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a b s t r a c t

The biocontrol rhizobacterium Pseudomonas sp. M18 can produce two different types of antibiotics,
pyoluteorin (Plt) and phenazine-1-carboxylic acid (PCA), which are inhibitory to a number of soil-borne
plant pathogens. The pqsR gene, identified in Pseudomonas sp. M18, encodes a LysR-type transcriptional
regulator in the Pseudomonas quinolone signal (PQS)-mediated quorum-sensing (QS) system. Here we
investigated the regulatory mechanisms of PqsR in PCA and Plt biosyntheses. The results clearly suggest
that PqsR functions as a double-duty transcriptional regulator, either as a repressor of Plt biosynthe-
sis or as an activator of PCA biosynthesis. The chromosomal inactivation of pqsR resulted in significant
qsR
yoluteorin
henazine-1-carboxylic acid

enhancement of Plt production and its genes expression, while almost full inhibition of PCA production
and its genes expression. This was further confirmed by multiple pqsR gene dosage experiments, lacZ
fusion reporter analysis, and semi-quantitative RT-PCR. Furthermore, PqsR had little effect on expression
of the plt pathway-specific activator PltR, indicating that PqsR does not exert its negative regulation on
Plt biosynthesis through the mediator PltR. In addition, the pqsR mutation did not have any obvious influ-

I dire
scrip
ence on production of Rhl
functions as a crucial tran

. Introduction

Antibiotics produced by the root-associated strains of fluores-
ent pseudomonads can protect plants against a wide range of
oil-borne phytopathogens (Dowling and O’Gara, 1994). Among
hese antimicrobial compounds, pyoluteorin (Plt) and phenazines
ave received particular attention because of their significant
io-control abilities (Haas and Keel, 2003). The conserved Plt
iosynthesis structural genes comprise pltLABCDEFG and pltM
enes. Likewise, the phzABCDEFG operon is for phenazine-1-
arboxylic acid (PCA) biosynthesis, which is the first precursor for
ther phenazine derivatives. The regulation of their biosyntheses,
hich involves a complicated network comprising different fami-

ies of regulatory proteins at multi-levels (Haas and Keel, 2003), has
een extensively investigated.
The LuxR/I type QS systems LasR/I and RhlR/I in P. aeruginosa
AO1 have been reported to positively control the phz operon tran-
cription and so does PhzR/I in P. fluorescens 2-79, P. chlororaphis
CL1391 and P. aureofaciens 30-84 (Schuster et al., 2003; Dubuis et
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E-mail addresses: xqhuang66@sjtu.edu.cn (X. Huang), xuyq@sjtu.edu.cn (Y. Xu).
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168-1656/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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cting N-acylhomoserine lactones (C4 and C8-HSLs). This result shows PqsR
tional regulator independently of the rhl QS system.

© 2009 Elsevier B.V. All rights reserved.

al., 2007). PqsR, a recently identified member of LysR family, recog-
nizes and binds the signal molecule PQS (Pseudomonas quinolone
signal) to up-regulate expression of numerous target genes includ-
ing phz operons (Deziel et al., 2005). In P. fluorescens Pf5, The
pltLABCDEFG operon is transcriptionally activated by the LysR-type
pathway-specific regulator PltR (Nowak-Thompson et al., 1999).
Moreover, the CsrA homologs RsmE in P. fluorescens CHA0 and RsmA
in P. aeruginosa PAO1 respectively repress the translation of plt and
phz genes by binding to their mRNAs at RBS sites. Further study has
indicated that the conserved GacS/A system directs the synthesis of
two small RNAs, which are capable of antagonizing these two trans-
lational repressors (Dubuis et al., 2007). In addition, Lon protease, a
member of the ATP-dependent protease family, has been found to
negatively control phenazine production by degrading RhlI and LasI
(Takaya et al., 2008). Similarly, Plt biosynthesis is down-regulated
by the Lon protease which is proposed to exert its effect through
the degradation of PltR in P. fluorescens Pf5 (Whistler et al., 2000).

The LysR-type transcriptional regulators (LTTR) comprise the
largest family of transcriptional regulators in bacteria. LTTRs are

approximately 330 amino acids in length, and they contain a
helix–turn–helix (HTH) DNA-binding motif at the N-terminus,
and a cofactor-binding domain at the C-terminus (Maddocks
and Oyston, 2008). Originally, LTTRs were only described as
transcriptional activators of a single divergently transcribed gene

http://www.sciencedirect.com/science/journal/01681656
http://www.elsevier.com/locate/jbiotec
mailto:xqhuang66@sjtu.edu.cn
mailto:xuyq@sjtu.edu.cn
dx.doi.org/10.1016/j.jbiotec.2009.06.008
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ig. 1. Schematic model of the regulatory circuit involved in Plt and PCA biosynthes
ransduction cascade in P. fluorescens CHA0 (Haas and Keel, 2003).

r operon, and as negative auto-regulators. For example, the LysR-
ype regulator PltR activates the transcription of the Plt biosynthetic
peron pltLABCDEFG in P. fluorescens Pf-5 (Nowak-Thompson et al.,
999). Now extensive research has also shown that LTTRs can serve
s global transcriptional regulators of unlinked genes, encoding
xtremely diverse functions, including metabolism, QS, virulence,
nd so on (Maddocks and Oyston, 2008). The above-mentioned
qsR is a LysR-type global transcriptional regulator (Cao et al.,
001).

Pseudomonas sp. M18 is a rhizosphere isolate capable of produc-
ng both PCA and Plt. Like P. aeruginosa PAO1, strain M18 possesses
wo PCA biosynthetic locuses, but differently, M18 carries a gene
luster for Plt biosynthesis as well. As shown in Fig. 1, our previ-
us work have revealed that Plt and PCA biosyntheses are subject
o regulation of the distinct and complex network involved in reg-
latory systems (GacS/A, LasR/I and RhlR/I) or factors (PltR, PltZ,
smA, QscR and VqsR) (Ge et al., 2004; Huang et al., 2004, 2006,
008a, 2008b; Zhang et al., 2005; Yan et al., 2007a, 2007b; Wang et
l., 2008). In this study, the LTTR PqsR was identified and character-
zed in strain M18. We clearly demonstrated that PqsR negatively
ontrols Plt biosynthesis and positively regulates PCA biosynthesis
t the transcriptional level.

. Materials and methods

.1. Bacterial strains and growth conditions

Bacterial strains and plasmids used in this study are listed

n Table 1. Escherichia coli (E. coli) was grown at 37 ◦C in Luria
ertani (LB) medium (Sambrook and Russell, 2001). Pseudomonas
p. M18 and its derivatives were incubated at 28 ◦C in Kim’s

medium (KMB) for Plt production (King et al., 1954), or in
igment Producing Medium (PPM) for PCA production (Levitch
seudomonas sp. M18. Broken lines denote speculation based on the Gac/Rsm signal

and Stadtman, 1964). As the indicator strain for AHL produc-
tion (McClean et al., 1997; Shaw et al., 1997), Chromobacterium
violaceum CV026 was grown at 28 ◦C in LB broth. 5% sucrose
was used as a supplement to counter-select the suicide plasmid
pEX18Tc. When required, X-Gal (5-bromo-4-chloro-3-indolyl-beta-
d-galactopyranoside) was used for blue/white screening. For
�-galactosidase assaying, 4 mg ml−1 ONPG (ortho-nitrophenyl-
beta-d-galactopyranoside) in 0.1 M phosphate buffer (pH 7.0) was
used. For blue/white screening and promoter induction, 1 mM IPTG
(isopropyl-beta-d-thiogalactopyranoside) was used. Antibiotics
were used at the following concentrations (�g ml−1): gentamicin
(Gm) 40, kanamycin (Km) 50, spectinomycin (Sp) 100, ampicillin
(Ap) 100, and tetracycline (Tc) 120 for pseudomonads, Km 50, Gm
10, and Tc 15 for E. coli.

2.2. General molecular biology techniques

All molecular biological methods that are not described in
detail here were performed using standard methods (Sambrook and
Russell, 2001) or as recommended by the manufacturer (TaKaRa,
MBI Fermentas, Axygen, Sangon or BioDev). DNA was sequenced by
the Invitrogen Corporation and synthesized by the Shanghai Sangon
Biological Engineering Technology & Services Corporation.

2.3. Cloning and chromosomal inactivation of the pqsR gene from
Pseudomonas sp. M18
The 1.6 kb DNA fragment of the pqsR coding region and its par-
tial flanking sequence was amplified with Pfu polymerase from the
chromosomal DNA of strain M18 using the oligonucleotides: Ppqsr-
up and Ppqsr-down (Table 2). The PCR product was purified and
inserted into the suicide plasmid pEX18Tc to create pEXTcpqsR.
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Table 1
Strains, plasmids and primers used in this study.

Materials Genotype and/or relevant characteristicsa Reference

E. coli
DH5a supE44 �lacU169(�80 lacZ�M15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1 Sambrook and Russell (2001)
SM10 thi-1 thr leu tonA lacY supE recA::RP4-2-Tc::Mu Kmr Sambrook and Russell (2001)

Pseudomonas sp. M18
Wild-type Rhizosphere isolate, Plt+ PCA+ Spr Huang et al. (2004)
M18PRG pqsR::Gmr, Spr Gmr This study
C. violaceum CV026 Signal molecular reporter, Kmr McClean et al. (1997)

Plasmids
pEX18Tc Gene replacement vector with MCS from pUC18, oriT+ sacB+, Tcr Hoang et al. (1998)
pUCGm Source of Gmr cassette, Gmr Keen et al. (1988)
pEXTcpqsR pEX18Tc with EcoRI-XhoI insert of 1.35 kb, including gene pqsR sequence, Tcr This study
pEXTcPRG pqsR::Gmr in pEX18TcpqsR, Tcr Gmr This study
pME6032 pVS1-p15A E. coli-Pseudomonas shuttle vector, lacIq-Ptac expression vector, Tcr Heeb et al. (2002)
pOPQR pME6032 with EcoRI-XhoI insert of 1.35 kb, including gene pqsR sequence, Tcr This study
pME6522 pVS1-p15A E. coli-Pseudomonas shuttle vector for transcriptional lacZ fusions and promoter

probing, Tcr
Blumer et al. (1999)

pMEAZ 733 bp BamHI-PstI PCR-amplified fragment containing PpltLA-pltL-pltA’ cloned into pME6015,
Tcr

Huang et al. (2004)

pMEAZ-12 679 bp EcoRI-PstI PCR-amplified fragment containing the nucleotides −470 upstream and +209
downstream transcriptional start site of pltL cloned into pME6522, Tcr

Yan et al. (2007a)

pMEAZ-13 500 bp containing the nucleotides −470 upstream and +30 downstream transcriptional start site
of pltL cloned into pME6522, Tcr

Yan et al. (2007a)

pMEZA1 365 bp EcoRI-PstI PCR-amplified fragment containing phzA1 upstream region cloned into
pME6522

This study

pMEZA2 700 bp EcoRI-PstI PCR-amplified fragment containing phzA2 upstream region cloned into
pME6522

This study

pMEZA2 681 bp EcoRI-PstI PCR-amplified fragment, containing PpltR′ cloned into pME6015, Tcr Yan et al. (2007a)

a Plt, pyoluteorin; PCA, phenazine-1-carboxyl acid; r, antibiotics-resistant; Km, kanamycin; Tc, tetracycline; Gm, gentamicin; Ap, amplicillin; Sp, spectinomycin.

Table 2
Primers used in this study.

Oligonucleotides Sequence (5′–3′)a Reference

Ppqsr-up 5′-TATAGAATTCACATGCCGGCATGCCAG-3′ (EcoRI) This study
Ppqsr-down 5′-TAATAAGCTTTGGCCGATGCCGATGGC-3′ (HindIII) This study
Ppqsrover-up 5′-CGCGGAATTCGGGATGCCTATTCATAACC-3′ (EcoRI) This study
Ppqsrover-down 5′-ATATCTCGAGGAACGCTCTACTCTGGTGC-3′ (XhoI) This study
Pphza1-up 5′-ATATGAATTCAGCAATCCCGCATACC-3′ (EcoRI) This study
Pphza1-down 5′-TATACTGCAGGCGGCATCGGTTATTC-3′ (PstI) This study
Pphza2-up 5′-GTC AGAATTCAACCGAGATGCTCAAGTG-3′ (EcoRI) This study
Pphza2-down 5′-ATTACTGCAGACGCAATTCCAGGTTGTC-3′ (PstI) This study
Pplta-up 5′-ACCGAGACCATCACCAGCATC-3′ Yan et al. (2007a)
Pplta-down 5′-CCTTCTTGAACGGACGCACC-3′ Yan et al. (2007a)
Pphzc-up 5′-GTATCCTCAAGGGCTATGC-3′ This study
Pphzc-down 5′-GGGTAGAACCGAGATAGAC-3′ This study
P
P

r
t
t
p
M
p
a
r
g
i
p

2

g
t
P

rpod-up 5′-GAGCGGGAGGAGCGTTTAC-3′
rpod-down 5′-CGGGCAAAAAATAAGCAGAGG-3′

a Specified restriction sites are underlined.

The pqsR mutant was constructed as follows. To construct
ecombinant pEXTcPRG, a 0.85 kb BamHI fragment, containing
he gentamicin-resistant cassette from pUCGm, was inserted into
he pqsR gene on the plasmid pEXTcpqsR. The resulting plasmid,
EXTcPRG, was mobilized from the E. coli SM10 donor into strain
18 by biparental mating. Transconjugants were selected on LB

lates containing Sp to counter-select E. coli SM10 and Gm. After
second crossing-over, Gm-resistant, Tc-sensitive, and sucrose-

esistant recombinants with the chromosomally inactivated pqsR
ene were obtained. The resultant pqsR-inactivated mutant, des-
gnated M18PRG, was confirmed by PCR and sequencing with the
rimers Ppqsr-up and Ppqsr-down.

.4. Construction of the pqsR gene over-expression vector pOPQR
The 1.35 kb fragment containing the coding region of the pqsR
ene was amplified from the genomic DNA of strain M18 using
he primers Ppqsrover-up and Ppqsrover-down (Table 2). The
CR-amplified fragment was directionally inserted into the E. coli-
Yan et al. (2007a)
Yan et al. (2007a)

pseudomonad shuttle-expressional vector pME6032 (medium copy
number). This created the pqsR over-expression plasmid pOPQR, in
which the pqsR gene was transcribed under the control of the tac
promoter on pME6032.

2.5. Construction of transcriptional phzA1’-‘lacZ and phzA2’-‘lacZ
fusions

A 365 bp DNA fragment carrying the promoter region of the
phzA1 gene was PCR-amplified with Pfu polymerase from the M18
genomic DNA. The primers used were Pphza1-up and Pphza1-down
(Table 2). The 365 bp PCR product was purified and then cloned
into pME6522 to generate the recombinant plasmid pMEZA1, car-
rying a transcriptional phzA1’-‘lacZ fusion. In the same way, a 700 bp

PCR fragment, carrying the promoter region of the phzA2 gene,
was amplified. The primers used were Pphza2-up and Pphza2-
down (Table 2). The 700 bp PCR product was cloned into pME6522
to construct pMEZA2, carrying a phzA2’-‘lacZ transcriptional
fusion.
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Fig. 2. Domain analysis of PqsR with Pfam 23.0 (http://pfam.sanger.ac.uk). The LysR-
J. Lu et al. / Journal of B

.6. Assays for AHLs, Plt, PCA and ˇ-galactosidase

The AHLs N-butanoyl and N-hexanoylhomoserine lactone (BHL
nd HHL) were detected using a thin layer chromatography (TLC)
ioassay as described by McClean et al. (1997) and Shaw et al.
1997). Pseudomonas sp. M18 and its derivative strains were grown
o an OD600 of 5.0–6.0. The AHL extraction and analysis were per-
ormed as described (Yan et al., 2007a). The synthetic AHL standards
f BHL and HHL (Fluka) served as controls. C. violaceum CV026 was
sed as the indicator strain.

Extraction and HPLC quantification of PCA and Plt from culture
uspension were carried out as described by Ge et al. (2004). The
-galactosidase assays were carried out according to the method
f Miller (Sambrook and Russell, 2001) and as described by Huang
t al. (2004).

.7. RNA extraction and reverse transcription

For RNA extraction, Pseudomonas sp. M18 and its derivatives
ere grown in LB media, and cultures were harvested in the early

xponential phase at an OD600 of 2.5–3.5. RNA extraction and
everse transcription were performed using the NucleoSpin RNA
I Kit (Macherey-Nagel) and the RevertAidTM First Strand cDNA
ynthesis Kit (MBI Fermentas), respectively, according to manufac-
urers’ recommendations.

.8. Semi-quantitative RT-PCR

The amounts of cDNA obtained by reverse transcription were
emi-quantified, utilizing the semi-quantitative RT-PCR and gel
lectrophoresis. We measured the transcription of the pltA gene.
his is the second gene of the Plt biosynthesis operon pltLABCDEFG.
e also measured the total transcript level of both the phzC1

nd phzC2 genes. These are the third genes of two copies of PCA
iosynthetic gene clusters (phzA1-G1 and phzA2-G2, respectively).
hey are identical to each other in Pseudomonas sp. M18 (Nowak-
hompson et al., 1999; Huang et al., 2004). In this study, we used
hzC to represent both phzC1 and phzC2 genes. Transcription of the
ndogenous housekeeping gene rpoD (Savli et al., 2003) was used as
reference. The pltA gene was amplified using the primers Pplta-
p and Pplta-down (Table 2). The phzC gene was amplified using
phzc-up and Pphzc-down (Table 2). The rpoD gene was ampli-
ed using Prpod-up and Prpod-down (Table 2). These primers were
esigned from their sequences in Pseudomonas sp. M18. The PCR

ragments of the pltA, phzC, and rpoD genes were 157 bp, 179 bp,
nd 173 bp, respectively. The cDNA concentration was first normal-
zed by PCR of the rpoD reference, which was performed according
o a standard procedure using Taq polymerase: one step of 5 min at
4 ◦C; 30 cycles at 94 ◦C for 30 s, 54 ◦C for 30 s, 72 ◦C for 30 s; and one
nal step of 10 min at 72 ◦C. The PCR conditions for amplifying tar-
et cDNA were similar to those for amplifying reference cDNA, with
he exception of using 36 cycles and normalized cDNA templates.

negative control (distilled water instead of the RNA solution),
nd a genomic DNA contamination check using total RNA as a tem-
late, were included in each PCR run. The PCR products amplified

rom cDNA were further confirmed by sequencing and visualized
nder UV. PCR analyses for each strain were repeated at least
hree times.
.9. Nucleotide sequence accession number

The nucleotide sequence of pqsR gene reported in this
aper was deposited in the GenBank (Genbank accession no.
J597756).
type N-terminal HTH DNA binding domain and the LysR-substrate binding domain
are indicated. aa, amino acids.

3. Results

3.1. Identification and analysis of the pqsR gene

PCR amplification and sequencing analysis revealed that the
pqsR gene of Pseudomonas sp. M18 shared a 99% nucleotide
sequence identity with that of P. aeruginosa PAO1. Consider-
ing such a remarkable level of identity, we decided to use
the same name, pqsR, for strain M18. The pqsR gene has an
open reading frame of 999 bp, and encodes a putative 332-
amino acid protein. The domain homology search with Pfam
(Finn et al., 2008) showed that PqsR contains a typical LysR-
type HTH DNA binding domain (Pfam accession number PF00440)
at the N-terminus and a typical LysR-substrate binding domain
(PF03466) at the C-terminus (Fig. 2). In addition, the BLASTP
search (http://blast.ncbi.nlm.nih.gov/Blast.cgi) shows PqsR in Pseu-
domonas sp. M18 shares 99% sequence similarity to the LysR-type
regulator PqsR in Pseudomonas aeruginosa and 43–52% similarity
to a number of LTTRs in many bacteria including Sinorhizobium
meliloti, Vibrio fischeri, Shewanella baltica, Pseudomonas putida, Pseu-
domonas fluorescens, etc. (data not shown). PqsR plays a critical role
in controlling the synthesis of the PQS and numerous virulence fac-
tors in strain PAO1 (Cao et al., 2001). This motivated our interest to
investigate the role of PqsR in the complex QS regulatory network
of Plt and PCA biosyntheses in strain M18.

3.2. Effect of the pqsR gene on PCA and Plt biosynthesis

The dynamic curves of antibiotic production and cell growth by
the pqsR-null mutant strain M18PRG and its parental strain M18
were determined in KMB and PPM, respectively (Fig. 3). As shown in
Fig. 3B, the inactivation of pqsR almost totally abolished PCA produc-
tion in the M18PRG strain, in PPM media. However, the disruption
of the pqsR gene led to a 3–4-fold increase of Plt production, as
compared with the wild-type M18 strain in KMB, over the course
of fermentation. The highest level of Plt production of M18PRG was
149 �g ml−1 after 60 h of fermentation, while that of the wild-type
strain M18 was only 37.5 �g ml−1 (Fig. 3A). In addition, growth assay
results indicated that the cell density of the pqsR mutant M18PRG
was slightly higher than that of the wild-type strain during antibi-
otic fermentation (Fig. 3). This was also true in other experiments
of this study.

To further confirm the regulatory effect of the pqsR gene on PCA
and Plt biosynthesis, we constructed an over-expression plasmid,
pOPQR. It contained the pqsR gene, which was under the control of
an IPTG-inducible tac promoter. Plt and PCA production in the strain
M18PRG, which harbors the plasmid pOPQR, were restored to the
level of the wild-type strain M18, which harbors the empty control

plasmid pME6032 (Fig. 4). Meanwhile, over-expression of pqsR in
the wild-type strain led to further reduction of Plt production, and
to enhancement of PCA production (Fig. 4). This may have been
the result of the greater number of gene doses of pqsR. All these
results strongly suggest that the pqsR gene negatively regulates Plt
production, and positively regulates PCA production.

http://pfam.sanger.ac.uk/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Fig. 3. Plt production (A), PCA production (B), and cell growth (OD600) of the wild-
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ype M18 strain (�, ©) and the pqsR mutant M18PRG strain (�, �) in KMB broth (A)
nd PPM media (B). Solid symbols denote Plt and PCA production; open symbols
D600. Each value is the mean ± S.D. of four cultures.

.3. Negative control of Plt biosynthetic gene expression by PqsR

�-Galactosidase activity analyses were performed to further
onfirm negative regulation of Plt biosynthesis by the pqsR gene
t the gene expressional level. The pltA’-‘lacZ translational fusion
n the plasmid pMEAZ was used to monitor expression of the plt
iosynthetic genes. The plasmid pMEAZ was introduced into the
qsR mutant strain M18PRG and its parental strain M18, respec-
ively. �-Galactosidase activity was assayed in KMB media. As
hown in Fig. 5A, we observed a three-fold increase of the pltA’-‘lacZ
ranslational fusion expression in M18PRG when compared with
train M18, which extends and corroborates the negative regulatory
ole of pqsR in Plt biosynthesis (Fig. 5A).

Similar methods were also used to investigate the negative reg-
lation of PqsR in plt biosynthetic gene expression, and at which

evel. This was to determine the target regulatory region of pqsR
ithin the 5′-upstream region of the pltLABCDEFG biosynthetic

peron. The plt’-lacZ transcriptional fusion plasmid pMEAZ-12,
hich contains the nucleotides −470 upstream and +209 down-

tream of the transcriptional start site (TSS) of the pltLABCDEFG
peron (Yan et al., 2007a), was introduced into strains M18 and
18PRG, respectively. The results of the �-galactosidase activity

ssay showed that the plt’-lacZ transcriptional fusion expression
n pMEAZ-12 in strain M18PRG was significantly enhanced. It was
hree times higher than that in strain M18 in KMB media (Fig. 5B).
imilarly, another different transcriptional plt’-lacZ fusion plasmid,

MEAZ-13, was also introduced into the wild-type strain and its
qsR mutant M18PRG strain. It contains 470 bases upstream, but
nly 30 bases downstream of the TSS of the plt operon (Yan et al.,
007a). Again, �-galactosidase activity was assayed in KMB media
Fig. 5C). No significant difference in the plt’-lacZ transcriptional
Fig. 4. Plt (A) and PCA (B) production of the wild-type M18 strain or the pqsR mutant
M18PRG strain, which harbored the pqsR over-expression plasmid pOPQR or the
empty vector pME6032 as the control, after 60 h of growth in KMB and PPM media.
Each value is the mean ± S.D. of four cultures.

fusion expression was observed between strains M18 and M18PRG
(Fig. 5C).

3.4. Up-regulation of PqsR on the PCA biosynthetic gene
expression

To further confirm the positive control of PqsR on PCA biosynthe-
sis, we constructed two reporter plasmids (pMEZA1 and pMEZA2)
to carry the phzA1-lacZ and the phzA2-lacZ transcriptional fusions,
respectively (Fig. 6C). Each plasmid was introduced into strains
M18 and M18PRG, and �-galactosidase activity was measured in
PPM media. The pqsR mutant caused less expression of both lacZ-
fusions in strain M18PRG, as compared with that in the wild-type
strain M18. This result showed that expression of two PCA biosyn-
thetic gene clusters was mainly up-regulated by the pqsR gene at
the transcriptional level in strain M18 (Fig. 6A and B).

3.5. Control of Plt and PCA biosynthetic gene expression by the
pqsR gene at the transcriptional level

It has been reported that PqsR plays a critical role in the tran-
scriptional regulation of the QS regulon (Cao et al., 2001). Our
previous studies have also demonstrated that certain QS-controlled

genes, including pltA in strain M18, were regulated at the transcrip-
tional level (Yan et al., 2007a). Similarly, the lacZ fusion analyses
in this study imply that the pqsR gene might exert its effect on
the expression of Plt and PCA biosynthetic genes mainly at the
transcriptional level. To further corroborate these findings, a semi-
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Fig. 5. Influence of pqsR on Plt biosynthetic gene expression. �-Galactosidase activ-
ities, resulting from the plt’-‘lacZ translational fusion on pMEAZ (A), the plt’-lacZ
transcriptional fusion on pMEAZ-12 (B) and pMEAZ-13 (C), were determined in the
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Fig. 6. Influence of pqsR on PCA biosynthetic gene expression. �-Galactosidase
activities, resulting from phzA1’-‘lacZ transcriptional fusion on pMEZA1 (A) or the
phzA2’-‘lacZ transcriptional fusion pMEZA2 (B), were determined in the wild-type
M18 strain (�, ©) and the pqsR mutant M18PRG strain (�, �) in PPM media.
Solid symbols denote �-galactosidase activities; open symbols OD600. Each value
is the mean ± S.D. of four cultures. (C) Maps of the phzA1’-‘lacZ and the phzA2’-
‘lacZ transcriptional fusion expression plasmids pMEZA1 and pMEZA2. S/D, putative
Shine-Dalgarno sequence. +1, putative transcriptional start site of phzA1 or phzA2.
The putative promoter region of phzA1 or phzA2 and its flanking sequence are shown
as a thick line.
ild-type M18 strain (�, ©) and the pqsR mutant M18PRG strain (�, �) in KMB broth.

olid symbols denote �-galactosidase activities; open symbols OD600. Each value is
he mean ± S.D. of four cultures.

uantitative RT-PCR analysis was performed to detect the pltA and
hzC mRNA levels in strains M18, M18PRG, M18 or M18PRG harbor-

ng the pqsR over-expression plasmid pOPQR or the empty plasmid
ME6032 at the early exponential growth phase in LB media.
he housekeeping gene rpoD was assayed in parallel to normal-

ze transcript levels of pltA and phzC genes. Since pltA and phzC are,
espectively, the second and first gene of the plt and phz biosyn-
hetic operon, the mRNA levels of pltA and phzC can be taken as
epresentatives of the transcriptional expression of the plt and phz
ene clusters, respectively.
As shown in Fig. 7, there were significant differences in the
ltA and phzC mRNA levels between the wild-type strain and its
qsR-mutant M18PRG strain. Chromosomal inactivation of the pqsR
ene resulted in undetectable phzC transcriptional expression in

Fig. 7. Semi-quantitative reverse transcriptase polymerase chain reaction (RT-PCR)
analysis of relative phzC and pltA transcriptional levels in early exponential phase
(OD600 between 2.5 and 3.5) for strains of wild-type M18 (W), M18PRG (pqsR−)
(P), M18PRG/pME6032 (P6), M18PRG/pOPQR (pME6032::pqsR) (PO), WT/pME6032
(W6), and WT/pOPQR (WO), using rpoD as the internal control.
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he strain M18PRG, as compared with the wild-type strain M18.
owever, the pltA mRNA level in strain M18PRG was found to be

ubstantially higher than that in strain M18 (Fig. 7). The results
ndicate that the pqsR gene imposes its influence on PCA and
lt production by altering the transcriptional expression of their
iosynthetic genes. These results were further confirmed by quan-
itative analyses of mRNA levels for pltA and phzC in the strains of

18 and M18PRG that were harboring the pqsR over-expression
lasmid pOPQR, with the empty plasmid pME6032 as the control
Fig. 7). Taken together, the results from the semi-quantitative RT-
CR and �-galactosidase activity assay suggest that the expression
f Plt and PCA biosynthetic genes is regulated by the pqsR gene at
he transcriptional level.

.6. No significant influence of PqsR on the pltR expression

The pathway-specific regulator PltR positively controls the Plt
iosynthesis in strain M18 (Yan et al., 2007b). The Gac/Rsm sys-
em and the QS system (LasR/I and RhlR/I) have been reported
o modulate the expression of plt genes at least partially through
he mediator PltR (Huang et al., 2008a). To ascertain whether PltR
s involved in the pqsR QS regulatory circuitry of the Plt produc-
ion, we transformed the plasmid pMERZ, which is harboring the
ranslational pltR-lacZ fusion, into the wild-type strain M18 and
he pqsR mutant M18PRG. The lacZ-based assay shows that the �-
alactosidase activity in the pqsR mutant did not exhibit significant
ifference from that seen in the parental strain M18 (Fig. 8). This
esult indicates that PqsR exerts the effect on the Plt biosynthesis
ot through the plt pathway-specific activator PltR.

.7. No effect of the pqsR-null mutation on AHL synthesis

Two important QS signaling molecules, BHL and HHL, are syn-
hesized by RhlI synthetase in strain M18 (Yan et al., 2007a). The
nfluence of pqsR mutation on AHLs production was assessed in
MB and PPM media. The results from TLC bioassay showed no
ignificant differences in the AHL levels between strains M18 and
18PRG in the KMB media (Fig. 9). Similarly, the pqsR gene over-

xpression, resulting from the vector pOPQR, did not significantly

lter the AHL production by the strain M18 (or M18PRG) both
n KMB and PPM media (Fig. 9), when compared with that by
he strain M18 (or M18PRG) carrying the empty control plasmid
ME6032.

ig. 8. Influence of pqsR on pltR gene expression. �-Galactosidase activities, resulting
rom pltR-lacZ translational fusion on pMERZ were determined in the wild-typeM18
train (�, ©) and the pqsR mutant M18PRG strain (�, �) in KMB broth. Solid symbols
enote �-galactosidase activities; open symbols OD600. Each value is the mean ± S.D.
f four cultures.

Fig. 9. TLC analysis of AHLs secreted by the wild-type M18 strain and its derivatives
grown in KMB media (A and B) and PPM media (C). AHL samples were visualized
with C. violaceum CV026 reporter strain. M, BHL, and HHL markers; W, the wild-type

M18 strain; P, the pqsR mutant M18PRG strain; P6, the M18PRG strain harboring the
empty vector pME6032; PO, the M18PRG strain harboring pOPQR in which the pqsR
gene was overexpressed; W6, the M18 strain harboring pME6032; WO, the M18
strain harboring pOPQR.

4. Discussion

In the prokaryotic kingdom, the LysR family represents the most
abundant type of transcriptional regulators and is typically involved
in the activation of linked target genes and negative autoregulation
(Maddocks and Oyston, 2008). The study reported here indicates
the regulatory role of PqsR, a newly identified member of LysR
family, in Plt and PCA biosyntheses in P. sp. M18. Our data clearly
demonstrate that pqsR assumes dual responsibilities by repression
of the plt transcription and activation of the phz transcription. A
number of LysR-type bifunctional regulators have also been iden-
tified in other strains including CrgA in Neisseria meningitidis, CysB

in Escherichia coli, and LeuO in Salmonella enterica (Maddocks and
Oyston, 2008).

Our findings provide evidence that the target regulatory region
of plt operon is likely to be located within the 180 bp region from
+30 to +209 downstream of TSS. This conclusion was drawn from
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he results of the following two experiments. The plt’-lacZ tran-
criptional fusion carried the nucleotides −470 to +209 (relative
o TSS) of the 5′-leader region of the pltLABCDEFG operon. It dis-
layed strong differences in the �-galactosidase expression level
etween the pqsR mutant and the wild-type strain M18 (Fig. 5B)
hile the expression of plt’-lacZ fusion carrying the −470 to +30

egion did not (Fig. 5C). Although the LTTRs broadly bind to the
arget sites upstream of the TSS, binding sites as far away as
350 bp with respect to the promoter region has also been identified
Viswanathan et al., 2007; Maddocks and Oyston, 2008). Therefore,
he LTTR PqsR may interact with the above critical 180 bp to further
ontrol the transcription of plt operon. Most characterized LTTRs
ecognize the DNA boxes that almost invariably contain the T-N11-A
onserved motif sequence within an inverted repeat (Maddocks and
yston, 2008). Sequence analysis showed that 13 putative T-N11-A
oxes were found in the above 180 bp region, two of which respec-
ively form two perfect dyadic regions (located from +57 to +69
nd from +107 to +119 with respect to the TSS). TFSEARCH search
http://www.cbrc.jp/research/db/TFSEARCH.html) suggested that
he former dyadic region is likely to be a stronger candidate of
inding site, which scores beyond 0.95 to be recognized and bound
y the transcriptional regulators. The LysR-type pathway-specific
ranscriptional activator PltR has been reported to mediate the reg-
lation of global regulators (GacS/A, RhlR/I and LasR/I) on the plt
peron expression (Huang et al., 2008a). Here our results show
hat pqsR exerts little effect on pltR expression, which excludes the
nvolvement of PltR in the pqsR QS circuitry on the regulation of
lt production. However, interestingly, our previous study has pro-
osed that PltR interacts with the above 180 bp region to regulate
he plt operon transcription (Yan et al., 2007a). Thus, conceivably,
his region may be the target site recognized by LTTRs including
oth PltR and PqsR which is needed to be further investigated.

Intriguingly, the pqsR mutant displayed astonishing similar phe-
otype as the rhl QS disrupted strain not only in antibiotic (Plt and
CA) biosyntheses but also in cell growth and pigment production
data not shown) (Yan et al., 2007a). However, the TLC bioassay
learly demonstrated that PqsR functions independent of the rhl QS
ystem, which is in agreement with the observation in P. aeruginosa
AO1 that mvfR (pqsR) inactivation do not alter rhlI transcription and
4-HSL production (Gallagher et al., 2002; Diggle et al., 2003).

Generally, evolutionary pressure avoids the redundancy of the
ene function. The above similar phenotype exhibited by the strains
hl QS null mutant and the pqsR mutant indirectly implies that pqsR
lays other roles in strain M18. Recent transcriptome analysis shows
5% of the pqsR-dependent genes were regulated by QS in strain
AO1 (Deziel et al., 2005), which indicates the distinct function of
qsR from other QS regulatory systems (the las and rhl systems).
he detailed roles of pqsR in strains M18 and PAO1 remain to be
etermined. On the other hand, the pqsR mutation abolished the
xpression of rhl-dependent phz operons and corresponding PCA
roduction, which shows that the PCA biosynthesis requires both
he pqsR and rhl QS systems. This kind of regulatory mechanism

ay benefit the timing of the phz genes expression. In strain M18,
lthough many of modulators have been found to be involved in
ontrolling Plt and PCA biosynthesis, they function at the differ-
nt expression levels via their own regulatory mechanism (Fig. 1).
herefore, it is reasonable to assume that the additional layer of
egulation by pqsR is necessary to fine-tune the plt and phz operons
xpression in response to different growth phases and environmen-
al signals, which remains undefined and to be elucidated.
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