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There are two interrelated acyl-homoserine lactone quorum-sensing-signaling systems in Pseudomonas aeru-
ginosa. These systems, the LasR-Lasl system and the RhIR-RhII system, are global regulators of gene expres-
sion. We performed a transcriptome analysis to identify quorum-sensing-controlled genes and to better
understand quorum-sensing control of P. aeruginosa gene expression. We compared gene expression in a
LasI-RhlI signal mutant grown with added signals to gene expression without added signals, and we compared
a LasR-RhIR signal receptor mutant to its parent. In all, we identified 315 quorum-induced and 38 quorum-
repressed genes, representing about 6% of the P. aeruginosa gemome. The quorum-repressed genes were
activated in the stationary phase in quorum-sensing mutants but were not activated in the parent strain. The
analysis of quorum-induced genes suggests that the signal specificities are on a continuum and that the timing
of gene expression is on a continuum (some genes are induced early in growth, most genes are induced at the
transition from the logarithmic phase to the stationary phase, and some genes are induced during the
stationary phase). In general, timing was not related to signal concentration. We suggest that the level of the
signal receptor, LasR, is a critical trigger for quorum-activated gene expression. Acyl-homoserine lactone
quorum sensing appears to be a system that allows ordered expression of hundreds of genes during P.

aeruginosa growth in culture.

Pseudomonas aeruginosa is an opportunistic pathogen of hu-
mans, other animals, plants, and lower eukaryotes (16). There
are two acyl-homoserine lactone (acyl-HSL) quorum-sensing
systems in P. aerugionosa, Lasl-LasR and RhII-RhIR. Lasl
is responsible for the synthesis of N-3-oxododecanoyl-HSL
(30C12-HSL), and LasR is a 30CI12-HSL-responsive tran-
scription factor. Rhll is responsible for the synthesis of N-
butanoyl-HSL (C4-HSL), and RhIR is a C4-HSL-responsive
transcription factor. Both of the acyl-HSLs can diffuse through
the cell envelope, so a critical cell population density is re-
quired to produce signals at levels sufficient for quorum-con-
trolled gene regulation. Acyl-HSL signaling is an important
virulence factor in P. aeruginosa (for recent reviews see refer-
ences 9, 19, and 31).

Previously, Whiteley et al. identified quorum-controlled genes
in P. aeruginosa by screening a library of random Tn5-lacZ inser-
tions in the genome of an acyl-HSL synthesis mutant for induc-
tion of B-galactosidase by signal addition (33); 35 quorum-con-
trolled genes were identified. Based on the number of mutants
screened and the number of insertions in putative operons, it was
estimated that there were over 200 additional quorum-controlled
genes. The lacZ induction patterns were grouped into four cate-
gories depending on the timing of induction and the signal re-
sponse specificity. Some genes responded to addition of acyl-HSL
signals early in culture growth, and others showed a substantial
delay, responding to signals only in the stationary phase. Some
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genes responded specifically to 30C12-HSL, and others required
both signals for the maximal response. The requirement for both
signals to obtain a maximal response is thought to be related to
the fact that both rilR and rhll are induced by LasR-LasI (14, 22).
We have studied several quorum-controlled promoters. Some of
the promoters show a high level of specificity for 30C12-HSL and
LasR, while others show specificity for C4-HSL and RhIR but
also show a substantial response to 30C12-HSL and LasR (32).

Other investigators have presented evidence showing that
additional genes are controlled by quorum sensing in P. aerugi-
nosa (2, 3,5, 10-13, 15, 18, 21, 26, 27, 29, 35, 36). Furthermore,
several reports have shown that a variety of regulatory proteins
can influence the timing of quorum-controlled gene expression
(1, 4, 6, 24, 26, 34), but mechanistic details for these proteins
are scarce.

Here we describe a transcriptome analysis in which we uti-
lized Affymetrix GeneChip genome arrays to test the hypoth-
esis that there are over 200 quorum-controlled genes in P.
aeruginosa, to identify as many members of this putative regu-
lon as possible, and to gain insight into the timing and speci-
ficity of quorum-controlled gene expression.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The P. aeruginosa strains used were
PAO-MW1 (rhil::Tn501 lasI::tetA) (33) and PAO lasR rhiR (AlasR::Tc" ArhiR::
Gm"), as well as the isogenic PAO1 parent strain (25). Bacteria were grown in
buffered Luria-Bertani broth, which contained 10 g of typtone (Difco) per liter,
5 g of yeast extract (Difco) per liter, 5 g of NaCl per liter, and 50 mM 3-(N-
morpholino)propanesulfonic acid (pH 7.0). Synthetic acyl-HSLs (Aurora Bio-
sciences) were added to PAO-MW]1 cultures at final concentrations of 2 M for
30C12-HSL and 10 pM for C4-HSL, as indicated below. To inoculate the
cultures used for transcript profiling, cells grown to the mid-logarithmic phase
were added to 100 ml of prewarmed medium in 500-ml culture flasks. The initial
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optical densities at 600 nm (ODy) were 0.05 for PAO-MW1 and 0.01 for PAO1
and PAO lasR rhIR. Cultures were incubated at 37°C in a rotating shaker at 250
rpm. Growth was monitored by determining the ODj.

Expression profiling experiments. For studies with the signal generation mu-
tant we isolated RNA from cultures at the following optical densities: 0.2, 0.4,
0.8, 1.4, 2.0, 3.0, and 4.0. For studies with the signal receptor mutant and its
parent we isolated RNA from cultures at optical densities of 0.05, 0.1, 0.2, 0.4,
0.8, 1.4, 2.0, 3.0, and 4.0. Between 1 X 10° and 2 X 10° cells were mixed with
RNA Protect Bacteria reagent (Qiagen) and treated as recommended by the
manufacturer’s mechanical disruption and lysis protocol. RNA was purified by
using RNeasy mini columns (Qiagen), including the on-column DNase I diges-
tion described by the manufacturer. In addition, we treated the eluted RNA for
1 h at 37°C with DNase I (0.1 U per pg of RNA). DNase I was removed by using
DNA-Free (Ambion) or by RNeasy column purification. RNA integrity was
monitored by agarose gel electrophoresis of glyoxylated samples.

Further sample preparation and processing of the P. aeruginosa GeneChip
genome arrays were done as described by the manufacturer (Affymetrix), with
minor modifications suggested by M. Wolfgang (Harvard University). For cDNA
synthesis we used 12 pg of purified RNA, semirandom hexamer primers with an
average G+C content of 75%, and Superscript II reverse transcriptase (Life
Technologies). Control RNAs from yeast, Arabidopsis, and Bacillus subtilis genes
(provided by S. Lory) were added to the reaction mixtures to monitor assay
performance. Probes for these transcripts are tiled on the GeneChip arrays.
RNA was removed from the PCR mixtures by alkaline hydrolysis. The cDNA
synthesis products were purified and fragmented by brief incubation with DNase
I, and the 3’ termini of the fragmentation products were labeled with biotin-
ddUTP. Fragmented and labeled cDNA was hybridized to an array by overnight
incubation at 50°C. Washing, staining, and scanning of microarrays were per-
formed with an Affymetrix fluidic station.

Analysis of expression profiling experiments. We used the Affymetrix Mi-
croarray Software suite (MAS) (version 5.0) to determine transcript levels and
whether there were differences in transcript levels when different samples were
compared. Affymetrix scaling was used to normalize data from different arrays.
A scale factor is derived from the mean signal of all of the probe sets on an array
and a user-defined target signal. The signal from each individual probe set is
multiplied by this scale factor. For any given array between 18 and 28% of the
mRNAs were considered absent by MAS, indicating that the corresponding
genes were not expressed at levels above background levels. Furthermore, the
average changes in control transcript intensities were less than twofold for any
comparison of array data. This indicates that the efficiency of cDNA synthesis
and labeling was similar from sample to sample.

For comparison analyses, the log, ratio for absolute transcript signals obtained
from a given pair of arrays was calculated by using MAS. A statistical algorithm
of the software also assigned a change call for each transcript pair, which indi-
cated whether the level of a transcript was significantly increased, decreased, or
not changed compared to the level for the baseline sample. The baseline samples
were those derived from cultures of PAO-MW1 without added acyl-HSL and
from cultures of PAO lasR rhIR. Graphical analysis of the signal log ratios from
each experiment (any pair of arrays) revealed a normal distribution with a mean
very close to zero (no change). Among the transcripts with significant increases
or decreases compared to the baseline in one or more samples, we subjected
those that showed a =2.5-fold change to further analysis.

For cluster analyses and transcript pattern analyses we used GeneSpring soft-
ware (Silicon Genetics, Redwood City, Calif.). The fold change values for each
gene were normalized independently by defining the half-maximal value for the
gene as 1 and representing all other values as a ratio of that value. This scaling
procedure allowed direct visual comparison of gene expression patterns within
an experiment, as well as between experiments. GeneSpring was also used to sort
genes according to the P. aeruginosa genome project (http://www.pseudomonas
.com).

Identification of las-rhl box-like sequences. A 20-bp consensus sequence (AC
CTGCCAGATCTGGCAGGT) was derived from the following previously iden-
tified las-rhl box-like sequences in quorum-sensing-controlled genes: PA1869
(qsc117), PA1896 (qscl02), hcnA, lasB, lasl, and phzA (32), as well as PA2592
(qsc104), PA3327 (qsc126), PA4217 (qsc132), rhiA, and rhll (33). To search the
entire P. aeruginosa genome for sequences similar to this consensus, we devel-
oped a computer program based on the program used previously to search for
LexA binding sites (8). The scoring matrix of the program is based on a heter-
ology index (HI), which determines the degree of divergence of any 20-nucleo-
tide sequence from the consensus las-rhl box sequence. Sequences in a region
from 400 bp upstream to 50 bp downstream of annotated translational start sites
were considered potential las-ril boxes if they showed an HI of less than 13.
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RESULTS

Genes induced by addition of acyl-HSL signals to the P.
aeruginosa signal generation mutant: validation of the mi-
croarray analysis. Previously, the effects of acyl-HSLs on chro-
mosomal lacZ insertions in a quorum-sensing signal generation
mutant (MW1, a lasI rhll mutant) were studied (33), and 39
loci that responded to the addition of 30C12-HSL and C4-
HSL were identified. These loci correspond to 35 different
genes in the previously published annotation of the P. aerugi-
nosa genome (28). Two insertions originally thought to reside
in two adjacent genes (qscl09 and qscl110) are in a single
predicted gene (PA2402), and three insertions (qsc114, qsc127,
and gsc136) were oriented in a direction opposite that of the
predicted open reading frames.

To validate the microarray approach, we grew the signal
generation mutant with or without 30C12-HSL and C4-HSL
under conditions identical to those used in the previous study
(identical medium, growth temperature, acyl-HSL concentra-
tions, etc.) and examined whether the genes identified previ-
ously responded to signal addition in a transcriptome analysis.
Most genes in the P. aeruginosa genome showed no significant
response. Among 638 genes that showed a maximal response
to acyl-HSL addition of at least 2.5-fold, 29 of the 35 previously
described gsc genes (33) were identified (Table 1). The six
remaining genes all exhibited relatively low induction levels in
the previous study (33). Four of these six genes, PA2385
(gsc112), PA2401 (qsc111), PA2402 (qsc109-110), and PA2426
(qsc108), showed a significant response to signal addition in
our analysis, but the response was less than 2.5-fold. Two
genes, PA0051 (gsc137) and PA4084 (gsc113), showed no re-
sponse. Taken together, our results showed quite good agree-
ment with the results of the previous study (33).

Some of the genes identified in the previous study have also
been determined by other workers to be quorum controlled
(for example, hcnABC) (23). There are genes other than those
described in the previous study that have been reported to be
quorum controlled. Most of these genes (for example, lasA [20,
29] and rsaL [5]) were confirmed by our transcriptome study. A
few were not confirmed, including fox4 (11) and sodA4 (13). It
is not possible to draw conclusions about the genes that were
not confirmed by the transcriptome analysis. The experimental
conditions and strains that were used previously were different
from those that we used.

Quorum-activated regulon. To identify a larger group of
genes in the quorum-sensing regulon of P. aeruginosa, we used
the results of the experiment described above, and we per-
formed an additional independent experiment in which we
compared transcripts in a quorum-sensing signal receptor dou-
ble mutant to transcripts in the parent strain. This was an
independent procedure to assess whether genes are controlled
by quorum sensing. We reasoned that genes showing differen-
tial regulation with both approaches (addition of signals to a
signal generation mutant and a parent compared to a signal
receptor mutant) were likely influenced by quorum sensing.
The wild-type P. aeruginosa strain, the signal receptor mutant,
and the signal generation mutant grown with and without
added acyl-HSL signals showed similar growth patterns under
the conditions of our experiments (Fig. 1).

As mentioned above, we identified 638 genes that were in-
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TABLE 1. Quorum-activated genes

J. BACTERIOL.

Maximum change®

Gene no.” Description” lasI rhll mutant Wild type vs lasR
30C12-HSL C4-HSL + 30C12-HSL rhIR mutant
PA0007 Hypothetical protein 4.4 5.7 (2.0) 14 (1.4)
PA0026 Hypothetical protein? 4.4 4.4 (1.4) 5.9(0.2)
PA0027 Hypothetical protein 3.8 4.9(0.8) 5.7(0.2)
PA0028 Hypothetical protein 5.8 7.5(14) 8.2(14)
PA0050 Hypothetical protein 2.8 2.5(2.0) 3.0(1.4)
PA0052 Hypothetical protein? 4.7 8.3(1.4) 22 (2.0)
PA0059 osmC, osmotically inducible protein OsmC 2.5 6.7 (2.0) 8.9 (2.0)
PA0105 coxB, cytochrome ¢ oxidase subunit II 34 4.0 (2.0) 2.6 (2.0)
PA0106 coxA, cytochrome ¢ oxidase subunit I 42 48(1.4) 33(1.4)
PA0107 Conserved hypothetical protein 4.1 4.8 (2.0) 4.9 (2.0
PA0108 colll, cytochrome ¢ oxidase subunit IIT 3.0 3.6 (2.0) 2.8 (2.0)
PA0109 gscll5, hypothetical protein 2.1 35(14) 41(1.4)
PA0122 Conserved hypothetical protein® 13 36 (1.4) 51(1.4)
PA0132 Beta-alanine-pyruvate transaminase 1.6 3.1(1.4) 4.1 (2.0)
PA0143 Probable nucleoside hydrolase 4.7 4.7 (0.4) 5.4 (0.1)
PA0144 Hypothetical protein 1.5 19 (2.0) 28 (2.0)
PA0158 Probable RND efflux transporter 2.6 2.6 (2.0) 2.6 (2.0)
PA0175 Probable chemotaxis protein methyltransferase 2.0 2.6 (3.0) 4.6 (1.4)
PA0176 Probable chemotaxis transducer 2.1 2.6 (3.0) 39(1.4)
PA0179 Probable two-component response regulator 2.7 2.8 (1.4) 3.7(1.4)
PA0198 exbBI, transport protein ExbB 7.3 10 (4.0) 3.7 (4.0)
PA0263 hepC, secreted protein Hep 1.7 8.9(1.4) 9.4(1.4)
PA0355 pfpl, protease Pfpl 23 4.8 (2.0) 8.1(2.0)
PA0364 Probable oxidoreductase 2.9 3.1(2.0) 3.0 (2.0)
PA0365 Hypothetical protein 2.0 2.5(2.0) 2.7 (2.0)
PA0366 Probable aldehyde dehydrogenase 2.4 2.8 (2.0) 2.5(3.0)
PA0534 Conserved hypothetical protein 1.5 2.9 (4.0) 9.8 (2.0)
PA0567 Conserved hypothetical protein 6.9 15 (2.0) 11 (2.0)
PA0572 Hypothetical protein 19 22 (0.4) 19 (0.05)
PA0586 Conserved hypothetical protein 2.1 2.6(1.4) 4.6 (1.4)
PA0852 qscl29, cpbD, chitin-binding protein CbpD precursor? 11 43 (0.4) 94 (0.1)
PA0855 gscl16, hypothetical protein 24 2.5(0.8) 3.0 (0.8)
PA0996 Probable coenzyme A ligase® 220 90 (0.8) 42 (0.2)
PA0997 Hypothetical protein 110 96 (0.8) 200 (0.05)
PA0998 Hypothetical protein 68 40 (0.4) 200 (0.2)
PA0999 fabHI, 3-oxoacyl-(acyl carrier protein) synthase III 37 25(0.8) 45(0.2)
PA1000 Hypothetical protein 22 12 (0.8) 44(0.2)
PA1001 phnA, anthranilate synthase component I 39 23 (0.8) 290 (0.2)
PA1002 phnB, anthranilate synthase component II 17 13 (1.4) 28 (0.8)
PA1003 Probable transcriptional regulator 8.1 6.6 (0.2) 78 (0.05)
PA1130 Hypothetical protein 2.4 9.4 (1.4) 16 (1.4)
PA1131 Probable MFS transporter? 1.7 5.0 (2.0) 7.9 (1.4)
PA1173 napB, cytochrome c-type protein NapB precursor 23 2.8 (2.0) 41(1.4)
PA1175 napD, NapD protein of periplasmic nitrate reductase 2.6 2.4 (2.0) 3.8(1.4)
PA1176 napF, ferredoxin protein NapF 2.5 2.5(2.0) 5.8(1.4)
PA1177 napE, periplasmic nitrate reductase protein NapE 2.9 3.6(1.4) 3.6 (1.4)
PA1215 Hypothetical protein NC 18 (1.4) 55(1.4)
PA1216 Hypothetical protein 4.7 15 (0.8) 120 (0.8)
PA1217 Probable 2-isopropylmalate synthase 2.9 41(1.4) 380 (1.4)
PA1218 Hypothetical protein NC 6.9 (1.4) 160 (1.4)
PA1221 Hypothetical protein® NC 3.1(3.0) 11 (1.4)
PA1245 Hypothetical protein® 8.6 10 (0.8) 11 (0.2)
PA1246 aprD, alkaline protease secretion protein AprD 8.6 9.8(1.4) 6.6 (0.8)
PA1247 aprE, alkaline protease secretion protein AprE 6.2 6.4 (1.4) 9.1(1.4)
PA1248 aprF, alkaline protease secretion protein AprF 7.2 7.6 (1.4) 5.2(1.4)
PA1249 aprA, alkaline metalloproteinase precursor 25 27 (1.4) 22 (1.4)
PA1250 aprl, alkaline proteinase inhibitor AprI¢ 20 20 (0.2) 24 (0.05)
PA1289 Hypothetical protein 2.9 5.7(1.4) 2.6 (1.4)
PA1317 cyoA, cytochrome o ubiquinol oxidase subunit II 25 4.7 (4.0) 15 (2.0)
PA1318 cyoB, cytochrome o ubiquinol oxidase subunit I NC 3.9 (4.0) 16 (2.0)
PA1319 cyoC, cytochrome o ubiquinol oxidase subunit IIT 2.0 4.8 (4.0) 7.9 (3.0)
PA1320 cyoD, cytochrome o ubiquinol oxidase subunit IV 42 71 (4.0) 9.1 (3.0)
PA1323 Hypothetical protein 2.8 6.1 (2.0) 9.6 (2.0)
PA1324 Hypothetical protein 2.4 5.3(2.0) 8.5(2.0)
PA1404 Hypothetical protein 2.0 2.7(2.0) 3.8(2.0)
PA1431 rsaL, regulatory protein Rsal? 350 340 (0.2) 39 (0.8)

Continued on following page
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TABLE 1—Continued

Maximum change®

Gene no.” Description” lasI rhll mutant Wild type vs lasRI
30C12-HSL C4-HSL + 30C12-HSL rhiR mutant
PA1432 lasI, autoinducer synthesis protein LasI? NCS NC/ 7.7 (0.8)
PA1656 Hypothetical protein® 2.4 3.7(1.4) 5.7(0.8)
PA1657 Conserved hypothetical protein 5.9 15 (0.4) 24 (0.8)
PA1658 Conserved hypothetical protein 39 9.3(0.8) 17 (0.8)
PA1659 Hypothetical protein 4.1 8.5(0.8) 17 (0.8)
PA1660 Hypothetical protein 2.6 7.9 (0.8) 16 (0.8)
PA1661 Hypothetical protein 23 44(1.4) 4.4 (0.8)
PA1662 Probable ClpA/B-type protease 2.9 6.6 (1.4) 7.7 (0.8)
PA1663 Probable transcriptional regulator 25 4.5(0.8) 9.1(0.8)
PA1664 Hypothetical protein 5.9 16 (0.4) 22(0.8)
PA1665 Hypothetical protein 21 55(1.4) 28 (0.8)
PA1666 Hypothetical protein 2.9 12 (0.8) 38(0.8)
PA1667 Hypothetical protein 3.1 7.6 (0.8) 12 (0.8)
PA1668 Hypothetical protein 2.8 4.6 (0.8) 6.3 (0.8)
PA1669 Hypothetical protein 22 3.8(1.4) 17 (0.8)
PA1670 stpl, serine/threonine phosphoprotein phosphatase Stpl NC 2.8(1.4) 3.6 (0.8)
PA1745 Hypothetical protein 2.1 2.6 (2.0) 2.8(1.4)
PA1784 Hypothetical protein® 14 15 (1.4) 18 (1.4)
PA1869 gscl17, probable acyl carrier protein® 7.8 41(0.2) 340 (0.2)
PA1870 Hypothetical protein NC 3.2(2.0) 6.3 (2.0)
PA1871 lasA, LasA protease precursor? 48 88 (0.8) 130 (1.4)
PA1881 Hypothetical protein 2.4 2.6 (2.0) 2.8 (1.4)
PA1888 Hypothetical protein 2.7 2.3 (2.0) 43(1.4)
PA1891 Hypothetical protein 33 4.3 (2.0) 6.5 (0.8)
PA1893 Hypothetical protein 16 13 (0.4) 2.7 (2.0)
PA1894 qscl01, hypothetical protein 59 59 (0.8) 5.0(1.4)
PA1895 Hypothetical protein 36 31(0.8) 42(1.4)
PA1896 Hypothetical protein 41 49 (1.4) 3.1(1.4)
PA1897 qsc102, hypothetical protein® 130 130 (0.4) 8.5(0.8)
PA1914 Conserved hypothetical protein 42 190 (2.0) 700 (2.0)
PA1921 Hypothetical protein NC 14 (2.0) 13 (2.0)
PA1930 Probable chemotaxis transducer 22 2.9 (2.0) 3.8(1.4)
PA1939 Hypothetical protein 2.6 32(14) 2.9 (2.0)
PA2030 Hypothetical protein 33 4.2 (2.0) 14 (2.0)
PA2031 Hypothetical protein 4.5 6.5 (0.4) 12 (1.4)
PA2066 Hypothetical protein 1.9 3.7(2.0) 12 (1.4)
PA2067 Probable hydrolase 1.8 5.0 (2.0) 19 (1.4)
PA2068 Probable MFS transporter NC 16 (1.4) 150 (1.4)
PA2069 Probable carbamoyl transferase® NC 45(1.4) 110 (0.2)
PA2076 Probable transcriptional regulator? 3.7 43(0.2) 43(0.2)
PA2080 Hypothetical protein 3.5 4.0(0.2) 4.0 (0.2)
PA2081 Hypothetical protein 33 43(0.2) 3.6 (0.2)
PA2134 Hypothetical protein 3.1 5.4 (3.0) 7.9 (2.0)
PA2142 Probable short-chain dehydrogenase NC 3.6 (3.0) 19 (2.0)
PA2143 Hypothetical protein 21 39 (2.0) 51(2.0)
PA2144 glgP, glycogen phosphorylase 2.5 4.7 (3.0) 15 (2.0)
PA2146 Conserved hypothetical protein 2.7 4.8 (3.0) 11 (2.0)
PA2147 katE, catalase HPII 35 7.1 (2.0) 35(2.0)
PA2148 Conserved hypothetical protein NC 3.1(2.0) 3.4 (2.0)
PA2151 Conserved hypothetical protein 2.6 38 (2.0) 34 (2.0)
PA2152 Probable trehalose synthase 2.1 5.3(2.0) 6.1 (2.0)
PA2153 glgB, 1,4-alpha-glucan branching enzyme 2.1 5.6 (2.0) 16 (2.0)
PA2156 Conserved hypothetical protein 2.3 4.8 (3.0) 17 (2.0)
PA2157 Hypothetical protein 2.1 2.8 (3.0) 2.9 (3.0)
PA2158 Probable alcohol dehydrogenase (Zn dependent) 6.7 15 (2.0) 26 (2.0)
PA2159 Conserved hypothetical protein 4.1 5.9(2.0) 10 (2.0)
PA2160 Probable glycosyl hydrolase” 2.3 4.4 (3.0 5.8 (2.0)
PA2161 Hypothetical protein? 4.4 6.3 (2.0) 10 (2.0)
PA2163 Hypothetical protein 22 6.9 (2.0) 31 (2.0)
PA2164 Probable glycosyl hydrolase 2.5 4.7 (2.0) 6.5 (2.0)
PA2165 Probable glycogen synthase 32 5.7 (2.0) 6.3 (2.0)
PA2166 Hypothetical protein 3.1 9.1 (2.0) 17 (2.0)
PA2167 Hypothetical protein 2.3 2.6 (2.0) 4.7 (2.0)
PA2169 Hypothetical protein 2.8 5.7(2.0) 5.1(2.0)
PA2170 Hypothetical protein 3.6 6.9 (2.0) 13 (2.0)
PA2171 Hypothetical protein 52 9.1 (2.0) 22 (2.0)
PA2172 Hypothetical protein 3.8 7.7 (2.0) 12 (2.0)

Continued on following page
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TABLE 1—Continued

J. BACTERIOL.

Maximum change®

Gene no.” Description” lasI rhll mutant Wild type vs lasR
30C12-HSL C4-HSL + 30C12-HSL rhIR mutant
PA2173 Hypothetical protein 3.5 6.5 (2.0) 17 (2.0)
PA2176 Hypothetical protein 1.4 5.3(2.0) 27 (2.0)
PA2180 Hypothetical protein 1.9 2.6 (3.0) 2.73.0)
PA2190 Conserved hypothetical protein 3.4 4.5(2.0) 7.5 (2.0)
PA2192 Conserved hypothetical protein NC 10 (2.0) 8.4 (2.0)
PA2193 henA, hydrogen cyanide synthase HenA® 140 190 (0.2) 88(0.2)
PA2194 qscl28, icnB, hydrogen cyanide synthase HenB 37 51(0.2) 59 (0.8)
PA2195 henC, hydrogen cyanide synthase HenC 16 30 (0.4) 46 (0.8)
PA2274 Hypothetical protein NC 3.4(3.0) 11 (2.0)
PA2300 chiC, chitinase® 1.7 14 (1.4) 100 (1.4)
PA2302 qscl00, probable nonribosomal peptide synthetase 52 7.9 (0.8) 130 (1.4)
PA2303 qscl107, hypothetical protein 25 28 (0.4) 130 (0.2)
PA2304 Hypothetical protein 8.4 12 (0.8) 29 (0.8)
PA2305 Probable nonribosomal peptide synthetase 52 51(0.2) 70 (0.2)
PA2327 Probable permease of ABC transporter 5.9 8.9 (4.0) 6.9 (4.0)
PA2328 Hypothetical protein 6.8 9.1 (2.0) 7.5 (3.0)
PA2329 Probable component of ABC transporter 7.8 9.9 (1.4) 18 (3.0)
PA2330 Hypothetical protein 7.9 11 (0.8) 15 (2.0)
PA2331 Hypothetical protein 8.3 19 (1.4) 20 (1.4)
PA2345 Conserved hypothetical protein® 22 32(2.0) 2.6 (2.0)
PA2365 Conserved hypothetical protein 4.7 5.4 (1.4) 5.9 (1.4)
PA2366 Conserved hypothetical protein 43 52(1.4) 6.9 (1.4)
PA2367 Hypothetical protein 4.8 5.1(1.4) 6.4 (14)
PA2368 Hypothetical protein 35 34(1.4) 7.5(1.4)
PA2370 Hypothetical protein 2.9 3.6 (3.0) 35(1.4)
PA2371 Probable ClpA/B-type protease 2.4 2.6 (3.0) 5.0 (1.4)
PA2372 Hypothetical protein 32 2.7 (2.0) 37(1.4)
PA2414 L-Sorbosone dehydrogenase 3.1 4.9 (2.0) 21(0.2)
PA2415 Hypothetical protein 35 5.6 (2.0) 14 (2.0)
PA2423 Hypothetical protein 11 11 (0.4) 13 (0.2)
PA2433 Hypothetical protein 2.8 5.9 (2.0) 11 (2.0)
PA2442 gevT2, glycine cleavage system protein T2 2.0 2.6 (3.0) 3.1(3.0)
PA2444 glyA2, serine hydroxymethyltransferase 9.1 12 (3.0) 10 (3.0)
PA2445 gevP2, glycine cleavage system protein P2 6.6 7.5 (4.0) 11 (3.0)
PA2446 gevH?2, glycine cleavage system protein H2 12 17 (4.0) 18 (3.0)
PA2448 Hypothetical protein NC 4.1 (3.0) 12 (1.4)
PA2512 antA, anthranilate dioxygenase large subunit —600 43 (2.0) 27 (3.0)
PA2513 antB, anthranilate dioxygenase small subunit —96 14 (2.0) 13 (3.0)
PA2514 antC, anthranilate dioxygenase reductase —67 9.3 (2.0) 3.8 (4.0)
PA2564 Hypothetical protein 2.9 7.8 (2.0) 21(1.4)
PA2565 Hypothetical protein 3.1 6.6 (2.0) 14 (2.0)
PA2566 Conserved hypothetical protein® 6.5 13 (2.0) 21 (1.4)
PA2570 palL, PA-1 galactophilic lectin? NC 26 (1.4) 200 (1.4)
PA2572 Probable two-component response regulator 23 2.8 (1.4) 33(14)
PA2573 Probable chemotaxis transducer 2.3 4.1(1.4) 39(14)
PA2587 gscl05, probable FAD-dependent monooxygenase 12 12 (0.2) 15(0.1)
PA2588 Probable transcriptional regulator 15 22(0.2) 46 (0.8)
PA2591 Probable transcriptional regulator® 21 25(0.2) 42 (0.2)
PA2592 gscl04, probable spermidine-putrescine-binding protein® 5.6 8.7(0.4) 15 (0.8)
PA2593 Hypothetical protein NC 4.6 (2.0) 29 (0.8)
PA2717 cpo, chloroperoxidase precursor 2.4 2.6 (2.0) 34(1.4)
PA2747 Hypothetical protein 3.6 7.2 (2.0) 11 (2.0)
PA2927 Hypothetical protein 2.6 3.4 (2.0) 14 (1.4)
PA2939 Probable aminopeptidase 38 42 (1.4) 27 (1.4)
PA3022 Hypothetical protein 35 4.7 (2.0) 4.3 (2.0)
PA3032 gscl35, cytochrome ¢ 2.3 33(2.0) 9.3(2.0)
PA3104 xcpP, secretion protein XcpP 3.1 3.2(2.0) 4.7 (1.4)
PA3181 2-Keto-3-deoxy-6-phosphogluconate aldolase 1.6 2.93.0) 3.2(3.0)
PA3182 Conserved hypothetical protein 1.7 32(3.0) 5.0(3.0)
PA3183 zwf, glucose-6-phosphate 1-dehydrogenase 2.0 3.7(3.0) 4.0 (3.0)
PA3188 Probable permease of ABC sugar transporter 2.9 4.2 (2.0) 6.8 (3.0)
PA3189 Probable permease of ABC sugar transporter 2.0 2.5(3.0) 3.0 (3.0)
PA3190 Probable component of ABC sugar transporter 2.7 3.4(2.0) 4.1 (3.0)
PA3194 edd, phosphogluconate dehydratase 2.0 3.2(3.0) 2.93.0)
PA3195 gapA, glyceraldehyde-3-phosphate dehydrogenase 3.1 5.0 (3.0) 5.4 (3.0
PA3274 Hypothetical protein® 1.9 43 (2.0 10 (2.0)
PA3311 Conserved hypothetical protein 3.6 3.6 (2.0) 6.0 (1.4)

Continued on following page
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TABLE 1—Continued

Maximum change®

Gene no.” Description” lasI rhll mutant Wild type vs lasR
30C12-HSL C4-HSL + 30C12-HSL rhIR mutant
PA3326 Probable Clp family ATP-dependent protease® 6.6 20 (0.4) 19 (0.8)
PA3327 qscl26, probable nonribosomal peptide synthetase® NC 6.8 (0.8) 20 (0.8)
PA3328 gscl25, probable FAD-dependent monooxygenase NC 17 (0.4) 47 (0.8)
PA3329 gscl124, hypothetical protein NC 250 (0.4) 310 (0.8)
PA3330 gscl23, probable short-chain dehydrogenase NC 120 (0.4) 320 (0.8)
PA3331 gscl22, cytochrome P450 35 39 (0.4) 62 (0.8)
PA3332 Conserved hypothetical protein 23 35(0.8) 41 (1.4)
PA3333 qscl21, fabH2, 3-oxoacyl-(acyl carrier protein) synthase I1I NC 32(0.4) 64 (0.8)
PA3334 Probable acyl carrier protein 1.8 49 (0.4) 69 (0.8)
PA3335 Hypothetical protein NC 9.6 (0.4) 29 (1.4)
PA3336 qsc120, probable MFS transporter NC 22(1.4) 24 (0.8)
PA3346 Probable two-component response regulator 2.7 2.8 (2.0) 4.7 (2.0)
PA3347 Hypothetical protein® 23 2.8 (2.0) 43(1.4)
PA3361 Hypothetical protein 10 13 (1.4) 68 (1.4)
PA3369 Hypothetical protein 1.9 3.3(2.0) 4.8 (2.0)
PA3370 Hypothetical protein 1.7 3.5(2.0) 5.6 (2.0)
PA3371 Hypothetical protein 1.7 3.6 (2.0) 6.0 (2.0)
PA3416 Probable pyruvate dehydrogenase component 2.5 32(2.0) 4.1(1.4)
PA3418 Idh, leucine dehydrogenase 2.6 3.7(1.4) 5.0 (1.4)
PA3476 qscl18, rhil, autoinducer synthesis protein RhII¢ NC NC 34 (0.05)
PA3477 rhiR, transcriptional regulator RhIR 8.5 9.6 (0.4) 130 (0.05)
PA3478 qscl19, rhiB, rhamnosyltransferase chain B 53 89 (0.8) 120 (1.4)
PA3479 qscl19, rhiA, rhamnosyltransferase chain A° 10 120 (0.8) 200 (0.8)
PA3520 Hypothetical protein? 22 13 (1.4) 32(1.4)
PA3535 Probable serine protease 7.5 8.1(0.4) 5.9 (0.8)
PA3676 Probable RND efflux transporter 39 1.9 (2.0) 5.8(1.4)
PA3677 Probable RND efflux protein precursor 3.6 3.8(2.0) 8.3 (1.4)
PA3678 Probable transcriptional regulator 2.9 1.6 (2.0) 35(1.4)
PA3688 Hypothetical protein 3.0 5.4(0.2) 35(14)
PA3691 Hypothetical protein 2.4 4.5(2.0) 6.3 (2.0)
PA3692 Probable outer membrane protein 3.0 5.8 (2.0) 6.9 (2.0)
PA3724 lasB, clastase LasB* 110 180 (0.8) 240 (0.8)
PA3734 Hypothetical protein NC 4.1(3.0) 16 (2.0)
PA3888 Probable permease of ABC transporter NC 3.2(2.0) 3.9(2.0)
PA3890 Probable permease of ABC transporter 1.8 4.1(2.0) 4.7 (2.0)
PA3891 Probable component of ABC transporter 2.1 5.0 (2.0) 8.2 (2.0)
PA3904 Hypothetical protein 49 42 (0.2) 46 (0.05)
PA3905 Hypothetical protein 37 59(0.2) 87 (0.05)
PA3906 Hypothetical protein 140 130 (0.2) 71 (0.05)
PA3907 qsc103, hypothetical protein 20 19 (0.2) 58 (0.05)
PA3908 Hypothetical protein 10 11 (0.2) 55(0.05)
PA3986 Hypothetical protein 2.7 33(14) 2.8 (2.0)
PA4078 qscl34, probable nonribosomal peptide synthetase? 32 4.6 (2.0) 20 (2.0)
PA4117 Probable bacteriophytochrome 53 5.6(1.4) 43(1.4)
PA4129 Hypothetical protein 25 31(0.8) 15 (0.8)
PA4130 Probable sulfite or nitrite reductase 23 27 (0.8) 1(0.8)
PA4131 Probable iron-sulfur protein 24 30 (0.8) 21 (0.8)
PA4132 Conserved hypothetical protein 14 15 (0.8) 6.4 (0.8)
PA4133 Cytochrome ¢ oxidase subunit (cbb3 type) 100 100 (0.8) 37(0.8)
PA4134 Hypothetical protein 43 47 (0.8) 21 (0.8)
PA4139 Hypothetical protein 3.1 2.9 (2.0) 3.9 (2.0)
PA4141 Hypothetical protein 2.6 26 (0.4) 73 (1.4)
PA4142 Probable secretion protein NC 52(2.0) 16 (1.4)
PA4171 Probable protease 35 4.6 (2.0) 5.1(2.0)
PA4172 Probable nuclease 2.0 3.4(2.0) 14 (2.0)
PA4175 Probable endoproteinase Arg-C precursor 11 15 (2.0) 23 (1.4)
PA4190 Probable FAD-dependent monooxygenase 3.0 25(1.4) 4.0 (0.2)
PA4205 Hypothetical protein 1.9 8.7 (3.0) 56 (2.0)
PA4206 Probable RND efflux protein precursor 1.7 6.3 (3.0) 30 (2.0)
PA4207 qscl33, probable RND efflux transporter NC 2.5(3.0) 17 (2.0)
PA4208 Probable outer membrane efflux protein 1.6 3.13.0) 19 (2.0)
PA4209 Probable O-methyltransferase® 4.6 11 (1.4) 27 (1.4)
PA4210 Probable phenazine biosynthesis protein®® NC 59(1.4) 71(1.4)
PA4211 Probable phenazine biosynthesis protein® 10 69 (0.8) 220 (0.8)
PA4212 gscl31, phenazine biosynthesis protein PhzC? 22 15 (1.4) 77 (1.4)
PA4213 Phenazine biosynthesis protein PhzD 3.7 36 (1.4) 210 (1.4)
PA4214 Phenazine biosynthesis protein PhzE 25 18 (1.4) 59(1.4)

Continued on following page
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TABLE 1—Continued

Maximum change®

Gene no.” Description” lasI rhll mutant Wild type vs lasR
30C12-HSL C4-HSL + 30C12-HSL rhIR mutant
PA4215 Probable phenazine biosynthesis protein 3.1 24 (1.4) 110 (1.4)
PA4216 Probable pyridoxamine 5-phosphate oxidase 3.0 21(1.4) 56 (1.4)
PA4217 qscl32, probable FAD-dependent monooxygenase 44 28 (1.4) 41 (1.4)
PA4296 Probable two-component response regulator 2.4 3.6(1.4) 5.6(1.4)
PA4297 Hypothetical protein 2.4 3.3(2.0) 12 (2.0)
PA4298 Hypothetical protein 23 4.7 (2.0) 8.7 (2.0)
PA4299 Hypothetical protein 2.1 3.6 (2.0) 7.0 (2.0)
PA4300 Hypothetical protein 2.0 3.5(2.0) 7.8 (2.0)
PA4302 Probable type II secretion system protein 32 6.1 (2.0) 7.4 (2.0)
PA4304 Probable type II secretion system protein 22 3.1(2.0) 6.1 (2.0)
PA4305 Hypothetical protein 2.1 2.7 (2.0) 5.9(2.0)
PA4306 Hypothetical protein 10 16 (1.4) 38(1.4)
PA4311 Conserved hypothetical protein 25 3.2(2.0) 2.6 (2.0)
PA4384 Hypothetical protein NC 2.7(3.0) 4.0 (3.0)
PA4498 Probable metallopeptidase 1.6 4.5 (3.0) 9.1 (3.0)
PA4590 pra, protein activator 9.3 14 (1.4) 13 (0.8)
PA4648 Hypothetical protein 34 7.7 (2.0) 17 (1.4)
PA4649 Hypothetical protein NC 3.2 (2.0) 7.4(1.4)
PA4650 Hypothetical protein NC 3.3 (2.0) 8.8 (2.0)
PA4651 Probable pilus assembly chaperone” NC 4.6 (2.0) 15 (2.0)
PA4652 Hypothetical protein 6.0 13 (2.0) 9.6 (2.0)
PA4677 Hypothetical protein 16 13 (0.2) 36 (0.1)
PA4703 Hypothetical protein 3.1 43(2.0) 35(14)
PA4738 Conserved hypothetical protein 3.8 9.1 (2.0) 11 (2.0)
PA4739 Conserved hypothetical protein 42 9.4 (2.0) 14 (2.0)
PA4778 Probable transcriptional regulator 5.4 49(0.4) 8.6 (0.1)
PA4869 qscl06, hypothetical protein” 5.0 5.7(0.4) 3.8(0.1)
PA4876 osmE, osmotically inducible lipoprotein OsmE 23 3.6 (2.0) 4.9 (2.0)
PA4880 Probable bacterioferritin 22 4.6 (2.0) 5.8(2.0)
PA4916 Hypothetical protein 1.5 4.3 (4.0) 6.1 (2.0)
PA4917 Hypothetical protein? 1.4 5.8 (2.0) 7.7 (2.0)
PA4925 Conserved hypothetical protein 3.8 3.7(2.0) 5.7(1.4)
PA5027 Hypothetical protein® 1.5 2.8 (2.0) 3.2 (3.0)
PA5058 phaC2, poly(3-hydroxyalkanoic acid) synthase 2° 45 4.7 (1.4) 9.2(1.4)
PA5059 Probable transcriptional regulator 4.4 5.9(2.0) 93(14)
PA5061 Conserved hypothetical protein 1.7 2.5 (4.0) 2.6 (4.0)
PAS5161 rmlB, dTDP-p-glucose 4,6-dehydratase NC 2.9 (4.0) 5.9 (3.0)
PA5162 rmlD, dTDP-4-dehydrorhamnose reductase NC 2.5 (4.0) 4.9 (3.0
PA5164 rmlC, dTDP-4-dehydrorhamnose 3,5-epimerase NC 2.6 (3.0) 5.6 (2.0)
PA5220 qsc138, hypothetical protein 2.8 18 (0.8) 26 (1.4)
PA5352 Conserved hypothetical protein 2.0 2.8(1.4) 29 (14)
PA5353 glcF, glycolate oxidase subunit GlcF 1.9 3.4(1.4) 35(14)
PAS5354 glcE, glycolate oxidase subunit GIcE 2.0 2.6(1.4) 32(1.4)
PA5355 gleD, glycolate oxidase subunit GlcD 2.1 3.6(1.4) 3.8(1.4)
PA5356 qscl30, glcC, transcriptional regulator GlcC 2.4 41(1.4) 2.8 (1.4)
PA5415 glyAl, serine hydroxymethyltransferase 2.6 2.8(3.0) 5.0 (3.0)
PA5481 Hypothetical protein 4.1 11 (2.0) 15 (1.4)
PA5482 Hypothetical protein 5.4 15 (2.0) 18 (1.4)

“ Gene number from the Pseudomonas genome project (http://www.pseudomonas.com).
b Boldface type indicates genes or gene products previously reported to be controlled by quorum sensing. RND, resistance-nodulation-cell division; FAD, flavin

adenine dinucleotide.

¢ Maximum changes (fold) in gene expression (rounded to two significant figures) in the signal generation mutant in the presence of the signal(s) indicated compared
with the absence of signal and in the wild-type P. aeruginosa strain compared with the receptor mutant. The values in parentheses are the ODy at which the earliest
change of =2.5-fold was observed (for the signal generation mutant both time courses were considered). NC, no change.

4 There is a las-rhl box-like sequence with an HI of =10 and <13.
¢ There is a las-rhl box-like sequence with an HI of <10.

/ The transcript levels for lasI and rhil were close to the background level in the signal generation mutant due to the disruption of both loci by insertional mutagenesis.
& The GeneChip probes for PA4210 to PA4216 are identical to those for PA1899 to PA1905. Although the sequences for the genes in these two clusters are almost
identical, the region upstream of PA4210 contains a las-rhl box-like sequence, but the region upstream of PA1899 does not.

duced or repressed by addition of the acyl-HSL signals to the
signal generation mutant. We identified 810 genes that were
differentially expressed in the parent compared to the signal
receptor mutant. In all, there was an overlapping set of 411
genes. Visual inspection of the expression patterns of individ-
ual genes led to exclusion of 58 genes. These genes either

showed expression levels close to the background level or
showed inconsistent regulatory patterns when the two experi-
mental approaches were compared. An interesting example of
an inconsistent regulatory pattern was observed with a few
genes identified and classified as late 30C12-HSL-dependent
genes in the previous study. These genes, PA2401, PA2402,
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FIG. 1. Growth of wild-type P. aeruginosa strain PAO1 (OJ), growth
of the receptor mutant PAO lasR rhIR (A), and growth of the signal
generation mutant PAO-MW1 without added acyl-HSL (A), with
30C12-HSL (O), and with C4-HSL and 30C12-HSL (m).

and PA2385 (qsc109-110, gsc111, and gsc112) showed the pre-
dicted regulatory pattern in our transcriptome analysis of the
signal generation mutant (although they showed low response
levels of 2.0, 2.1, and 2.3, respectively), but they showed quo-
rum-controlled repression when the parent was compared to
the signal receptor mutant. In all then, we identified 315 genes
which we believe to be quorum activated. These genes and
some information regarding their expression are shown in Ta-
ble 1.

There is no obvious chromosomal clustering of the genes
identified (Fig. 2). The final set of quorum-induced genes rep-
resents about 6% of the genome. This is somewhat higher than
but not too different from the previous prediction that around
2 to 4% of the genome is quorum induced. However, the genes
that we have identified are likely a subset of the quorum regu-
lon. For example, we used one standard set of growth condi-
tions for all of our experiments; it is not unreasonable to
believe that other genes in the regulon might be revealed by
altering the growth medium or culture conditions. In our ex-
periments about 20 to 30% of the transcripts were undetect-

FIG. 2. Map of quorum-regulated genes on the P. aeruginosa chro-
mosome. Red, activated genes; green, repressed genes. Genes in the
inner circle are transcribed in a counterclockwise direction. The num-
bers indicate map positions (in megabases).
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able; some of these transcripts might be quorum controlled or
expressed at higher levels under different conditions. As dis-
cussed above, we also filtered the data set, and we do not
believe that the genes that survived the filtering procedure
represent an exhaustive compilation of quorum-controlled
genes. Rather, the data provide a conservative estimate of
quorum-controlled genes. Among the genes listed in Table 1,
the most overrepresented categories consist of genes known or
predicted to be involved in the production of secreted prod-
ucts. Genes in the adaptation and protection categories and in
the central intermediary metabolism categories are also over-
represented.

Quorum-repressed genes. We identified 38 quorum-re-
pressed genes (Table 2). These genes showed lower transcript
levels in the late logarithmic and stationary phases in the wild
type than in the receptor mutant, as well as in the signal
generation mutant in the presence of signals than in the mu-
tant grown without added signal. All of the repressed genes
responded as well or nearly as well to 30C12-HSL alone as
they did to 30C12-HSL and C4-HSL together. The expression
patterns of a representative quorum-repressed gene, PA0433,
are shown in Fig. 3. A curiousity is that these genes are ex-
pressed at low levels throughout growth of the parent strain.
They are derepressed only in the mutants and only during the
late logarithmic and stationary phases. Among the quorum-
repressed genes with known or predicted functions, those in-
volved in carbohydrate utilization or nutrient transport ap-
peared to be the most abundant (Table 2).

Operons and las-rhl box-like sequences. One would expect
that all of the genes in an operon should show similar quorum
control. In fact, we observed that strings of genes appeared
(Tables 1 and 2). These strings often represent known or sus-
pected operons, and the genes in a given string show similar
quorum responses (signal responses and timing of induction).
For example, the scn genes (PA2193 to PA2195) are known to
exist in an operon (23). Consistent with this, our transcriptome
analysis indicated these genes were coinduced by quorum sens-
ing. PA2365 to PA2372 represent a string of quorum-con-
trolled genes with unknown functions. We suggest that these
genes represent an operon. On the other hand, many of the
quorum-controlled genes are not adjacent to other quorum-
controlled genes listed in Tables 1 and 2. To assess whether
these genes may also be organized in operons (neighboring
genes would have been eliminated if they showed induction
just under the 2.5-fold threshold) and to confirm the hypoth-
esis that strings of adjacent quorum-controlled genes are in
operons, we performed a more systematic analysis. Operon
organization was allowed only if every gene within a gene
cluster was in the same orientation, if every gene was activated
or every gene was repressed, if there was less than 250 bp
between two adjacent open reading frames, and if the absolute
transcript profiles of the candidate genes in the parent P.
aeruginosa strain showed patterns similar to each other (cor-
relation coefficient of =0.95 with the GeneSpring standard
correlation algorithm). By using these criteria, we identified 87
possible operons, 71 of which were activated and 16 of which
were repressed (Fig. 4). More than 60 additional genes show-
ing coregulation with the genes listed in Tables 1 and 2 were
identified by this analysis.

We used a computer algorithm to search for las-rhl boxes in



2074 SCHUSTER ET AL.

J. BACTERIOL.

TABLE 2. Quorum-repressed genes

Maximum change”

Gene no.” Description lasI rhll mutant Wild type vs lasR
30C12-HSL C4-HSL + 30C12-HSL rhIR mutant
PA0165 Hypothetical protein =27 -2.9(2.0) —4.8 (2.0)
PA0433 Hypothetical protein -6.8 —20(2.0) —8.9(1.4)
PA0434 Hypothetical protein =77 —8.5(2.0) =5.6 (2.0)
PA0435 Hypothetical protein -9.4 —26 (2.0) —34(2.0)
PA0485 Conserved hypothetical protein® -1.7 -34(14) -3.0 (3.0)
PA08S7 acsA, acetyl-coenzyme A synthetase -33 —4.2(2.0) -3.6 (3.0)
PA1559 Hypothetical protein -2.4 -3.5(2.0) -32(14)
PA2007 maiA, maleylacetoacetate isomerase -3.2 —1.4 (4.0) -3.2(3.0)
PA2008 fahA, fumarylacetoacetase =37 -1.5(4.0) —2.6 (3.0)
PA2009 hmgA, homogentisate 1,2-dioxygenase —4.0 —1.5(4.0) —2.7(3.0)
PA2250 IpdV, lipoamide dehydrogenase-Val =31 -1.8 (4.0) —2.6 (3.0)
PA2338 Probable component of ABC maltose transporter =5.0 -3.2(3.0) —4.2(3.0)
PA2339 Probable maltose-mannitol transport protein -19 -6.8 (3.0) —4.1(3.0)
PA2340 Probable maltose-mannitol transport protein -34 —2.0(3.0) —3.7(3.0)
PA2341 Probable component of ABC maltose transporter =31 -2.0 (3.0) —4.2(3.0)
PA2343 mtlY, xylulose kinase -1.7 —4.0 (3.0) —3.2(4.0)
PA3038 Probable porin -23 -3.5(2.0) —4.4(3.0)
PA3174 Probable transcriptional regulator -2.1 -3.5(4.0) —6.5(3.0)
PA3205 Hypothetical protein -13 -3.1(4.0) -3.1(4.0)
PA3233 Hypothetical protein -22 —2.7(3.0) -5.1(3.0)
PA3234 Probable sodium-solute symporter —45 -3.4(2.0) —-7.0 (3.0)
PA3235 Conserved hypothetical protein -39 —4.2(3.0) —6.6 (3.0)
PA3281 Hypothetical protein =57 —6.4(1.4) —25(1.4)
PA3282 Hypothetical protein -8.5 —8.8(1.4) —21(1.4)
PA3283 Conserved hypothetical protein -9.0 -8.8(1.4) —28 (1.4)
PA3284 Hypothetical protein =71 —10(2.0) —24 (1.4)
PA3364 amiC, aliphatic amidase expression-regulating protein =27 -1.8 (4.0) —2.7(1.4)
PA3365 Probable chaperone -3.0 —1.7 (4.0) —4.0(1.4)
PA3575 Hypothetical protein -1.6 -2.7(1.4) -3.3(2.0)
PA3790 oprC, outer membrane protein OprC =27 -3.7(2.0) —4.6 (2.0)
PA4359 Conserved hypothetical protein -14 —2.7 (2.0) -2.8(1.4)
PA4371 Hypothetical protein -1.9 —4.1(2.0) —2.8(1.4)
PA4442 cysN, ATP sulfurylase GTP-binding subunit -2.8 -3.4(3.0) =7.6 (2.0)
PA4443 cysD, ATP sulfurylase small subunit -3.1 -3.4(3.0) —6.5(2.0)
PA4691 Hypothetical protein =25 -2.8(2.0) -2.9(2.0)
PA4692 Conserved hypothetical protein -3.8 -3.4(2.0) =5.0(1.4)
PA4770 1ldP, 1-lactate permease -1.8 =3.7(2.0) =5.0 (2.0)
PA5168 Probable dicarboxylate transporter =27 -1.9 (4.0) -5.8(2.0)

“ Gene number from the Pseudomonas genome project (http://www.pseudomonas.com).

® Maximum changes in gene expression (rounded to two significant figures) in the signal generation mutant in the presence of the signal(s) indicated compared with
the absence of signal and in the wild-type P. aeruginosa strain compared with the receptor mutant. The values in parentheses are the ODy at which the earliest change
of =2.5-fold was observed (for the signal generation mutant both time courses were considered).

¢ There is a las-rhl box-like sequence with an HI of =10 and <13.

regions upstream of quorum-regulated genes. On the basis of
a stringent criterion (an HI of <10), 55 of the P. aeruginosa
genes contain a box in the upstream regulatory region. Twenty-
five (45%) of these genes are quorum controlled, and 15 rep-
resent the first gene in a predicted operon (Table 1 and Fig. 4).
At a lower stringency (an HI of <13), we identified 185 genes
with las-rhl box-like sequences. Forty-eight (26%) of these
genes are quorum controlled, and 19 represent the first gene in
a predicted operon. Only one las-rhl box-like sequence was
found upstream of a quorum-repressed gene. We did not iden-
tify potential boxes for all of our quorum-activated genes. This
suggests that some of the genes might be controlled indirectly
by quorum sensing or that the search criteria were not suffi-
ciently refined. These possibilities are not mutually exclusive.
We also found las-rhl boxes for genes that did not appear to be
quorum controlled. Again, this suggests that these genes might
be quorum controlled under other conditions or that the
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FIG. 3. Transcript abundance of the quorum-repressed gene PA0433
in wild-type P. aeruginosa (black line), in the receptor mutant (orange
line), and in the signal generation mutant without added acyl-HSL
(green line), with 30C12-HSL (blue line), and with C4-HSL and
30C12-HSL (red line). The values on the y axis represent transcript
abundance as determined by the array software.
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search criteria need further refinement. We believe that the
search algorithm was biased because it was based on the rela-
tively small subset of quorum-controlled genes with established
las-rhl boxes (see Materials and Methods). There was no ap-
parent bias, however, with respect to the timing of induction or
signal specificity of the identified genes.

Signal specificity. In a previous limited analysis of quorum-
controlled gene expression, genes were classified into the fol-
lowing categories based on their responses to the signals: genes
that responded equally well to 30C12-HSL and to 30Cl12-
HSL and C4-HSL together and genes that responded best only
when both 30CI12-HSL and C4-HSL were present (33). It
appears from the microarray data that the responses are on a
continuum, with some genes responding no better to both
signals than they do to 30C12-HSL alone and other genes
showing progressively greater responses to both signals com-
pared to the responses to 30C12-HSL alone. For example,
PA2423 responded no better to both signals then it did to
30C12-HSL alone, PA0122 responded well to 30C12-HSL
alone but showed an approximately threefold-greater response
with both signals, and PA2069 did not respond at all to 30C12-
HSL alone but showed a large response in the presence of both
signals (Table 1). This suggests that some genes respond to
30C12-HSL specifically, others respond with various specific-
ities to either signal, and others respond to C4-HSL specifi-

cally. The genes encoding anthranilate dioxygenase, antABC
(PA2512 to PA2514), are an exceptional case. These genes
were strongly repressed in the presence of 30C12-HSL alone
but were activated in the presence of both signals.

Timing of quorum-controlled gene activation. The previous
analysis (33) showed that induction of some genes, early genes,
could be triggered early in the logarithmic phase by addition of
signals. With other genes, late genes, there was a delay in
induction even in the presence of excess added signal (33). By
examining the microarray data we were able to learn about the
timing of quorum-sensing-controlled gene induction in the
wild-type strain, and we were able to obtain a broader under-
standing of the influence of acyl-HSL signal addition on con-
trol of the quorum regulon. The patterns of quorum-controlled
gene expression were remarkably similar in the parent and in
the signal generation mutant grown in the presence of 30C12-
HSL and C4-HSL (Fig. 5). A small number of transcripts
showed the greatest induction early in growth. Other genes
exhibited low levels of induction early in growth but did not
reach maximum levels of induction until later in growth. Most
transcripts were induced at culture optical densities between
0.8 and 2.0. Some transcripts showed increased abundance
relative to the baseline level only at culture optical densities
greater than 2.0 (stationary phase). Thus, the transcriptome
analysis suggests that the timing of quorum-controlled gene
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FIG. 5. Relative expression profiles for quorum-activated genes during growth of P. aeruginosa. (A) Signal generation mutant with C4-HSL and
30CI12-HSL versus signal generation mutant with no acyl-HSL. (B) Wild-type P. aeruginosa versus the receptor mutant. Depicted are fold changes
for each gene normalized to the half-maximal level. The genes in panel A are displayed in the order of the hierarchical clustering of their expression
profiles, and the genes in panel B are shown in the same order as those in panel A.

induction is on a continuum, although most genes in the regu-
lon appeared to be activated during the transition from the
logarithmic phase to the stationary phase (optical densities
between 0.8 and 2.0). The timing of induction for most genes
was not affected by exogenous addition of 30C12-HSL and
C4-HSL. Examples of each of the gene expression patterns
described above are shown in Fig. 6.

We hypothesize that even in the parent strain at the earliest
sampling time (optical density, 0.05) there were sufficient acyl-
HSL levels for induction of the early genes and that some other
factor was limiting expression of transcripts that were triggered
to accumulate later in growth (because of the large volume of
culture that would be required, it was impractical to examine
cultures at lower optical densities). What other factor might
account for the acyl-HSL-independent triggering of quorum
gene induction? An obvious possibility is that the acyl-HSL
receptors are limiting in the early logarithmic phase and that
the abundance of these factors increases during culture
growth. We hypothesize that quorum-controlled promoters
that are active in the early logarithmic phase bind the tran-
scription factors and effectively titrate them away from other
quorum-controlled promoters. As the level of LasR increases,
additional quorum-controlled genes should show expression. A
prediction of this hypothesis is that lasR, and consequently
rhiR, should show increased transcript abundance as a culture

grows. Thus, we examined the microarray data with respect to
lasR and rhIR (Fig. 7). Starting at an optical density of around
0.8 the levels of the lasR and rhlR transcripts increased mark-
edly, which is consistent with previous results obtained with
reporter fusions (1, 22). For lasR, some increase was observed
in the wild-type strain and in the signal generation mutant with
or without added signal. Thus, the increase was, at least in part,
independent of quorum sensing. This result is consistent with
but does not constitute proof of the model for timing of quo-
rum-controlled gene expression described above.

DISCUSSION

We used Affymetrix GeneChip technology to expand the list
of genes reported to be controlled by quorum sensing in P.
aeruginosa. In all, we have identified over 300 genes (about 6%
of the P. aeruginosa genome) that appear to be part of the
quorum regulon (Tables 1 and 2 and Fig. 2 and 4). The fact
that these genes were identified in two different types of anal-
yses (one of which involved a comparison of a signal genera-
tion mutant with itself in the presence of added signals and the
other of which involved a comparison of a signal receptor
mutant with its parent) lends confidence to our conclusions.
Because timing is important in quorum-controlled gene ex-
pression, we examined cultures at several different points dur-
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FIG. 6. Transcript levels for selected quorum-activated genes in the
wild-type P. aeruginosa strain (black lines), in the receptor mutant
(orange lines), and in the signal generation mutant without added
acyl-HSL (green lines), with 30C12-HSL (blue lines), and with
C4-HSL and 30C12-HSL (red lines). (A) PA3904; (B) PA4677; (C)
PA2939; (D) PA0198. For simplicity, the examples shown are all
30C12-HSL-specific genes. The values on the y axis represent tran-
script abundance as determined by the array software.

ing growth. Thus, we minimized problems in identifying genes
with relatively unstable transcripts. Nevertheless, the genes
that we have identified represent a conservative estimate of the
quorum-controlled regulon in P. aeruginosa. We filtered the
data in several ways, and of course we examined only cultures
grown in one medium at one temperature. Additional experi-
ments in which quorum sensing is examined under different
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FIG. 7. Expression of lasR (A) and rh/R (B) in the wild-type P.
aeruginosa strain (black line), the receptor mutant (orange line), and
the signal generation mutant without added acyl-HSL (green line),
with 30C12-HSL (blue line), and with C4-HSL and 30C12-HSL (red
line). The values on the y axis represent transcript abundance as de-
termined by the array software.

conditions are necessary to more fully understand the breadth
of quorum sensing as a global regulator of gene expression in
P. aeruginosa. An accompanying paper (30a) provides further
insight in this regard.

Of the genes which we identified, most were induced by
quorum sensing, although some were repressed (Tables 1 and
2). Most repressed genes showed a curious response. They
showed derepression only in mutant backgrounds (Fig. 3). Per-
haps these genes are activated in the wild type under specific
conditions other than those which we used. Expression of these
genes might require inducers not present in our experiments or
might require other environmental conditions.

Although the most strongly activated genes reported by
Whiteley et al. (33) were among the most strongly activated
genes according to the microarray analysis, we do not want to
attach great significance to the levels of induction we observed.
For some genes the levels of induction varied substantially
between the signal addition analysis and the comparison of the
receptor mutant and parent. In the most extreme cases, some
genes showed activation by addition of a signal to the signal
generation mutant and repression in the comparison of the
receptor mutant with the parent. This indicates that there may
be other factors in P. aeruginosa that contribute to control by
acyl-HSLs. One possible factor is the LasR-RhIR signal recep-
tor homolog QscR. We know that this protein somehow influ-
ences quorum-controlled gene expression in P. aeruginosa, but
we do not know how it functions mechanistically (4).

In general, the representation of functional classes in the
quorum-controlled regulon was similar to that in the entire P.
aeruginosa genome. For example, 43% of the genes in Tables
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1 and 2 have unknown functions, compared with 46% of the
genes in the entire P. aeruginosa genome. As expected, many
quorum-controlled genes are in the secreted-factor category.
There are several genes with adaptation and protection func-
tions, and perhaps more surprising is the finding that there are
genes coding for general metabolic functions. Caution should
be used when significance is attached to individual genes in a
functional group. However, there are genes in the general
metabolic function group with well-established functions; for
example, PA3183 codes for glucose-6-phosphate dehydroge-
nase, an enzyme essential for glucose catabolism in P. aerugi-
nosa. Why might this gene show quorum control? This is an
example of a gene coding for an enzyme with multiple cellular
functions. Glucose-6-phosphate dehydrogenase is an NADP-
dependent dehydrogenase. As such, it is an NADPH genera-
tor, and in fact through this activity it is known to protect P.
aeruginosa from oxidative stress by enhancing glutathione syn-
thesis (17). We imagine that without quorum sensing glucose-
6-phosphate dehydrogenase can be produced in a quantity
sufficient for glucose catabolism but that quorum sensing can
boost the levels for alternate functions of this enzyme.

We found that the specificities of responses to 30C12-HSL
versus the specificities of responses to the two signals together
showed great variability (although genes in apparent operons
showed responses similar to each other). Some of the genes
shown in Table 1 appeared to respond specifically to 30C12-
HSL; other genes seemed to respond to 30C12-HSL, but
activation was boosted by addition of C4-HSL; and still other
genes seemed to respond to C4-HSL, showing no response to
30C12-HSL alone. A previous view was that some genes show
specificity for 30C12-HSL and others show specificity for C4-
HSL (9, 31). Some of the C4-HSL-dependent genes show some
relaxation of specificity (32). The array data suggest that there
is a continuum of specificity responses.

The idea of a continuum of responses extends to the timing
of quorum-controlled gene induction. We were more inter-
ested in the timing of induction or repression than the maximal
transcript levels because the maximal levels result from a com-
plex set of factors that presumably include rates of transcrip-
tion and transcript stability. When we examined timing we saw
that there was great variability (Table 1 and Fig. 5 and 6).
Some genes showed increased expression early in growth; for
most genes the onset of induction was in the late logarithmic to
early stationary phase; and some genes were not induced until
the stationary phase. In general, timing was similar in the wild
type and in the signal generation mutant grown in the presence
of saturating levels of added signals. This indicates that over
the range of culture densities in our experiments, the trigger
for quorum-controlled gene activation was not signal accumu-
lation. The P. aeruginosa quorum-sensing elements are the two
signals synthesized by the signal generators Lasl and RhlI and
the two signal receptors, LasR and RhIR. If the levels of the
signals do not govern the onset of induction, then one might
hypothesize that receptor levels govern the onset of induction.
In fact, we observed that lasR and rhlR transcript levels in-
creased during the late logarithmic and early stationary phases
(Fig. 7), which coincided with the induction of most quorum-
activated genes. This finding is consistent with the hypothesis,
but more evidence is required to determine its validity. The
lasR transcript levels were largely independent of quorum
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sensing. There are other factors in P. aeruginosa that have been
reported to control lasR transcription. These factors include
the regulators Vir (1) and GacA (26), as well as the stringent
response (30).

Our results for the timing of gene expression raise an inter-
esting question. Are genes whose expression is not directly
triggered by exogenous signals really quorum controlled? We
believe that there is no evidence to the contrary. Activation of
any of the genes which we identified requires sufficient signal.
Signal can accumulate only when a critical population density
has been reached. The fact that under at least some conditions
additional criteria must be met for transcriptional activation of
many genes in the regulon does not alter the fact that a quo-
rum is nevertheless required. In fact, a culture medium-depen-
dent delay in the induction of Vibrio fischeri luminescence,
even with ample signal, was observed by Eberhard in 1972 (7).

The finding that signal specificity is on a continuum and the
hypothesis that levels of LasR and RhIR might control the
precise timing of quorum-controlled gene expression lead to
the idea that this regulatory system consisting of two signal
generators and two signal receptors can allow for an elaborate
pattern of expression of hundreds of genes in P. aeruginosa.
Genes can be triggered at different times during culture
growth, and they can respond to one or both of the signals to
various degrees. The simplistic view that quorum sensing leads
to the coordinate expression of genes in the quorum-controlled
regulon at a critical population density at which the signals
have accumulated to a requisite concentration underestimates
the complexity of this regulatory circuitry.
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