a two-plasmid reporter system,
plasmid pZOEO1 was digested with BamHI and Scal, yielding an approximately
2-kb fragment carrying the tacp-pgsE fusion. This fragment was purified from an
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TABLE 1. Bacterial strains and plasmids

S;l?sl;i%r Relevant genotype or phenotype I:f?gﬁ:ccj
E. coli DH5a N~ $80dlacZAM15 A(lacZYA-argF) 57
U196 recAl endAl hsdR17
(rx~ mg ) supE44 thi-1 gyrA relAl
P. aeruginosa
strains
PAO1 Wild type 24
PJF-QE1 pgsE deletion mutant derived from This study
strain PAO1
PJF-QA1  pgsA deletion mutant derived from This study
strain PAO1
PJF-QR1  pgsR deletion mutant derived from This study
strain PAO1
PAO-R1 lasR::Tet; derived from strain PAO1 21
PAO-JP1 lasI::Tet; derived from strain PAO1 42
PDO111 rhiR::Tn501-11; derived from strain 2
PAO1
PDO100 rhiIA::Tn501-2; derived from strain 2
PAO1
PAO-JP2 lasI::Tet rhlIA::Tn501-2; derived from 42
strain PDO100
PAO-JP3 lasR::Tet rhiR::Tn501-11; derived from 42
strain PDO111
PAO-JP2E  lasl::Tet rhlIA::Tn501-2 ApgsE; derived  This study
from strain PAO-JP2
Plasmids
pMTP58 Cosmid vector containing pgs genes 25
pEX18Ap  Suicide vector for P. aeruginosa 23
pApgsE-suc pgsE deletion suicide vector This study
pApgsA-suc pgsA deletion suicide vector This study

pApgsR-suc pgsR deletion suicide vector This study
6

pACYC184 Cloning vector for E. coli

pEX1.8 P. aeruginosa expression vector 46
pZOE(1 tacp-pqsE on pEX1.8 This study
pROSE04  tacp-pgsE on pACYC184 This study
pDSW7 tacp-pqsA on pEX1.8 This study
pDSWS8 tacp-pgsR on pEX1.8 54
pECP60 rhIR'-lacZ translational fusion 56
pECP61.5  rhlR'-lacZ translational fusion; tacp-rhIR 42
pECP62.5  lasB'-lacZ tacp-rhiR 42
pECP64 lasB'-lacZ tacp-lasR 42
pPCS1002  rhIR'-lacZ transcriptional fusion 45

agarose gel and then ligated into vector plasmid pACYC184, which had been
digested with BamHI and EcoRV. The resulting plasmid, pROSE04, harbors the
tacp-pgsE fusion and a gene that confers resistance to chloramphenicol.

To generate a PqsA expression plasmid for complementation experiments, a
1,553-bp fragment, which began at the pgsA start codon and ended at the pgs4
stop codon, was amplified by PCR. The oligonucleotide primers used for this
reaction were engineered to contain a Pstl site upstream from the pgsA start
codon and a HindIII site downstream from the stop codon. The PCR fragment
was digested with PstI and HindIIT and then ligated into pEX1.8, which had been
digested with the same enzymes. This reaction produced pDSW7, which carries
a tacp-pgsA fusion for expression of PgsA.

Generation of mutant strains. Mutant P. aeruginosa strains were derived using
a modified version of our previous protocol (18). Mutant alleles for pgsE, pgsA,
and pgsR were generated using PCR as described elsewhere (18). Alleles were
constructed to contain in-frame deletions in the coding DNA sequence corre-
sponding to amino acids 18 to 285 for pgsE (89% of protein sequence), 44 to 504
for pgsA (89% of protein sequence), and 7 to 267 for pgsR (78% of protein
sequence). The mutated fragments were also designed to contain the following at
each end: BamHI sites for pgsE, Pstl sites for pgsA, and EcoRI sites for pgsR.
Each fragment was digested with the appropriate restriction enzyme and then
ligated into pEX18Ap, which had been previously digested with the same en-
zyme, to produce suicide plasmids pApgsE-suc, pApgsA-suc, and pApgsR-suc.
To transfer the mutant alleles onto the P. aeruginosa strain PAO1 chromosome,
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each suicide plasmid was transferred via conjugation from E. coli strain SM10
into strain PAOI, and integrants were selected on LB medium containing car-
benicillin and 25 wg/ml triclosan. Mutants were then selected by plating inte-
grants on medium containing 6% sucrose to remove the vector sequence from
the chromosome. Potential mutants were screened by PCR using appropriate
flanking primers, and mutants were further confirmed by determining the DNA
sequence of the PCR products.

Assays for pyocyanin, rhamnolipid, and elastase. To check for pyocyanin
production, bacteria from frozen skim milk stocks were plated onto LB medium
containing carbenicillin as necessary to maintain plasmids. After approximately
24 and 48 h of incubation at 37°C, the plates were inspected visually for the
distinct blue-green color indicating the presence of pyocyanin. Alternatively,
freshly plated cells were used to inoculate 10-ml cultures of LB medium, which
were then incubated at 37°C for approximately 6 h with vigorous shaking. Cells
from each culture were then washed in fresh LB medium and used to inoculate
10-ml cultures of fresh LB medium to an optical density at 660 nm (ODjgg) of
0.05. Subcultures were incubated at 37°C with vigorous shaking for 18 h, and then
aliquots of each culture were transferred to glass test tubes and photographed.
For experiments where cultures were supplemented with C,-HSL, aliquots of
C,-HSL dissolved in acidified ethyl acetate (44) were dried in flasks under
nitrogen before they were added to subcultures.

To quantitatively measure the amount of pyocyanin in culture supernatants, a
modification of the method of Essar et al. (17) was used. Samples of cultures
grown for 18 h were centrifuged to remove bacterial cells, and 500-pl aliquots of
culture supernatants were extracted with 300 wl of chloroform. The organic
phase was then extracted with 100 pl of 0.2 N HCI to give a pink solution
containing pyocyanin. The absorbance of this solution at 520 nm was measured
using a NanoDrop ND-1000 spectrophotometer, and the amount of pyocyanin
present was calculated by comparison with results obtained using known quan-
tities of pyocyanin (Cayman Chemical, Ann Arbor, MI). The range of detection
for the assay was from 10 uM to 300 uM pyocyanin.

For rhamnolipid and elastase assays, bacteria were cultured in LB medium as
described above for the detection of pyocyanin. After 18 h of incubation at 37°C,
aliquots of each culture were centrifuged to remove bacterial cells. The cleared
culture supernatant was filtered through a 0.45-um-pore-size syringe filter, and
samples were extracted immediately for the detection of rhamnolipids or stored
at —80°C prior to being assayed for elastolytic activity.

The concentration of rhamnolipid in culture supernatants was determined
using an orcinol assay as described elsewhere (35). Briefly, 300-pl samples of
filtered culture supernatants were extracted twice with 600 pl of diethyl ether.
The ether fractions were pooled in glass tubes and dried under a continuous
stream of N,. Then, 100 pl of water, 100 pl of 1.6% orcinol (Sigma), and 800 .l
of 60% H,SO, were added to each tube, and the tubes were incubated at 80°C
for 30 min. After tubes were cooled at room temperature for 10 min, the
absorbance at 421 nm (A4,;) of each sample was measured. These data were
compared with results obtained using known quantities of rhamnolipid (a mix-
ture of mono- and dirhamnolipid; Jeneil Biosurfactant Co., Saukville, WI) to
calculate the amount of rhamnolipid in each sample. The range of detection for
the assay was from 2.5 pg to 25 ug of rhamnolipid.

The elastolytic activity of filtered culture supernatants was measured using a
modification of the elastin-Congo red (ECR) assays described elsewhere (42).
Duplicate 25-ul aliquots of culture supernatants were added to tubes containing
20 mg of ECR (Sigma) and 1 ml of ECR buffer (0.1 M Tris [ph 7.2], 1 mM
CaCl,). Tubes were incubated at 37°C with rotation for 16 h, and then 100 pl of
0.12 M EDTA was added to each, and the tubes were placed on ice. Insoluble
ECR was removed from samples by centrifugation, and the cleared samples were
diluted 1:1 in ECR buffer. The 4,95 of each diluted sample was measured, and
the values were corrected for the absorption due to P. aeruginosa pigments by
subtracting the 4495 of each sample that had been incubated in the absence
of ECR.

B-Gal assays in P. aeruginosa. For experiments involving the addition of both
PQS and C,-HSL (see Fig. 3), cells from overnight cultures of P. aeruginosa
grown in PTSB medium were washed and resuspended in fresh medium at an
ODgg of 0.05 and then incubated at 37°C with vigorous shaking until cells
reached late-logarithmic phase. Then, cells from subcultures were washed and
resuspended in fresh PTSB medium, and 1-ml aliquots of cell suspensions were
transferred to tubes containing either PQS, C,-HSL, both, or neither. After 18 h
of incubation with vigorous shaking at 37°C, cells were harvested from 1-ml
cultures by centrifugation and suspended in 1 ml of supplemented A medium.
The B-galactosidase (B-Gal) activity of each sample was assayed in duplicate.
Data are reported in Miller units (34) as the mean = standard deviation (SD) of
at least three separate experiments.

For experiments involving the addition of C,-HSL only (see Fig. 4), cells from
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FIG. 1. The overexpression of pgsE in P. aeruginosa causes over-
production of pyocyanin. P. aeruginosa strains carrying either a vector
plasmid (tube 1), a plasmid containing tacp-pgsE (tube 2), or a plasmid
carrying a complementing genetic allele (pgsA for strain PJF-QA1 or
pgsR for strain PJF-QR1) (tube 3) were grown in LB medium for 18 h,
and aliquots of cultures were photographed to document the produc-
tion of the blue-green pigment pyocyanin. Strain designations: PAOI,
wild type; PJF-QEI, pgsE mutant; PJF-QAL1, pgsA mutant; PJF-QR1,
pgsR mutant; PDO111, rAlR mutant; and PDO100, 74/l mutant.

cultures of P. aeruginosa grown in PTSB medium for 20 to 24 h were washed and
resuspended in fresh medium at an ODyg of 0.05, and then 1-ml aliquots were
transferred to tubes containing C,-HSL. After 18 h of incubation with vigorous
shaking at 37°C, cells were diluted in supplemented A medium and assayed for
B-Gal activity. Data are reported in Miller units as the mean * SD of three
separate experiments.

Analysis of C,-HSL production. To measure C,-HSL production, culture
supernatants from P. aeruginosa strains grown in LB medium for 18 h at 37°C
with vigorous shaking were extracted with ethyl acetate as described elsewhere
(44). The amount of C,-HSL in ethyl acetate extracts was determined using the
C,-HSL bioassay (42).

B-Gal assays in E. coli. To test the ability of pgsE to affect the function of
RhIR-C,-HSL or LasR-3-0x0-C,,-HSL in E. coli, a two-plasmid system was
utilized in which one plasmid carried either tacp-rhiR or tacp-lasR and a reporter
gene fusion, and the second plasmid was either the vector plasmid or a plasmid
carrying tacp-pgsE. Cells from overnight cultures of E. coli carrying the appro-
priate plasmids and grown in supplemented A medium were diluted to an ODg,
of 0.08 in fresh medium. Subcultures were incubated at 37°C with vigorous
shaking for 3 h, and then 1-ml aliquots were transferred to tubes that contained
dried signal compounds. After 90 min of incubation at 37°C with vigorous
shaking, the B-Gal activity produced by each culture was measured. Data are
reported in Miller units as the mean = SD of at least three independent exper-
iments.

RESULTS

PgsE acts as a PQS-independent regulator. Since the dis-
covery of the PQS synthetic gene cluster (10, 20), the function
of PgsE has been a mystery. pgsE is the final gene of a five-
gene operon, of which the first four genes are required for PQS
synthesis (10, 20, 32). However, mutation of pgsE has no effect
on PQS synthesis (20). Instead, pgsE appears to be necessary
for P. aeruginosa to respond to PQS and to produce PQS-
controlled virulence factors such as pyocyanin (20). In order to
begin studying the role of PqsE, we first constructed isogenic,
in-frame deletion mutants for pgsE, pgsA, and pgsR. As ob-
served previously (20), the pgs4 and pgsR mutants did not
make PQS, and PQS production was not affected in the pgsE
mutant (data not shown). Furthermore, none of the three
mutant strains produced pyocyanin (Fig. 1 and Table 2), which
was as expected from previous studies (20). Production of both
pyocyanin and PQS was restored to the pgs4 and pgsR mutant
strains by genetic complementation with a plasmid carrying a
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TABLE 2. Pyocyanin production
Pyocyanin production (.M) in strain carrying”:
Strain
pEX1.8 pZOEO01

PAOL1 42.6 = 83 284.4 =193
PJF-QE1 ND 276.5 = 18.2
PJF-QA1 ND 261.5 = 29.7
PJF-QR1 ND 233.6 = 44.3
PDO111 ND ND
PDO100 ND 153+ 6.5

“Data are the means * SDs of results from at least three independent
experiments. pEX1.8, control plasmid; pZOEO1, PqsE overexpression plasmid.
ND, not detectable. Strains PJF-QA1 and PJF-QRI1 produced 34.3 + 8.4 and
60.8 = 5.6 uM pyocyanin, respectively, when complemented by plasmids con-
taining a wild-type copy of the gene that had been mutated.

copy of each respective gene (Fig. 1 and Table 2; also data not
shown). As a control, transfer of the vector plasmid into the
strains being tested did not affect either pyocyanin or PQS
production (data not shown). When we complemented the
pgsE mutant with a plasmid carrying a tacp-pgsE fusion, pyo-
cyanin production by the complemented strain greatly ex-
ceeded the level of the wild-type strain (Fig. 1 and Table 2).
Interested by this result, we then transferred the tacp-pgsE
plasmid into the wild type and the pgs4 and pgsR mutant
strains. Much to our surprise, we found that the overexpression
of PgsE in these mutants stimulated overproduction of pyocy-
anin in all three strains (Fig. 1 and Table 2). This result was
unexpected because all prior data showed that PgsR and PQS
were required for pyocyanin production (5, 13, 14, 20). Our
data indicated that PqsE was able to regulate pyocyanin pro-
duction in the absence of both PQS and PgsR, implying that
PgsE is an independent regulator.

Because pyocyanin production is also controlled by the other
P. aeruginosa intercellular signaling systems (51), the las and
rhl systems, we were interested in testing whether PqsE could
act independently of these regulators as well. Therefore, we
transferred the PqsE overexpression plasmid into various quo-
rum-sensing mutant strains and observed the effects on pyocy-
anin production. In agreement with other reported observa-
tions (14, 22), the lasR and lasI mutants displayed delayed, but
increased, production of pyocyanin (data not shown). The
overexpression of PqsE in these strains did not alter this phe-
notype, nor was it able to restore pyocyanin to the lasR rhlR or
lasI rhil double mutants (data not shown), indicating that PqsE
is unable to induce pyocyanin production in the absence of
both the las and rhl quorum-sensing systems. Interestingly, the
large positive effect of PqsE on pyocyanin production was
abolished in an rA/R mutant containing the pgsE expression
plasmid (Fig. 1 and Table 2). However, a slight positive effect
on pyocyanin production was seen in an 74/l mutant carrying
this same plasmid (Fig. 1 and Table 2). These data indicated
that RhIR is necessary for PqsE to regulate pyocyanin produc-
tion. This finding led us to speculate that PqsE might be func-
tioning directly or indirectly through RhIR, which will be ex-
amined further below.

In addition to pyocyanin, numerous other virulence factors
are known to be controlled by both PQS signaling and the rhl
quorum-sensing system (1, 12, 14). To further assess the reg-
ulatory effects of PqsE, we examined the production of two
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other PQS- and rhl-controlled virulence factors, elastase and
rhamnolipid. The results obtained were similar to those for
pyocyanin production. Rhamnolipid production was decreased
approximately 50% in the pgsE, pgsA, and pgsR mutants, and
all three of these strains, along with the wild type, produced a
much greater amount of rhamnolipid when they carried the
pgsE expression plasmid (Fig. 2A). This effect did not occur
in an rA/R mutant, which produced no rhamnolipid with or
without the pgsE expression plasmid (Fig. 2A). Interestingly,
rhamnolipid production was partly restored in an 74/l mutant
that expressed PqsE (Fig. 2A), which is similar to what oc-
curred for pyocyanin production (Fig. 1). A similar result was
seen with elastase production assays. The pgsE, pgsA, and pgsR
mutants all doubled their elastase production when they har-
bored the pgsE expression plasmid (Fig. 2B). It should be
noted that under our growth conditions, elastase production in
these three mutants was similar to that of the wild-type strain,
which demonstrates that the las and rAl quorum-sensing sys-
tems are the dominant regulators of elastase production. In
addition, as seen with pyocyanin and rhamnolipid production,
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FIG. 2. The production of rhamnolipids and elastase by P. aerugi-
nosa is increased in response to the overexpression of pgsE. P. aerugi-
nosa strains carrying either a vector plasmid (black bars) or a plasmid
containing tacp-pgsE (striped bars) were grown in LB medium for 18 h,
and cells were removed from the medium by centrifugation and filtra-
tion. (A) The amount of rhamnolipid present in the cleared growth
medium from each culture was determined using the orcinol assay as
described in Materials and Methods. An asterisk indicates that the
amount of rhamnolipid present was below the detectable limit for the
assay. The data presented represent the mean * SD of results from at
least three independent experiments. (B) The elastolytic activity
present in the growth medium from each culture was assayed using
ECR as described in the Materials and Methods section. The data
presented represent the mean * SD of results from at least four
individual experiments.
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FIG. 3. The induction of r4l4 by PQS and RhIR is dependent on
pgsE. P. aeruginosa strains PAO-JP2 (lasI rhil) and PAO-JP2E (lasI
rhll pgsE) carrying a plasmid harboring a rhlA’-lacZ fusion and tacp-
rhIR were grown in PTSB medium supplemented with the indicated
concentrations of C,-HSL in the presence (hatched bars) or absence
(black bars) of 20 uM PQS, which is within the range normally pro-
duced by wild-type cultures. After 18 h of incubation at 37°C, each
culture was assayed for B-Gal activity. 3-Gal activity is presented in
Miller units as the mean * SD of results from duplicate assays from at
least three independent experiments.

the overexpression of PqsE in an rA/R mutant did not affect
elastase production and caused only a slight increase in elas-
tase activity from an A/l mutant (Fig. 2B). Taken together, the
data shown in Fig. 1 and 2 and in Table 2 indicated that PqsE
can regulate multiple virulence factors independently of PqsR
and PQS, but it cannot act independently of RhIR.

PqsE is required for PQS to activate the rhl quorum-sensing
system. Since PqsE is involved in the complex intercellular
signaling regulatory scheme of P. aeruginosa, we wanted to
learn more about the effect of PqsE on PQS activity in the
absence of both C,-HSL and 3-oxo-C,,-HSL. To test this, we
examined rhlA'-lacZ induction in a P. aeruginosa lasl rhil dou-
ble mutant that expressed rh/R, which is a system previously
used as a bioassay for C,-HSL activity (42). We also tested
rhlA'-lacZ induction in strain PAO-JP2E, a derivative of strain
PAO-JP2 (lasl rhil) that also carries a mutation in pgsE. This
system allowed us to assess the effects of PQS and C,-HSL on
the rhl system independently. (Note that we previously showed
that strain PAO-JP2 does not produce PQS when grown under
similar conditions due to the lack of a functional las system [3,
44].) These experiments showed that, as expected, rhl4 was not
expressed above a background level in the absence of C,~-HSL
and 3-ox0-C,,-HSL in either strain (Fig. 3). Interestingly, the
addition of exogenous PQS to strain PAO-JP2 caused a large
increase in rhlA induction (Fig. 3), indicating that PQS was
active in the absence of C,-HSL and 3-oxo-C,,-HSL. Further-
more, adding PQS to strain PAO-JP2E that was expressing
RhIR caused only a slight induction of rhlA'-lacZ (Fig. 3).
While the induction of rhlA4 caused by PQS in strain PAO-JP2
was considerable, we also observed a similar induction in re-
sponse to 0.1 pM C,-HSL (Fig. 3), which is a concentration
that is 200-fold lower than the tested concentration of PQS.
When strain PAO-JP2 was supplemented with both PQS and
C,-HSL, there was an increase in rhl4’-lacZ activity beyond
that caused by either signal alone (Fig. 3). However, in strain

PqsE REGULATES THROUGH RhIR 7047

PAO-JP2E the activity produced by the combination of the
signals was equivalent to that of C,-HSL alone (Fig. 3). These
data showed that PQS was able to induce rhl4 expression in P.
aeruginosa in the presence of RhIR and in the absence of
acyl-HSL signals and that this effect required PgsE. Overall,
our data suggested that a factor(s) that positively regulated
rhlA was activated by both PQS and C,-HSL and that this
unknown regulator was also dependent on PqsE.

Exogenous C,-HSL can overcome a mutation in pgsE. While
our results showed that PqsE required the presence of RhIR to
regulate multiple virulence factors, it has been clearly shown
that RhIR and C,-HSL are able to initiate gene expression in
the absence of PqsE (42). Interestingly, we found that multiple
rhl-controlled factors, such as rhamnolipid and pyocyanin, are
downregulated in a pgsE mutant despite the fact that the mu-
tant produced an amount of C,-HSL equivalent to that pro-
duced by the wild-type strain (data not shown), a finding also
reported by others (14). This led us to investigate whether a P.
aeruginosa pgsE mutant was still capable of responding to C,-
HSL. In our first experiment, we cultured the pgsE mutant in
the presence of excess C,-HSL and observed pyocyanin pro-
duction. We found that exogenous C,-HSL restored pyocyanin
production to a pgsE mutant but that relatively large amounts
of C,~-HSL were required to restore pyocyanin production to a
level that was approximately 60% of that seen from the wild-
type strain (Fig. 4A). We continued this line of experiments
and examined the expression of an rhlA4’-lacZ fusion in the
pgsE mutant. As expected from our earlier data (Fig. 2), rhl4
expression was decreased approximately 60% in the pgsE mu-
tant (Fig. 4B). The addition of exogenous C,-HSL caused
rhlA'-lacZ induction to increase in a dose-dependent manner,
but restoration to a wild-type level of expression required
greater than 100 uM C,-HSL (Fig. 4B) (Note that this strain
already produces a wild-type level of C,-HSL, which is approx-
imately 10 to 20 wM [41; also data not shown].) To ensure that
rhIR was still expressed, we analyzed rA/R transcription in strain
PJF-QE1(pPCS1002) and found that only a minor decrease of
23% (from 158,118 = 7,527 to 121,763 = 10,450 Miller units of
B-Gal activity) occurred in rhalR'-lacZ expression relative to
that in the wild-type strain PAO1(pPCS1002). Taken together,
these results demonstrated that a pgsE mutant is less sensitive
to C,-HSL but that it can respond to C,-HSL, suggesting that
RhIR is active in a pgsE mutant. The data also imply that PqsE
may play a role in the ability of RhIR to respond to C,-HSL.

PqsE affects the ability of RhIR to activate gene expression
in a heterologous host. So far, our data have shown that factors
controlled by the rhl system are overexpressed when pgsE is
overexpressed (Fig. 1 and 2) and underexpressed when pgsE is
absent (Fig. 4). This suggested that PqsE may have a role in the
function of the rhl quorum-sensing system. Since the quorum-
sensing circuitry of P. aeruginosa is complex and is modified by
a wide array of factors, we wanted to try to establish a more
direct link between PqsE and the ril quorum-sensing system.
To do this, we determined whether the effect of PqsE could be
seen in E. coli cells by introducing two plasmids into E. coli.
One contained tacp-pgsE, and the other contained tacp-rhlR
and either rhiA'-lacZ or lasB'-lacZ. When these E. coli strains
were grown in the presence of isopropyl-B-p-thiogalactopyr-
anoside but with no exogenous signals, the strain containing
the pgsE vector showed no increase in r4lA4 expression and was
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FIG. 4. Pyocyanin production and rhl4 expression are restored to a
pgsE mutant by the addition of exogenous C,-HSL. (A) The wild-type
(PAO1) and pgsE mutant (PJF-QE1) strains of P. aeruginosa were
grown for 18 h in LB medium supplemented with the indicated con-
centrations of C,-HSL. Pyocyanin was quantified as described in Ma-
terials and Methods, and data represent the average * SD of at least
three separate experiments. (B) The wild-type strain PAO1 (black bar)
and pgsE mutant strain PJF-QE1 (striped bars) carrying a rhliA'-lacZ
fusion on pECP60 were grown for 18 h in LB medium supplemented
with the indicated concentrations of C,-HSL. B-Gal activity produced
in each culture was then assayed and is presented in Miller units as the
mean * SD of results from duplicate assays from at least three sepa-
rate experiments. In both panels, the numbers below the bars represent
the concentration of C,~-HSL. NA, no addition.

identical to that seen from a strain containing a control vector
(Fig. 5A). Most interestingly, as increasing amounts of C,-HSL
were added to the cultures, the strain that contained pgsE
exhibited a much more sensitive response to C,-HSL (Fig. 5A).
This effect also occurred with another PQS- and C,-HSL-
controlled gene when lasB’-lacZ was substituted for rilA'-lacZ.
We found that RhIR was able to induce lasB'-lacZ at a much
lower concentration of C,-HSL when PqsE was present (Fig.
5B). In both strains that contained pgsE, the expression of the
reporter gene (rhlA or lasB) in response to exogenous C,-HSL
peaked and then leveled off at an induction level similar to that
seen from the strain containing the control vector (Fig. 5A and
B). This enhanced responsiveness to exogenous signal was not
seen when we tested the ability of PqsE to affect lasB’-lacZ
induction by LasR and 3-oxo-C,,-HSL (Fig. 5C). In this case,
both the control vector and pgsE vector strains expressed lasB
at the same levels as the concentration of 3-oxo-C,,-HSL in-
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FIG. 5. PgsE enhances C,-HSL activity in E. coli. E. coli strain
DH5a carried either a vector plasmid (filled squares) or a plasmid
harboring tacp-pgsE (open circles) and either a plasmid harboring
tacp-rhIR and rhiA'-lacZ (A), a plasmid harboring tacp-rhIR and lasB'-
lacZ (B), or a plasmid harboring tacp-lasR and lasB'-lacZ (C). Strains
were cultured in the presence of exogenous signals as described in the
Materials and Methods section, and B-Gal activity was measured.
B-Gal activity is presented in Miller units as the mean = SD of results
from duplicate assays from at least three independent experiments.

creased. Overall, these data showed that PqsE can enhance the
ability of RhIR and C,-HSL to activate gene expression in the
absence of other P. aeruginosa-encoded factors, and this effect
appeared to be specific for the rAl quorum-sensing system.
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DISCUSSION

In this study we have begun to clarify the role of PqsE in the
P. aeruginosa quorum-sensing circuitry. Our previous findings
showed that pgsE is not necessary for the synthesis of PQS but
that pgsE is required for the expression of virulence factors
controlled by PQS (20). This led us to speculate that pgsE was
involved in the cellular response to PQS (20). In our current
study, we used a pgsE overexpression plasmid to show that in
the absence of the PQS-responsive transcriptional activator
PgsR, PgsE can positively regulate expression of the virulence
factors pyocyanin, rhamnolipid, and elastase (Fig. 1 and 2 and
Table 2). We also showed the same positive effects in a pgsA
mutant, demonstrating that the regulatory activity of PqsE
occurs independently of PQS or any of the other quinolone
compounds produced through the action of the enzymes en-
coded by the pgsABCDE operon. These data suggested a
model in which PQS and PqsR controlled the expression of
pgsE and PgsE, in turn, regulated a second set of genes. This
indirect regulation is different from that seen in the acyl-HSL-
based signaling systems of P. aeruginosa, where LasR and RhIR
each bind their cognate signals and directly induce the expres-
sion of multiple targets. Both PQS and PqsR have been shown
to regulate a large number of genes (1, 12), but these data must
now be reexamined to determine which genes are directly
regulated by PqsR-PQS and which are controlled indirectly
through the independent action of PgsE.

As our studies expanded, they led us away from the idea that
pgsE is involved in the cell’s response to PQS and instead
pointed us toward investigating the role of pgsE in the rhl
quorum-sensing system. Several previous studies have noted a
significant overlap between PQS- and rh/-controlled genes (12,
14), but the relationship between these two systems has been
unclear. Our experiments to study the effects of pgsE expres-
sion in various P. aeruginosa quorum-sensing mutants showed
that the regulatory function of PqsE required the presence of
RhIR (Fig. 1 and 2). In addition, we had previously shown that
PQS and C,-HSL could cooperatively induce gene expression
in the presence of RhIR (33). Therefore, we examined the
involvement of PqsE in the interaction between the PQS and
rhl signaling systems. Our results showed that PQS itself or in
combination with C,-HSL could activate an rhlA’-lacZ fusion
in the presence of RhIR (Fig. 3). However, these effects were
observed only when a functional copy of pgsE was present,
thereby providing further evidence that PQS indirectly regu-
lates gene expression by controlling the expression of pgsE and
establishing PqsE as a link between the quinolone and 7kl
signaling systems.

While these findings provided insight into the relationship
between PQS and the 74l quorum-sensing system, it was still
unclear as to why pgsE was required for the full production of
numerous rhl-controlled virulence factors. This was especially
puzzling since pgsE does not affect C,-HSL production (14;
also data not shown). When we tested the ability of a pgsE
mutant to respond to additional exogenous C,-HSL, we found
that a great excess of C,-HSL restored the induction of rhl-
controlled virulence factors (Fig. 4). This suggested that the A/
quorum-sensing system was still capable of functioning in a
pgsE mutant but that the regulatory function of PqsE was
necessary for the full induction of some genes. We then tested
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the effects of PqsE on the function of the rAl system in E. coli
and found that the presence of PqsE enhanced the ability of
RhIR and C,-HSL to induce gene expression (Fig. 5). This
effect appeared to be specific for the 74/ system since PqsE did
not enhance the induction of lasB by LasR and 3-oxo-C,,-HSL
(Fig. 5). Taken together, our findings suggested that PqsE
played a role in the Al quorum-sensing system and that PQS
was linked to this through its control of pgsE.

Overall, these findings begin to sort out some of the confu-
sion regarding the interactions between the quinolone and r#/
signaling systems. Previous data showed that PQS was impor-
tant for the induction of numerous rA/-controlled factors and
also suggested that PQS can upregulate rh/R and rhll them-
selves (12, 14, 20, 26, 32, 33). Our current results show that
PgsE affects the activity of the 74/ signaling system but does not
significantly affect the production of C,-HSL or the transcrip-
tion of rAlR, implying that the role of PgsE is not to control the
components of the ril system. These findings suggest that the
induction of rhlR and rhil observed in response to PQS by
ourselves and others was not through the induction of pgsE but
may instead be the result of some other activity of PQS and
that PQS may influence the 74/ system in multiple ways. It has
also been shown that RhIR and C,-HSL can negatively impact
the production of PQS and other quinolones by influencing the
transcription of the pgsABCDE operon (32, 59). Our findings
showed that PgsE could enhance the ability of RhIR and C,-
HSL to positively regulate gene expression but do not indicate
whether it also enhances the negative regulatory function of
the rhl system as well, although others have reported that a P.
aeruginosa pgsE mutant and the wild-type strain produced sim-
ilar amounts of 4-quinolone compounds (13).

The exact mechanism by which PqsE affects the 74/ quorum-
sensing system and achieves its regulatory function remains a
mystery. However, our data suggested that PqsE may alter the
function of RhIR rather than affecting C,-HSL. This is sup-
ported by our observation that PqsE had some regulatory ac-
tivity in an A/l mutant but none in an r2/R mutant (Fig. 1 and
2). We also saw pgsE-dependent regulatory activity in the ab-
sence of any acyl-HSL signals (Fig. 3), implying that PqsE may
act on the rhl quorum-sensing system through a novel form of
regulation. It is also interesting that Deziel et al. (12) found
that a pgsE mutant, but not an r4/R mutant, had attenuated
virulence in a burned mouse model of infection, suggesting
that the influence of pgsE may extend beyond the rhl system.
While the studies presented here do not determine the molec-
ular mechanism through which PqsE acts, they provide a set of
interesting data on which to build a model that will explain
PgsE’s role in the complex scheme that comprises P. aerugi-
nosa intercellular signaling.

ACKNOWLEDGMENTS

We thank H. Schweizer for kindly supplying pEX18Ap.
This work was supported by a research grant from the National
Institute of Allergy and Infectious Disease (grant R01-AI076272).

REFERENCES

1. Bredenbruch, F., R. Geffers, M. Nimtz, J. Buer, and S. Haussler. 2006. The
Pseudomonas aeruginosa quinolone signal (PQS) has an iron-chelating ac-
tivity. Environ. Microbiol. 8:1318-1329.

2. Brint, J. M., and D. E. Ohman. 1995. Synthesis of multiple exoproducts in
Pseudomonas aeruginosa is under the control of RhIR-RhlI, another set of



7050

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

FARROW ET AL.

regulators in strain PAO1 with homology to the autoinducer-responsive
LuxR-LuxI family. J. Bacteriol. 177:7155-7163.

. Calfee, M. W., J. P. Coleman, and E. C. Pesci. 2001. Interference with

Pseudomonas quinolone signal synthesis inhibits virulence factor expression
by Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. USA 98:11633-11637.

. Campos-Bermudez, V. A., N. R. Leite, R. Krog, A. J. Costa-Filho, F. C.

Soncini, G. Oliva, and A. J. Vila. 2007. Biochemical and structural charac-
terization of Salmonella typhimurium glyoxalase II: new insights into metal
ion selectivity. Biochemistry 46:11069-11079.

. Cao, H., G. Krishnan, B. Goumnerov, J. Tsongalis, R. Tompkins, and L. G.

Rahme. 2001. A quorum-sensing-associated virulence gene of Pseudomonas
aeruginosa encodes a LysR-like transcription regulator with a unique self-
regulatory mechanism. Proc. Natl. Acad. Sci. USA 98:14613-14618.

. Chang, A. C., and S. N. Cohen. 1978. Construction and characterization of

amplifiable multicopy DNA cloning vehicles derived from the P15A cryptic
miniplasmid. J. Bacteriol. 134:1141-1156.

. Collier, D. N., L. Anderson, S. L. McKnight, T. L. Noah, M. Knowles, R.

Boucher, U. Schwab, P. Gilligan, and E. C. Pesci. 2002. A bacterial cell to
cell signal in the lungs of cystic fibrosis patients. FEMS Microbiol. Lett.
215:41-46.

. Cugini, C., M. W. Calfee, J. M. Farrow III, D. K. Morales, E. C. Pesci, and

D. A. Hogan. 2007. Farnesol, a common sesquiterpene, inhibits PQS pro-
duction in Pseudomonas aeruginosa. Mol. Microbiol. 65:896-906.

. Darby, C., C. L. Cosma, J. H. Thomas, and C. Manoil. 1999. Lethal paralysis

of Caenorhabditis elegans by Pseudomonas aeruginosa. Proc. Natl. Acad. Sci.
USA 96:15202-15207.

D’Argenio, D. A., M. W. Calfee, P. B. Rainey, and E. C. Pesci. 2002. Autolysis
and autoaggregation in Pseudomonas aeruginosa colony morphology mu-
tants. J. Bacteriol. 184:6481-6489.

de Kievit, T. R., and B. H. Iglewski. 2000. Bacterial quorum sensing in
pathogenic relationships. Infect. Immun. 68:4839-4849.

Deziel, E., S. Gopalan, A. P. Tampakaki, F. Lepine, K. E. Padfield, M.
Saucier, G. Xiao, and L. G. Rahme. 2005. The contribution of MvfR to
Pseudomonas aeruginosa pathogenesis and quorum sensing circuitry regula-
tion: multiple quorum sensing-regulated genes are modulated without af-
fecting lasRI, rhIRI or the production of N-acyl-L-homoserine lactones. Mol.
Microbiol. 55:998-1014.

Deziel, E., F. Lepine, S. Milot, J. He, M. N. Mindrinos, R. G. Tompkins, and
L. G. Rahme. 2004. Analysis of Pseudomonas aeruginosa 4-hydroxy-2-alkyl-
quinolines (HAQs) reveals a role for 4-hydroxy-2-heptylquinoline in cell-to-
cell communication. Proc. Natl. Acad. Sci. USA 101:1339-1344.

Diggle, S. P., K. Winzer, S. R. Chhabra, K. E. Worrall, M. Camara, and P.
Williams. 2003. The Pseudomonas aeruginosa quinolone signal molecule
overcomes the cell density-dependency of the quorum sensing hierarchy,
regulates rhl-dependent genes at the onset of stationary phase and can be
produced in the absence of LasR. Mol. Microbiol. 50:29-43.

Doring, G., and G. B. Pier. 2008. Vaccines and immunotherapy against
Pseudomonas aeruginosa. Vaccine 26:1011-1024.

Driscoll, J. A., S. L. Brody, and M. H. Kollef. 2007. The epidemiology,
pathogenesis and treatment of Pseudomonas aeruginosa infections. Drugs
67:351-368.

Essar, D. W., L. Eberly, A. Hadero, and I. P. Crawford. 1990. Identification
and characterization of genes for a second anthranilate synthase in Pseudo-
monas aeruginosa: interchangeability of the two anthranilate synthases and
evolutionary implications. J. Bacteriol. 172:884-900.

Farrow, J. M., III, and E. C. Pesci. 2007. Two distinct pathways supply
anthranilate as a precursor of the Pseudomonas quinolone signal. J. Bacte-
riol. 189:3425-3433.

Gallagher, L. A., and C. Manoil. 2001. Pseudomonas aeruginosa PAO1 kills
Caenorhabditis elegans by cyanide poisoning. J. Bacteriol. 183:6207-6214.
Gallagher, L. A., S. L. McKnight, M. S. Kuznetsova, E. C. Pesci, and C.
Manoil. 2002. Functions required for extracellular quinolone signaling by
Pseudomonas aeruginosa. J. Bacteriol. 184:6472-6480.

Gambello, M. J., and B. H. Iglewski. 1991. Cloning and characterization of
the Pseudomonas aeruginosa lasR gene, a transcriptional activator of elastase
expression. J. Bacteriol. 173:3000-3009.

Heurlier, K., V. Denervaud, M. Haenni, L. Guy, V. Krishnapillai, and D.
Haas. 2005. Quorum-sensing-negative (lasR) mutants of Pseudomonas
aeruginosa avoid cell lysis and death. J. Bacteriol. 187:4875-4883.

Hoang, T. T., R. R. Karkhoff-Schweizer, A. J. Kutchma, and H. P. Schweizer.
1998. A broad-host-range Flp-FRT recombination system for site-specific
excision of chromosomally-located DNA sequences: application for isolation
of unmarked Pseudomonas aeruginosa mutants. Gene 212:77-86.

Holloway, B. W., V. Krishnapillai, and A. F. Morgan. 1979. Chromosomal
genetics of Pseudomonas. Microbiol. Rev. 43:73-102.

Huang, B., C. B. Whitchurch, L. Croft, S. A. Beatson, and J. S. Mattick.
2000. A minimal tiling path cosmid library for functional analysis of the
Pseudomonas aeruginosa PAO1 genome. Microb. Comp. Genom. 5:189-203.
Jensen, V., D. Lons, C. Zaoui, F. Bredenbruch, A. Meissner, G. Dieterich, R.
Munch, and S. Haussler. 2006. RhIR expression in Pseudomonas aeruginosa
is modulated by the Pseudomonas quinolone signal via PhoB-dependent and
-independent pathways. J. Bacteriol. 188:8601-8606.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

J. BACTERIOL.

Latifi, A., M. Foglino, K. Tanaka, P. Williams, and A. Lazdunski. 1996. A
hierarchical quorum-sensing cascade in Pseudomonas aeruginosa links the
transcriptional activators LasR and RhIR (VsmR) to expression of the
stationary-phase sigma factor RpoS. Mol. Microbiol. 21:1137-1146.

Lau, G. W., H. Ran, F. Kong, D. J. Hassett, and D. Mavrodi. 2004. Pseudo-
monas aeruginosa pyocyanin is critical for lung infection in mice. Infect.
Immun. 72:4275-4278.

Mahajan-Miklos, S., M. W. Tan, L. G. Rahme, and F. M. Ausubel. 1999.
Molecular mechanisms of bacterial virulence elucidated using a Pseudomo-
nas aeruginosa-Caenorhabditis elegans pathogenesis model. Cell 96:47-56.
Mashburn, L. M., and M. Whiteley. 2005. Membrane vesicles traffic signals
and facilitate group activities in a prokaryote. Nature 437:422-425.
Mashburn-Warren, L., J. Howe, P. Garidel, W. Richter, F. Steiniger, M.
Roessle, K. Brandenburg, and M. Whiteley. 2008. Interaction of quorum
signals with outer membrane lipids: insights into prokaryotic membrane
vesicle formation. Mol. Microbiol. 69:491-502.

McGrath, S., D. S. Wade, and E. C. Pesci. 2004. Dueling quorum sensing
systems in Pseudomonas aeruginosa control the production of the Pseudo-
monas quinolone signal (PQS). FEMS Microbiol. Lett. 230:27-34.
McKnight, S. L., B. H. Iglewski, and E. C. Pesci. 2000. The Pseudomonas
quinolone signal regulates v/ quorum sensing in Pseudomonas aeruginosa. J.
Bacteriol. 182:2702-2708.

Miller, J. 1972. Experiments in molecular genetics. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY.

Ochsner, U. A., A. K. Koch, A. Fiechter, and J. Reiser. 1994. Isolation and
characterization of a regulatory gene affecting rhamnolipid biosurfactant
synthesis in Pseudomonas aeruginosa. J. Bacteriol. 176:2044-2054.
Ochsner, U. A., and J. Reiser. 1995. Autoinducer-mediated regulation of
rhamnolipid biosurfactant synthesis in Pseudomonas aeruginosa. Proc. Natl.
Acad. Sci. USA 92:6424-6428.

Oglesby, A. G., J. M. Farrow III, J. H. Lee, A. P. Tomaras, E. P. Greenberg,
E. C. Pesci, and M. L. Vasil. 2008. The influence of iron on Pseudomonas
aeruginosa physiology: a regulatory link between iron and quorum sensing.
J. Biol. Chem. 283:15558-15567.

Ohman, D. E,, S. J. Cryz, and B. H. Iglewski. 1980. Isolation and character-
ization of Pseudomonas aeruginosa PAO mutant that produces altered elas-
tase. J. Bacteriol. 142:836-842.

Passador, L., J. M. Cook, M. J. Gambello, L. Rust, and B. H. Iglewski. 1993.
Expression of Pseudomonas aeruginosa virulence genes requires cell-to-cell
communication. Science 260:1127-1130.

Pearson, J. P., K. M. Gray, L. Passador, K. D. Tucker, A. Eberhard, B. H.
Iglewski, and E. P. Greenberg. 1994. Structure of the autoinducer required
for expression of Pseudomonas aeruginosa virulence genes. Proc. Natl. Acad.
Sci. USA 91:197-201.

Pearson, J. P., L. Passador, B. H. Iglewski, and E. P. Greenberg. 1995. A
second N-acylhomoserine lactone signal produced by Pseudomonas aerugi-
nosa. Proc. Natl. Acad. Sci. USA 92:1490-1494.

Pearson, J. P., E. C. Pesci, and B. H. Iglewski. 1997. Roles of Pseudomonas
aeruginosa las and rhl quorum-sensing systems in control of elastase and
rhamnolipid biosynthesis genes. J. Bacteriol. 179:5756-5767.

Pesci, E. C., and B. H. Iglewski. 2003. Quorum sensing, p. 55-65. In D. L.
Burns, J. T. Barbieri, B. H. Iglewski, and R. Rappuoli (ed.), Bacterial protein
toxins. ASM Press, Washington, DC.

Pesci, E. C., J. B. Milbank, J. P. Pearson, S. McKnight, A. S. Kende, E. P.
Greenberg, and B. H. Iglewski. 1999. Quinolone signaling in the cell-to-cell
communication system of Pseudomonas aeruginosa. Proc. Natl. Acad. Sci.
USA 96:11229-11234.

Pesci, E. C., J. P. Pearson, P. C. Seed, and B. H. Iglewski. 1997. Regulation
of las and rhl quorum sensing in Pseudomonas aeruginosa. J. Bacteriol.
179:3127-3132.

Preston, M. J., P. C. Seed, D. S. Toder, B. H. Iglewski, D. E. Ohman, J. K.
Gustin, J. B. Goldberg, and G. B. Pier. 1997. Contribution of proteases and
LasR to the virulence of Pseudomonas aeruginosa during corneal infections.
Infect. Immun. 65:3086-3090.

Rahme, L. G., E. J. Stevens, S. F. Wolfort, J. Shao, R. G. Tompkins, and
F. M. Ausubel. 1995. Common virulence factors for bacterial pathogenicity in
plants and animals. Science 268:1899-1902.

Rahme, L. G., M. W. Tan, L. Le, S. M. Wong, R. G. Tompkins, S. B.
Calderwood, and F. M. Ausubel. 1997. Use of model plant hosts to identify
Pseudomonas aeruginosa virulence factors. Proc. Natl. Acad. Sci. USA 94:
13245-13250.

Read, R. C., P. Roberts, N. Munro, A. Rutman, A. Hastie, T. Shryock, R.
Hall, W. McDonald-Gibson, V. Lund, and G. Taylor. 1992. Effect of Pseudo-
monas aeruginosa rhamnolipids on mucociliary transport and ciliary beating.
J. Appl. Phys. 72:2271-2277.

Sambrook, J., and D. W. Russell. 2001. Molecular cloning: a laboratory manual,
3rd ed. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.
Schuster, M., C. P. Lostroh, T. Ogi, and E. P. Greenberg. 2003. Identifica-
tion, timing, and signal specificity of Pseudomonas aeruginosa quorum-con-
trolled genes: a transcriptome analysis. J. Bacteriol. 185:2066-2079.
Tamura, Y., S. Suzuki, and T. Sawada. 1992. Role of elastase as a virulence



VoL. 190, 2008

53.

54.

55.

56.

factor in experimental Pseudomonas aeruginosa infection in mice. Microb.
Pathog. 12:237-244.

Tan, M. W.,, L. G. Rahme, J. A. Sternberg, R. G. Tompkins, and F. M.
Ausubel. 1999. Pseudomonas aeruginosa killing of Caenorhabditis elegans
used to identify P. aeruginosa virulence factors. Proc. Natl. Acad. Sci. USA
96:2408-2413.

Wade, D. S., M. W. Calfee, E. R. Rocha, E. A. Ling, E. Engstrom, J. P.
Coleman, and E. C. Pesci. 2005. Regulation of Pseudomonas quinolone
signal synthesis in Pseudomonas aeruginosa. J. Bacteriol. 187:4372-4380.
Wagner, V. E., D. Bushnell, L. Passador, A. I. Brooks, and B. H. Iglewski.
2003. Microarray analysis of Pseudomonas aeruginosa quorum-sensing regu-
lons: effects of growth phase and environment. J. Bacteriol. 185:2080-2095.
West, S. E., H. P. Schweizer, C. Dall, A. K. Sample, and L. J. Runyen-
Janecky. 1994. Construction of improved Escherichia-Pseudomonas shuttle

57.

58.

59.

PqsE REGULATES THROUGH RhIR 7051

vectors derived from pUC18/19 and sequence of the region required for their
replication in Pseudomonas aeruginosa. Gene 148:81-86.

Woodcock, D. M., P. J. Crowther, J. Doherty, S. Jefferson, E. DeCruz, M.
Noyer-Weidner, S. S. Smith, M. Z. Michael, and M. W. Graham. 1989.
Quantitative evaluation of Escherichia coli host strains for tolerance to cy-
tosine methylation in plasmid and phage recombinants. Nucleic Acids Res.
17:3469-3478.

Xiao, G., E. Deziel, J. He, F. Lepine, B. Lesic, M. H. Castonguay, S. Milot,
A. P. Tampakaki, S. E. Stachel, and L. G. Rahme. 2006. MvfR, a key
Pseudomonas aeruginosa pathogenicity LTTR-class regulatory protein, has
dual ligands. Mol. Microbiol. 62:1689-1699.

Xiao, G., J. He, and L. G. Rahme. 2006. Mutation analysis of the Pseudo-
monas aeruginosa mvfR and pgsABCDE gene promoters demonstrates com-
plex quorum-sensing circuitry. Microbiology 152:1679-1686.



