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Bacterial virulence is an integrative process that may involve quorum sensing. In this work, we compared by
global expression profiling the wild-type entomopathogenic Photorhabdus luminescens subsp. laumondii TT01 to
a luxS-deficient mutant unable to synthesize the type 2 quorum-sensing inducer AI-2. AI-2 was shown to
regulate more than 300 targets involved in most compartments and metabolic pathways of the cell. AI-2 is
located high in the hierarchy, as it controls the expression of several transcriptional regulators. The regulatory
effect of AI-2 appeared to be dose dependent. The luxS-deficient strain exhibited decreased biofilm formation
and increased type IV/V pilus-dependent twitching motility. AI-2 activated its own synthesis and transport. It
also modulated bioluminescence by regulating the synthesis of spermidine. AI-2 was further shown to increase
oxidative stress resistance, which is necessary to overcome part of the innate immune response of the host
insect involving reactive oxygen species. Finally, we showed that the luxS-deficient strain had attenuated
virulence against the lepidopteran Spodoptera littoralis. We concluded that AI-2 is involved mainly in early steps
of insect invasion in P. luminescens.

Interest in the insect pathogen Photorhabdus luminescens, a
gram-negative luminescent gammaproteobacterium, has in-
creased greatly since the genome sequence of P. luminescens
subsp. laumondii TT01 was deciphered (15). The organism has
two host-associated stages in its life cycle: the symbiotic stage,
in which bacteria colonize the intestinal tract of a nematode
belonging to the Heterorhabditis genus, and a second patho-
genic stage, in which the bacterium-nematode couple invades
and kills a wide variety of insect larvae. The antimicrobial
response of insects comprises both cellular and humoral reac-
tions. Plasmatocytes, the major hemolymph cells in Drosophila,
show strong phagocytic activity (33). They also trigger a first
line of defense comprising highly toxic molecules: nitric oxide
(NO), the superoxide ion and hydrogen peroxide (H2O2), and
even peroxynitrite (ONOO�), a highly reactive species that is
rapidly generated by the reaction between NO and the super-
oxide ion (21). In addition to these reactive oxygen species
(ROS), the insect host defense also includes melanization. The
humoral reaction is induced by the microbial challenge to
antimicrobial peptide genes in the body fat, followed by the
secretion of the peptides into the hemolymph (33). The pro-

cesses by which P. luminescens circumvents these host defenses
are not well characterized. Nevertheless, recent work has
shown that the type III secretion system plays a key role in
preventing phagocytosis by insect macrophage cells during in-
sect colonization by P. luminescens (5). By contrast, the way by
which P. luminescens kills the insect is better known. As the
bacteria multiply, they produce many toxins, such as the Mcf
(Makes Caterpillars Floppy) toxin, a virulence factor critical
for pathogenesis (11); the PirA (PLU4093) and PirB (PLU4092)
toxins, which can kill larvae belonging to two insect orders (15,
74); and four forms of a toxin complex, Tca, Tcb, Tcc, and Tcd,
which are highly toxic to Manduca sexta (4, 36). The bacteria also
produce various antibiotics, which are presumed to inhibit the
growth of competing microorganisms in the insect cadaver (12,
15, 76) and to enhance conditions for nematode reproduction by
providing nutrients and growth factors (22). After several rounds
of reproduction, a new generation of infective juvenile nematodes
finally reacquires the bacteria and leaves the insect carcass (3).

Upon regurgitation of the few cells contained in the nema-
tode intestine, the bacteria then rapidly multiply to reach high
concentrations within the insect cadaver (10). In bacteria, one
or several quorum-sensing processes are generally induced at
this step. Two quorum-sensing-related genes, mtnN (pfs,
plu0906) and luxS (plu1253), are present in P. luminescens (15).
These genes code for, respectively, 5�-methylthioadenosine/S-
adenosylhomocysteine (AdoHcy) nucleosidase (SwissProt no-
menclature) (58) and the autoinducer 2 (AI-2) synthesis pro-
tein. The function of the P. luminescens LuxS protein was
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recently characterized, leading to the identification of a first
target, the cpm operon. This operon is responsible for produc-
ing a carbapenem-like antibiotic that is repressed in the pres-
ence of AI-2 (12).

We wondered whether AI-2 regulates other processes in this
insect pathogen, such as virulence, and whether the role of
AI-2 is similar to that in other bacteria. Thus, we carried out a
global expression profiling study with a luxS-deficient strain of
P. luminescens to identify the pathways involved by analyzing
the transcriptome and proteome under various experimental
conditions. We followed this with complementary in vivo ex-
periments to verify the most prominent regulatory pathways
determined from the expression profiling. As the luxS strain
cannot synthesize AI-2, this allowed us to characterize the
processes involving AI-2.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this
study were Photorhabdus luminescens TT01 (wild type) (53) and PL2102 (TT01
luxS::Cm) (12). Strains were routinely grown at 30°C in Schneider medium
(BioWhittaker) containing 10 �M sodium borate. All experiments were per-
formed in accordance with the European requirements concerning the contained
use of genetically modified organisms of group I (agreement no. 2736 CAII).

DNA arrays. Fragments of 4,225 genes of the genome of P. luminescens TT01
were amplified from 100 ng of chromosomal DNA, using the Dinazyme kit
(Finzyme) or Yield Ace kit (Stratagene). Specific primers were designed using
CAAT-Box software (23) and Primer3 software; 18- to 25-base-long primers
(melting temperatures of between 51.0 and 62.0°C) were chosen to amplify a 450-
to 550-bp fragment specific for each coding sequence. The specificity of the PCR
products was tested against the complete genome sequence by excluding non-
specific PCR products shorter than 3,000 base pairs. All PCR products were
verified on agarose gels. For DNA array preparation, nylon membranes (Ge-
netix) were soaked in 10 mM Tris–1 mM EDTA, pH 7.6. PCR products were
printed using a QPix robot (Genetix). Immediately following spot deposition, the
membranes were denatured for 15 min in 0.5 M NaOH–1.5 M NaCl–0.1%
sodium dodecyl sulfate and then neutralized for 15 min in 0.5 M Tris HCl (pH
7.5)–1.5 M NaCl. Finally, the membranes were dried on Whatman paper and
fixed with UV light at 0.51 J/cm2.

Transcriptome experiments. Total RNA from three independent cultures of
each strain grown to optical densities at 600 nm (OD600) of 2.5 (mid-exponential
growth phase) and 7.5 (end of exponential growth phase) was purified as previ-
ously described (12). The direct effect of AI-2 was studied by adding in vitro-
synthesized AI-2 to 5 ml of a strain PL2102 (luxS) culture 2 h before sampling.
LsrB, a known target of AI-2 in Salmonella enterica serovar Typhimurium (68),
was used to optimize the quantity and timing of AI-2 addition by measuring the
increase of lsrB expression by reverse transcription-PCR (RT-PCR) at the end of
the exponential growth phase. Two cDNA targets were synthesized from 10 �g
of each RNA preparation: after heating at 80°C for 5 min without enzyme and
radioactivity, followed by slow cooling, cDNAs were synthesized for 2 h at 42°C
with AMV reverse transcriptase (Roche); a mixture of specific primers; dATP,
dGTP, and dTTP at 125 �M; and a dCTP mix (2.5 �M dCTP and 100 �Ci
[�-33P]dCTP [2,000 to 3,000 Ci mmol�1]). The remaining RNA was subjected to
alkaline lysis as previously described (48), and cDNAs were purified through a
G-25 Sephadex column (Roche). Prehybridization and hybridization were car-
ried out as previously described (29). Hybridization was carried out with six
different arrays, which were used once for each culture condition and quantified
using ArrayVision software (Imaging Research). Two distinct statistical methods
were used for data analysis: (i) the Wilcoxon signed rank test, a nonparametric
statistical method contained in the Statview 5.0.1 package, as previously de-
scribed (29), and (ii) a Student t test with Welch correction and a one-way
analysis of variance using BioConductor packages from the statistical environ-
ment for data analysis R, after log transformation and global mean normalization
of the data. The number of false-positive genes was limited in these results by
correcting the obtained P values with different multiple-test procedures (16, 63).
We selected differentially expressed genes having a P value of �0.05 in at least
one of the analysis procedures and a ratio between the normalized data for the
wild-type and mutant strains of �2. The functions of the genes of interest were
extracted from the PhotoList database (http://genolist.pasteur.fr/PhotoList/)
(15). Genes with unknown function in PhotoList were further characterized

using BLAST and CD searches on updated data at http://www.ncbi.nlm.nih.gov
/BLAST/, with COG search at http://www.ncbi.nlm.nih.gov/COG/old/xognitor
.html and with membrane domain search at http://www.cbs.dtu.dk/services
/TMHMM-2.0/.

Overexpression and purification of LuxS and Pfs/MtnN. Photorhabdus lumi-
nescens luxS and pfs genes were amplified and inserted into the NdeI and XhoI
sites of the pET-22b vector (Novagen), giving plasmids pDIA610 and pDIA611,
respectively. Recombinant proteins were overproduced by introducing the plasmids
into strain BL21(DE3) in the presence of plasmid pDIA17, which synthesizes the
lacI repressor (44). The strains, grown in Hyper Broth (Athena Enzyme Systems),
were induced at an OD600 of 3 with 3 mM IPTG (isopropyl-�-D-thiogalactopyrano-
side) for 2 h. After centrifugation, bacterial pellets were disrupted with a Fastprep
apparatus (BIO 101) in buffer A (20 mM sodium phosphate [pH 7.2] and 200 mM
NaCl). Cell debris was removed by centrifugation for 20 min at 7,500 � g, and
supernatants were loaded onto an NiSO4 chelation column. After washing with
buffer A containing 5 mM imidazole, proteins were eluted with an imidazole gradi-
ent in buffer A. The buffer was changed to 50 mM sodium phosphate buffer (pH 7.2)
using a PD 10 desalting column (Pharmacia). Proteins were then concentrated with
an Amicon Ultra-4 filter (limited 10,000-molecular-weight cutoff) (Millipore).

In vitro production of AI-2. AI-2 was produced by incubation with 1 mM
S-adenosylhomocysteine and 1 mg/ml of the purified P. luminescens proteins
Pfs/MtnN and LuxS for 2 h at 30°C in 50 mM sodium phosphate buffer at pH 8
(54). The AI-2 concentration was estimated using Ellman’s assay to quantify
homocysteine, assuming that AI-2 and homocysteine are equimolar in the
reaction (54); the assay was carried out using an aliquot of the reaction
mixture filtered through an Amicon Ultra-4 filter (limited 10,000-molecular-
weight cutoff) (Millipore).

Two-dimensional gel electrophoresis, MALDI-TOF mass spectrometry, and
database searches. Gel electrophoresis was performed on proteins extracted
from disrupted cells grown to mid-exponential growth phase (OD600 of 2.5) from
two cultures in 50 ml Schneider medium plus 10 �M sodium borate. The proteins
were separated on three two-dimensional sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) gels for each extract, silver stained, scanned,
and analyzed as previously described (13). Proteins were identified by peptide
mass fingerprinting with a Voyager DE-STR matrix-assisted laser desorption
ionization–time-of-flight (MALDI-TOF) mass spectrometer (MS) (Applied Bio-
systems, Framingham, MA). Spots of interest were excised, and the Investigator
Progest system (Genomic Solutions) was used for in-gel digestion of proteins
with modified porcine trypsin (Promega). The Investigator ProMS system
(Genomic Solutions) was used for peptide purification with Zip-Tip C18 (Milli-
pore) and for loading the sample with the matrix (alpha-cyano-4-hydroxycin-
namic Acid) on the MALDI sample plate. We used the P. luminescens database
with the MS-Fit3.2 part of the Protein Prospector package (University of Cali-
fornia Mass Spectrometry Facility, San Francisco) to identify the proteins.
Search parameters were set as previously described (13).

Polyamine dansylation procedure. Three independent cultures for each strain
were grown to an OD600 of 7, washed three times with 50 mM sodium phosphate
buffer at pH 7, and then centrifuged. The bacterial proteins were precipitated by
adding 1 ml of ice-cold 0.2 N perchloric acid to the cell pellet, disrupted using a
Fastprep apparatus (BIO 101), and centrifuged at 10,000 � g for 10 min. Per-
chloric supernatants and protein precipitates were stored at �80°C until ana-
lyzed (within 1 month). Dansylation was carried out as previously described (57)
using 1,10-diamino-dodecane (DAD) as an internal standard. Aliquots (200 �l)
of the perchloric supernatants were reacted with four volumes of dansyl chloride
in acetone (5 mg/ml) in the presence of solid sodium carbonate. Excess dansyl
chloride was removed by reaction with proline, and acetone was removed by
evaporation. Dansylated polyamines were extracted using 2 ml of cyclohexane.
The cyclohexane extract containing the dansyl derivatives was evaporated to
dryness and the residue taken up in 200 �l acetonitrile.

LC-MS analysis of the polyamine content. The liquid chromatography-MS
(LC-MS) analysis of the polyamine content was as previously described (24). The
LC-MS, which was from Agilent Technologies, was supplied with the Chem
Station 1100 software (Wilmington, DE). Dansylated polyamines were analyzed
by flow injection analysis, omitting separation with a LC column. Samples were
directly injected from an HP1100 series autosampler into a flowing stream of a
mixture of water and acetonitrile (1:9, vol/vol) at a flow rate of 0.5 ml/min.
Selected ion monitoring mode data mass were obtained with an atmospheric
pressure chemical ionization source. Selective parent ions [(M � H)�] were
detected in the selected ion monitoring mode at m/z 555.2, 845.3, 1135.4, and
639.3 for putrescine, spermidine, spermine, and the internal standard DAD,
respectively. The area under the ionic peak, determined for each selective ion,
was corrected from the ionic intensity of the internal standard DAD, and poly-
amine concentrations were deduced from calibration curves. The statistical sig-
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nificance of the data was determined using a Mann-Whitney test with a P value
of �0.05.

Real-time quantitative RT-PCR. After heating 5 �g of total RNA at 90°C for
2 min without enzyme, followed by slow cooling, cDNAs were synthesized for 2 h
at 42°C with AMV reverse transcriptase (Roche), a mixture of hexanucleotides,
and 1.33 mM deoxynucleoside triphosphates. Real-time quantitative PCRs were
performed twice in a 20-�l reaction volume containing several cDNA dilutions
(100 ng to 0.1 ng), SYBR PCR master mix (Applied Biosystems), and 400 nM of
gene-specific primers (designed using the Primer3 software). Amplification and
detection were performed as previously described (42). The quantity of cDNA
for each experimental gene was normalized to the quantity of udp cDNA in each
sample, because udp was considered (and confirmed by DNA array analysis) to
represent a stably expressed housekeeping gene. To check whether contaminat-
ing chromosomal DNA was present, each sample was tested in control reactions
without reverse transcriptase. The relative change in gene expression was re-
corded as the ratio of normalized target concentrations (		ct) (37).

Bioluminescence assay. Luminescence was measured by quantifying light pro-
duction over 2 seconds in 10 �l of culture, using a Lumat LB9507 apparatus
(Berthold). Experiments were performed twice.

Bacterial growth in the presence of H2O2. An overnight culture was washed in
fresh Schneider medium and diluted to an OD600 of 0.15. When the OD600

reached 0.5, the culture was separated into three equal parts and exposed to 0,
0.5, and 1 mM H2O2, and the absorbance at 600 nm was monitored. Experiments
were performed twice.

Motility assay. (i) Swimming. The experiment was carried out twice on semi-
solid medium (1% tryptone, 0.2% NaCl, and 0.3% agar) by spotting 5 �l of
Schneider medium cultures grown at an OD600 of 2. The diameters of the halos
were measured after 20 h of growth at 30°C.

(ii) Slide culture twitching assay. The slide culture twitching assay was
adapted from that described by Rashid and Kornberg (50). Strains were point
inoculated with a toothpick onto the surface of a slab of agar medium (1%
tryptone, 0.5% yeast extract, 0.2% NaCl, and 1% agar) placed on a microscope
slide. The inoculated agar medium was then covered with a glass coverslip and
incubated for 16 h at 30°C. Colony expansion zones were visualized by light
microscopy.

Biofilm assay. Four independent cultures were assayed. After growth in
Schneider medium, cultures were diluted to an OD600 of 0.6 into fresh
medium and incubated for 4 days at 30°C before being stained with crystal
violet. After resuspension in ethanol, staining was measured at 570 nm as
previously described (30).

Electron microscopy. The strains of interest were grown at 30°C with mild
agitation (90 rpm) to preserve appendages, and a flagellated strain was used as
the positive control. For negative staining, bacteria were placed on 200-mesh
copper grids, fixed with 2% glutaraldehyde (Sigma) in 1� phosphate-buffered
saline, and stained with 2% uranyl acetate. Samples were examined at 80 kV with
a transmission electron microscope (model 1200 EX; Jeol Ltd.) and a charge-
coupled-device camera (model Megaview; Eloise, Ltd.).

In vivo pathogenicity assays. Insect lethality analysis was performed as previ-
ously described (14).

RESULTS

Comparative analysis of expression profiling of wild-type
and luxS-deficient strains at the end of the exponential growth
phase. Wild-type P. luminescens (TT01) and its luxS-deficient
counterpart (PL2102) (12) were used to characterize the AI-2
targets. As AI-2 is involved in quorum sensing, the effect of
disrupting the luxS gene was first studied at the end of the
exponential growth phase in Schneider medium supplemented
with 10 �M sodium borate (AI-2 is described as a boron-
associated molecule [9] [see discussion]). In the luxS-deficient
strain, some intermediary metabolism genes could be indirectly
induced or repressed due to the accumulation of AdoHcy, a
molecule that is potentially toxic for the cell through the inhi-
bition of S-adenosylmethionine (AdoMet)-dependent methyl-
transferases (52). To identify authentic AI-2-regulated genes in
intermediary metabolism, we purified total RNA from cultures
of strain PL2102 cells supplemented with 4.25 �M AI-2 syn-
thesized in vitro (concentration measured according to the

Ellman assay [see Materials and Methods]) 2 hours before
sampling, in parallel with experiments involving RNAs from
the wild-type and nonsupplemented luxS-deficient strain cul-
tures.

Transcriptome experiments were performed with two cDNA
preparations synthesized from each RNA preparation and six
arrays, each used once for each strain and/or culture condition.
After statistical analysis of the hybridization signal intensity,
we identified 221 genes having expression levels in the luxS-
deficient strain different from those in the wild-type strain (see
Table S1 in the supplemental material). Among these, the
expression levels of 108 were partially or completely restored
(decrease of �20% of difference level of expression) to wild-
type levels after the addition of AI-2 to the growth medium.
Table 1 lists those genes we chose for further studies.

Interestingly, the presence of AI-2 activated the expression
of four genes (plu3141, -3146, -3147, and -3148) that were very
similar to and had the same genomic organization as the lsr
genes, which are essential for AI-2 transport and processing in
Salmonella enterica serovar Typhimurium (67, 68).

Among the regulated genes, one-third were involved in cell
envelope-related processes. The synthesis of outer membrane-
associated proteins (e.g., flagella, pili, and fimbriae) was also
luxS sensitive. Almost all the relevant genes were repressed,
with a noteworthy exception being that expression of the gene
mrfA, which encodes a major fimbrial subunit, was activated.
Moreover, the expression of many transporters was affected,
with most being repressed in the presence of AI-2 [e.g., the
iron(III) dicitrate and thiamine transport systems] and some
being activated (such as a glutamate transporter [gltI] and a
nucleoside transporter [plu0519]).

Seven transcriptional regulators were regulated in the pres-
ence of AI-2: two flagellum regulator genes, flhC and hdfR, as
well as two flagellar genes, flgN and fliI, were repressed; how-
ever, most of the regulators were not functionally character-
ized. Several affected genes were involved in protecting or
repairing nucleic acids: the radA and vgrG families of genes
were repressed, whereas uvrC, plu2942, plu2935, and rseC were
activated. The expression of several genes participating in pro-
tein maintenance and repair, i.e., msrB, clpB, and cpxA, was
affected by the presence of AI-2.

One-third of the affected genes are involved in intermediary
metabolism. Genes related to the biosynthesis or turnover of
several amino acids, i.e., methionine (metA, metB, metE, and
map), arginine (argB and argD), and glycine (gcvP, which may
be involved in the homeostasis of the one-carbon pool needed
for methionine biosynthesis), were regulated to increase the
pool of these amino acids. By contrast, polyamine biosynthesis
genes (speD and speE) were repressed in presence of AI-2. The
increased expression of operon plu4566/plu4568, which pre-
sumably codes for the synthesis or turnover of a secondary
metabolite involving both methionine and arginine, may also
be connected to this observation.

Finally, several genes that may be associated with virulence
were altered in the luxS-deficient mutant: a bacteriocin operon
(plu0884/plu0888), insecticidal toxin genes (tcdA1 and tccC1),
and bacteriophage protein operons (e.g., plu1665/plu1666,
plu3026/plu3037, and plu3428/plu3429), as well as genes en-
coding a hemolysin secretion protein and a toxin ABC trans-
porter.
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TABLE 1. Genes involved in specific processes and differentially expressed in wild-type (TT01)
and luxS-deficient (PL2102) P. luminescens strains

Process plu no. Gene

Wild-type/luxS
expression ratio at:

Function
Mid-exponential

phase

End of
exponential

phase

AI-2- and polyamine-
related synthesis

plu0394a argD 4.70 Acetylornithine delta-aminotransferase
plu0842a speD 0.41 S-Adenosylmethionine decarboxylase
plu0843a speE 0.21 Spermidine synthase
plu1307a gltI 2.18 Glutamate/aspartate ABC transport system permease
plu2942a 6.03 58% similarity with DNA-methyltransferase MunI, AdoMet

dependent
plu3141a lsrK 2.24 AI-2 kinase
plu3146a lsrB 8.17 AI-2 binding protein of ABC transport system
plu3147a lsrF 2.58 AI-2-processing aldolase
plu3148a lsrG 3.20 AI-2-processing protein
plu4397a metA 11.50 Homoserine O-succinyltransferase
plu4420a metE 24.13 5-Methyltetrahydropteroyltriglutamate-homocysteine

methyltransferase
plu4566a 2.48 N-Dimethylarginine dimethylaminohydrolase family protein
plu4567a 2.52 Argininosuccinate synthase domain (arginine biosynthesis)
plu4568a 2.14 Putative cystathionine beta-synthase
plu4743a argB 2.81 Cetylglutamate kinase (arginine biosynthesis)
plu4756a metB 13.06 Cystathionine gamma-synthase

Oxidative stress plu0842a speD 0.41 S-Adenosylmethionine decarboxylase
resistance plu0843a speE 0.21 Spermidine synthase

plu2027a uvrC 7.69 Excinuclease ABC subunit C
plu2182 idgB 4.85 Indigoidine synthesis protein
plu2496a adhE 2.74 Aldehyde-alcohol dehydrogenase
plu2557a msrB 10.91 Peptide methionine sulfoxide reductase B
plu3281a iscA 3.89 Iron binding protein IscA (iron-sulfur cluster)
plu3282 iscU 2.02 Involved in formation of 
Fe-S� clusters
plu3343a rseC 3.20 Sigma-E factor regulatory protein
plu4728a bfr 0.34 Bacterioferritin (cytochrome B-1, cytochrome B-557)

Motility and biofilm
related

Flagellum regulon plu1848a flhC 0.39 Flagellum biosynthesis transcription activator
plu1912a flgN 0.36 Flagellum synthesis protein
plu1945 fliI 0.22 Flagellum-specific ATP synthase
plu4688 hdfR 0.49 H-NS-dependent flhDC regulator

Pili and fimbriae plu0417 0.05 Putative fimbrial minor pilin subunit precursor
plu0769a mrfA 2.13 3.59 Major fimbrial subunit polypeptide
plu0782 0.36 Putative fimbrial chaperone protein
plu0783 0.09 48% similarity with chaperone protein FimC precursor (E. coli O6)
plu1053 pilP 0.04 Pilus assembly protein
plu1056 pilS 0.21 Type IV prepilin
plu1057 pilU 0.27 Prepilin peptidase
plu1058 pilV 0.20 Type V prepilin
plu1734 0.50 Type V prepilin-like

Other plu1855a cheR 0.36 Chemotaxis protein methyltransferase
plu4793a cpxP 0.47 Periplasmic protein precursor
plu4795a cpxA 5.52 Sensory kinase in two-component regulatory system with CpxR

Virulence related plu0635a 0.15 Hemolysin secretion protein D (HlyD) family secretion protein
plu0769a mrfA 2.13 3.59 Major fimbrial subunit polypeptide
plu0884a 0.32 2.70 Putative killer protein of pyocin S3
plu0887a 2.81 70% similarity with C-terminal region of klebicin B pyocin S2 and

the killer protein of pyocin S1
plu0888a 2.52 50% similarity with colicin immunity protein operon
plu0962a tcdA1 2.39 Insecticidal toxin complex protein TcdA1 (toxin A)
plu1115 0.40 Syringomycin synthetase involved in antibiotic biosynthesis

Continued on facing page
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Comparative analysis of expression profiling and two-di-
mensional protein patterns of wild-type and luxS-deficient
strains during mid-exponential growth. In some bacteria, in-
cluding P. luminescens, AI-2 starts being produced during
exponential growth (7, 12, 65). A second study was therefore
performed at the middle of the exponential growth phase,
combining the transcriptome and proteome experiments. The
proteome approach was chosen as a complementary experi-

ment since during this growth phase we would be able to
visualize newly synthesized proteins, in contrast to the case for
stationary phase, in which variations are limited due to protein
stability.

This second transcriptome experiment was performed on a
new set of arrays. During this growth phase, there is less AI-2
binding protein of its ABC transporter in the luxS-deficient
strain (data not shown), so we added 19 �M of AI-2 to help

TABLE 1—Continued

Process plu no. Gene

Wild-type/luxS
expression ratio at:

Function
Mid-exponential

phase

End of
exponential

phase

plu1356 0.22 64% similarity with hemolysin/hemagglutinin-like protein HecA
precursor (Erwinia chrysanthemi)

plu1665 2.73 Orf15 (Photorhabdus W14), C terminus similar to phage tail sheath
protein

plu1666 2.54 Orf14 (Photorhabdus W14), C terminus similar to Phage tail sheath
protein FI

plu1706a 0.35 77% similarity with Orf15 (Photorhabdus W14), C terminus similar
to phage tail sheath protein

plu1878 0.24 Antibiotic synthetase
plu1893 0.47 Colicin immunity protein
plu1894 0.40 S-type pyocin
plu2279 ccdB 0.33 Cytotoxic protein CcdB
plu2393 4.32 Phage baseplate assembly protein W
plu2753 0.23 84% similarity with hypothetical phage protein (Yersinia pestis)
plu2875 0.21 60% similarity with hypothetical protein (bacteriophage Aa�23)
plu2902 0.30 Bacteriophage protein
plu2905a 2.84 Bacteriophage lambda endopeptidase
plu2959 0.40 Putative tail fiber protein
plu3026a 10.84 59% similarity with putative bacteriophage protein STY2015

(S. enterica serovar Typhimurium)
plu3028a 11.28 68% similarity with putative bacteriophage protein STY2017

(S. enterica serovar Typhimurium)
plu3029 0.43 73% similarity with putative bacteriophage protein STY2019

(S. enterica serovar Typhimurium)
plu3030a 7.62 61% similarity with putative bacteriophage protein STY2023

(S. enterica serovar Typhimurium)
plu3031a 11.28 57% similarity with putative bacteriophage protein STY2024

(S. enterica serovar Typhimurium)
plu3035a 16.28 78% similarity with putative bacteriophage protein STY2028

(S. enterica serovar Typhimurium)
plu3036a 14.03 69% similarity with putative bacteriophage protein STY2029

(S. enterica serovar Typhimurium)
plu3037a 12.58 69% similarity with putative bacteriophage protein STY2030

(S. enterica serovar Typhimurium)
plu3123a 0.48 Syringopeptin family antibiotic synthetase
plu3126 rtxD 0.34 Toxin ABC transporter
plu3127 rtxB 0.21 Toxin ABC transporter
plu3128 mcf2 0.43 Toxin protein (Mcf-like protein)
plu3238 0.04 Toxin motif IcmF in C-terminal region
plu3385 0.34 52% similarity with hypothetical protein ORF45 (Burkholderia

cepacia phage Bcep781)
plu3428a 5.06 Phage protein U
plu3429a 8.43 54% similarity with protein gp44 (Burkholderia cenocepacia phage

BcepMu)
plu3460a 3.14 Mu-like prophage protein gp16
plu3477 11.40 66% similarity with protein encoded by cryptic prophage CP-933P
plu3780 sctE 0.15 Type III secretion component protein
plu3781a sctF 7.71 Type III secretion component protein
plu4167 tccC1 0.22 Insecticidal toxin complex protein TccC1
plu4780 0.38 75% similarity with gpFI (bacteriophage W�)
plu4781 0.49 Phage-related protein

a The expression level was partially or completely restored to the wild-type level after the addition of AI-2 to the growth medium (see the text).
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identify authentic AI-2-regulated genes. After statistical anal-
ysis, we identified 74 genes with an expression level in the
luxS-deficient strain different from that in the wild-type strain.
Among these, the expression levels of 23 genes were at least
partially restored to their wild-type levels after the addition of
AI-2 (see Table S1 in the supplemental material). Among the
74 genes found, only six had been previously identified in the
study at the end of the exponential growth phase. These were
a nitrogen availability regulator (ptsN), luxS, three genes in-
volved in the construction of the cell envelope (mrfA, plu3120,
and plu0356), and an unknown gene (plu0361). All displayed a
lower differential expression during this growth phase (see
Table S1 in the supplemental material).

Most of the AI-2-sensitive genes were repressed in the pres-
ence of AI-2. These included (i) several transcriptional regu-
lators, most not functionally characterized; (ii) several genes
involved in the cell envelope metabolism; (iii) two genes re-
lated to iron transport and storage (fecC and bfr); (iv) two
stress-related genes (hns and cspE); and (v) several phage-
related and toxin-coding genes. By contrast, mrfA and a gene
involved in resistance to oxidative stress (idgB) were induced
(Table 1; see Table S1 in the supplemental material).

The proteome modifications generated by the disruption of
luxS were explored using two-dimensional electrophoresis. The
overall profile of total soluble proteins (see reference maps in
reference 72) extracted from the luxS-deficient and wild-type
strains displayed significant differences. By using the PhotoList
database (http://genolist.pasteur.fr/PhotoList/) (15) and MALDI-
TOF mass spectrometry, 41 spots, corresponding to soluble
proteins in the range of pH 4 to 7 that varied by a factor of at
least two, were identified without ambiguity (Table 2). Of
these, 29 were up-regulated and the others were down-regu-
lated, with one, LuxS, being absent as expected. Among these
proteins, only four had been predicted to vary according to the
transcriptome study. We performed RT-PCR for three unex-
pected genes (sodA, gor, and tpx) and found no differences in
transcript levels between the wild-type and luxS-deficient
strains (data not shown). This confirmed the results of the
transcriptome experiment and suggested that the expression of
these genes is posttranscriptionally regulated. The levels of
several proteins involved in protein biosynthesis or processing
were modified. These included four elongation factors, several
chaperones and tRNA synthetases, and some proteins involved
in metabolic pathways (CysK, SucCD, LeuA, and ArgG) (Ta-
ble 2). Interestingly, many of the proteins known to play an
essential role in resistance to oxidative stress had their levels
altered in the luxS-deficient strain, including alcohol dehydro-
genase (60), AhpC (56), iron transporters (73), Gor (20), SodA
(71), and Tpx (28) (Table 2).

Autoregulation of AI-2 synthesis, coregulation with the poly-
amines synthesis pathway, and bioluminescence. We found
that several processes important for survival and possibly vir-
ulence depend on the presence of AI-2. Thus, we focused our
study on those that consistently altered the regulation of
groups of genes involved in a common process (Table 1). The
first genes characterized were those that are targets of AI-2
towards the end of the exponential growth phase (Table 1). In
addition to the AI-2 ABC transporter gene and the genes
involved in its internal processing (lsrBFG and lsrK), many
genes linked to AdoMet metabolism, a precursor of AI-2, were

also affected: the methionine biosynthesis pathway (metA,
metB, and metE), which leads to AdoMet, and an AdoMet-
dependent methyltransferase gene (plu2942) were activated.
By contrast, the genes of the spermidine synthesis pathway
(speDE), which consumes AdoMet, were repressed (Fig. 1 and
Table 3). The expression of all these genes was partially or
completely restored by adding AI-2 (Tables 1 and 3). However,
AdoHcy and homocysteine, the substrate and the secondary
product of in vitro AI-2 synthesis, were also present with AI-2
in the medium supplement. To exclude a contribution of these
molecules to the observed effect, we performed quantitative
RT-PCR experiments on the genes displayed in Fig. 1 with a
luxS-deficient strain culture supplemented with AdoHcy and
homocysteine (20 �M and 4.25 �M, respectively), which con-
firmed that their restoration level essentially came from AI-2
alone (Table 3). This suggested that AI-2 induced its own
synthesis, transport, and processing by activating AdoMet syn-
thesis while inhibiting the use of AdoMet for spermidine syn-
thesis. Furthermore, by activating glutamate transport and the
genes involved in arginine and putrescine biosynthesis (Fig. 1),
it could increase the putrescine/spermidine ratio in the poly-
amine cellular content, suggesting differential metabolism of
these two polyamines in this bacterium. To challenge this hy-
pothesis, the intracellular putrescine and spermidine contents
were measured. We observed no significant difference for the
putrescine content (Fig. 1). By contrast, the intracellular sper-
midine content increased by more than 60% in the luxS-defi-
cient strain (Fig. 1), confirming the inhibition of spermidine
synthesis by a LuxS-dependent process.

This observation suggested that polyamines were involved in
an AI-2-related process. Spermidine is particularly reactive
towards some aldehydes, the substrates of the luciferase re-
sponsible for bioluminescence (46, 79). These aldehydes are of
limited availability in P. luminescens (31, 55). Thus, variations
in the spermidine level could influence the bioluminescence
intensity under conditions in which we observed no AI-2-de-
pendent regulation of the lux operon, which encodes lucifer-
ase, in our expression profiling studies (confirmed with RT-
PCR). Therefore, we measured light emission from both the
wild-type and luxS-deficient strains. In both strains, lumines-
cence began to be induced during exponential growth and
reached a maximum at the end of this phase, when the cell
density was between 5 and 8 OD600 units. However, the lumi-
nescence in the luxS-deficient strain was 2.5 times lower than
that in the wild-type strain (Fig. 2), supporting the association
of AI-2 synthesis and light production in P. luminescens. There-
fore, we investigated the effect on bioluminescence of adding
putrescine or spermidine to the medium. Putrescine had no
significant effect on luminescence intensity (data not shown),
whereas the addition of 1 mM spermidine to culture medium
of the wild-type strain reduced the luminescence intensity to
almost that observed in the luxS-deficient strain with no added
spermidine (Fig. 2). Therefore, it can be concluded that the
level of spermidine participates in the control of the biolumi-
nescence intensity by AI-2.

The luxS-deficient strain is less resistant to oxidative stress.
There have been several hypotheses for the function of biolu-
minescence. The favorite suggests that photon production is
tightly coupled to a process that consumes oxygen, thus pro-
tecting the cell against the highly damaging oxygen derivatives
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(66). Interestingly, the reported expression profiling studies
showed that genes associated with the oxidative stress response
were affected in the luxS-deficient strain. Indeed, the proteome
analysis revealed that five proteins involved in oxidative stress
resistance were repressed in a luxS-deficient strain (AhpC [56],

iron transporters [73], Gor [20], SodA [71], and Tpx [28]),
whereas AdhC was induced. In transcriptome analyses, seven
genes involved in the same process were also repressed (iscA
[49], iscU [69], msrB [25], rseC [34], uvrC [43], idgB [51], and
adhE [18]), whereas bfr (8) and speD and speE (70) were

TABLE 2. Proteins with altered level of synthesis in the luxS mutant PL2102

plu no. Function Gene
Theoretical
isoelectric

point

Theoretical
molecular

mass (kDa)

Sequence
coverage (%)

Induction ratioa

(wild type/luxS
mutant)

plu0075 Superoxide dismutase sodA 6.52 23.5 39 
3,000
plu0158 Putative L-arginine:lysine

amidinotransferase
5.43 42.2 38 
800

plu0373 Hemolysin-coregulated protein 5.91 19.0 22 0.45
plu0375/plu3556 Glutathione oxidoreductase/putative

aminomethyltransferase
gor/- 6.24/6.17 49.5/36.3 35/16 3.80

plu0431 Elongation factor G fusA 4.78 77.7 25 0.37
plu0495 Phosphoribosylaminoimidazolecarboxamide

formyltransferase and IMP
cyclohydrolase

purH 6.16 57.7 48 3.75

plu0565 Threonine synthase thrC 4.91 47.8 32 0.50
plu0692 Prolyl-tRNA synthetase proS 5.15 63.7 42 2.25
plu0831 Beta-lactamase class C ampC 6.43 42.5 21 2.04
plu0872 3-Methyl-2-oxobutanoate

hydroxymethyltransferase
panB 5.35 28.8 21 4.80

plu0912 CTP synthetase pyrG 6.14 60.2 27 11.60
plu1174 Iron compound ABC transporter substrate

binding protein
8.63 34.2 31 
100

plu1253b AI-2 production protein LuxS luxS 5.77 19.2 35 Absent in luxS
plu1395/plu0375 Cysteine synthase A/glutathione

oxidoreductase
cysK/gor 6.18/6.24 34.1/49.5 32/19 
500

plu1432 Succinyl-CoA synthetase beta chain sucC 5.07 41.3 33 
400
plu1433 Succinyl-CoA synthetase alpha chain sucD 6.25 29.9 26 3.37
plu1750/plu2853 Aspartate aminotransferase/solute binding

periplasmic protein of iron-siderophore
ABC transporter

aspC/- 6.19/6.54 43.6/40.7 16/21 2.50

plu1840 Unknown 4.67 40.0 25 2.04
plu2059 Unknown 4.30 54.8 20 4.21
plu2579 Thiol peroxidase tpx 4.36 17.7 57 2.00
plu2595 Pyridoxamine kinase pdxY 6.23 31.7 61 2.08
plu2665/plu3598 Phenylalanyl-tRNA synthetase alpha

chain/aminomethyltransferase
pheS/gcvT 5.73/5.60 37.2/40.1 53/25 3.40/0.61

plu2861 Elongation factor P-like protein 4.97 21.3 21 0.49
plu3147 AI-2-processing aldolase lsrF 6.14 31.8 40 3.70
plu3291 Serine hydroxymethyltransferase glyA 6.32 45.3 33 2.90
plu3621 Dihydrolipoamide dehydrogenase lpdA 6.07 50.5 29 5.55
plu3622 Dihydrolipoamide acetyltransferase

component of pyruvate dehydrogenase
complex (E2)

aceF 4.85 56.8 21 3.73

plu3673 2-Isopropylmalate synthase leuA 5.52 57.5 24 
1,000
plu3739b Aldehyde dehydrogenase B aldB 5.28 54.2 46 0.47
plu3795 Unknown 4.72 16.5 62 2.08
plu3870b Trigger factor (chaperone) tig 4.46 48.6 29 0.33
plu3907 Alkyl hydroperoxide reductase small

subunit (antioxidant)
ahpC 6.40 22.3 64 2.60

plu4064 Putative modulator of DNA gyrase tldD 5.10 51.4 42 0.50
plu4098 Leucine-specific binding protein precursor livK 6.79 39.6 35 0.30
plu4130 Elongation factor P efp 4.58 20.7 27 5.00
plu4134 60-kDa chaperonin groEL 4.60 57.5 23 0.50
plu4332 Alcohol dehydrogenase class III adhC 6.23 39.3 28 �300
plu4547b Malate dehydrogenase mdh 5.50 32.6 46 
500
plu4730 Elongation factor TufA tufA 4.90 43.2 37 3.20
plu4742 Arginosuccinate synthase argG 5.36 44.79 36 2.02
plu4871 87% similarity with alpha helix protein

YicC of E. coli
4.78 33.6 32 0.50

a Induction ratios were calculated from the mean of three values after normalization. In the normalization method used, the raw quantity of each spot in a member
gel is divided by the total intensity value of all the pixels in the image.

b Gene found in the equivalent transcriptome experiment.
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activated. As most of the resistance genes were repressed in
the absence of luxS, this suggested that the mutant would have
a lower resistance to oxidative stress. Therefore, we investi-
gated the sensitivity of both the wild-type and the luxS-defi-
cient (PL2102) strains to oxidative stress to determine the role
of AI-2 in oxidative stress resistance. We studied the effect of

hydrogen peroxide (H2O2) on bacterial growth in Schneider
medium. The growth of both strains was slower when hydrogen
peroxide was added to the medium. As expected, the luxS-
deficient strain was sensitive to two times lower H2O2 concen-

FIG. 1. Polyamine and AI-2 metabolic pathways in Photorhabdus luminescens. �, genes whose expression is induced by AI-2; �, genes whose
expression is repressed by AI-2. The dashed arrows represent multiple steps. The table describes the intracellular polyamine contents of the two
strains.

FIG. 2. Luminescence of P. luminescens strains. Strains were grown
in Schneider medium. Spermidine was used at 1 mM. The values
correspond to the maximal specific luminescence. Error bars indicate
standard deviations.

TABLE 3. Quantitative RT-PCR analysis of the genes regulated
by AI-2 and involved in AI-2 and polyamine synthesis

Gene

Expression ratio

TT01/PL2102 TT01/(PL2102 � AI-2)
TT01/(PL2102 �

AdoHcy �
homocysteine)

argB 1.93 1.09 1.91
argD 1.96 1.13 1.95
gltI 2.70 1.80 2.53
lsrB 3.75 1.61 3.27
lsrK 2.77 1.26 2.41
metA 1.78 0.72 1.55
metB 1.84 1.35 1.85
metE 22.09 15.14 25.27
plu2942 2.32 0.97 5.21
plu4566 2.40 1.87 4.95
speD 0.46 1.16 0.25
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tration than the wild type (Fig. 3), consistent with how the
genes involved in this process are regulated.

AI-2 regulates motility and biofilm processes. The analysis
of differential gene expression in transcriptome experiments,
particularly at the end of the exponential growth phase, sug-
gested that AI-2 may regulate the synthesis of the main cell
appendages. We found that several genes involved in synthesis
of flagella (flgN, fliI, hdfR, and flhC), type IV and type V pili
(e.g., the pilPSUV operon), and three fimbriae (plu0417,
plu0782/plu0783, and plu1734) were all induced in the luxS-
deficient strain, whereas only one gene involved in the synthe-
sis of fimbriae (mrfA) was repressed (Table 1). These three
types of appendage are involved in motility and biofilm syn-
thesis, two processes that are regulated by AI-2 in many bac-
teria (2, 19, 62). Furthermore, the Cpx signaling pathway,
which is known to increase adhesion for several bacteria, was
repressed in the luxS-deficient strain; indeed, the level of the
sensor CpxA decreased, whereas the level of the negative reg-
ulator CpxP increased (47). Together, these data suggested
that the absence of luxS may increase motility and modify
biofilm formation. Therefore, we studied the swimming ability
and biofilm formation in both wild-type (TT01) and luxS-defi-
cient (PL2102) strains.

Swimming motility assays were carried out at 30°C on semi-
solid medium supplemented with 0.2% NaCl. After 20 h, we
observed no halo for the wild-type strain, only an 8-mm-diam-
eter colony, whereas we observed a clear 12-mm-diameter
halo, characteristic of a motility process, for the luxS-deficient

strain. Biofilm formation was assessed after 4 days at 30°C. The
biofilms formed on borosilicate glass tubes stained with crystal
violet that are shown in Fig. 4 are representative of the results
obtained. We observed that there was less biofilm for the
luxS-deficient strain (1.23 versus 2.05 OD570 units) (Fig. 4).

Both results involved the AI-2-regulation of envelope-asso-
ciated protein synthesis. Therefore, bacteria were stained with
uranyl acetate and visualized with an electron microscope to
better characterize the structures involved. Remarkably, while
we observed flagella in a hyperflagellated mutant (see Ma-
terials and Methods), we observed no flagella either in the
wild-type or the luxS-deficient strain. This implied that some
epistatic process prevented the observed down-regulation of
the four genes involved in flagellum synthesis, to restore the
flagellum content, in Schneider medium. By contrast, we ob-
served numerous fimbriae/pili (Fig. 5A). This suggested that
the observed motility of the luxS-deficient strain probably does
not depend on flagella but possibly depends on the presence of
pili. In Pseudomonas aeruginosa, type IV and type V pili are
involved in a specific motile behavior called twitching motility
(50, 59). Therefore, we used a slide culture assay and light
microscopy to study twitching motility (Fig. 5B). A significant
difference was observed between the two strains. At the lead-
ing edge of the twitching zone, the luxS-deficient strain PL2102
showed large rafts moving away from the colony edge and a
lattice-like network behind the rafts, characteristic of type IV
and type V pilus-dependent twitching motility (50, 59). By
contrast, none of these structures was observed with the wild-
type strain. Thus, the increased motility observed for the luxS-
deficient strain was due to a type IV/type V pilus-dependent
twitching motility.

Virulence is attenuated in a luxS-deficient strain. Finally, we
found that several genes and pathways involved in virulence in
related bacteria were repressed in the luxS-deficient strain:
biofilm formation, the cytotoxic protein CcdB, insecticidal
toxin (tcdA1), phage-related proteins, and resistance to oxida-
tive stress, the first line of defense of insects. Therefore, we
expected the mutant strain (PL2102) to be less virulent. To
study this process, both P. luminescens strains were tested for
their capacity to kill insects. Wild-type (TT01) and luxS-defi-

FIG. 3. Growth of P. luminescens strain TT01 (open symbols) and
luxS-deficient strain PL2102 (solid symbols) in Schneider medium.
Concentrations of hydrogen peroxide were 0 mM (circles), 0.5 mM
(squares), and 1 mM (rhombuses). Error bars indicate standard devi-
ations.

FIG. 4. Biofilms made by P. luminescens strains TT01 (wild type)
and PL2102 (luxS deficient). Strains were grown in Schneider medium
for 4 days at 30°C and stained with crystal violet. The crystal violet
staining was expressed as the OD570.
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cient (PL2102) cells were injected directly into the hemocoel of
Spodoptera littoralis larvae and the insect mortality monitored.
When 10,000 bacteria were injected into the insects, the time
required to kill 50% of the insects (LT50) was delayed for more
than 7 hours with the luxS strain (LT50 varying from 35.5 to
46 h, depending on the experiment) compared to the wild-type
strain (calculated LT50 of 28 h), but no significant difference
was observed for the mortality rate. This showed that the
absence of AI-2 in P. luminescens reduced virulence.

DISCUSSION

The type 2 quorum-sensing molecule AI-2 is responsible for a
major signaling mechanism in response to population density, i.e.,
quorum sensing. It has been proposed as an universal signaling
molecule involved in interspecies communication (9). AI-2 is syn-
thesized from AdoMet after this has been converted to AdoHcy
by methyl transferases. This pathway involves 5�-methylthio-
adenosine/S-adenosylhomocysteine nucleosidase (Pfs/MtnN) and
the autoinducer 2 synthesis protein (LuxS) (Fig. 1). Expression
profiling studies of a luxS-deficient P. luminescens strain unable to
produce AI-2 allowed us to determine more precisely the involve-
ment of AI-2 in this bacterium.

At the end of the exponential growth phase, the transcrip-

tion of 221 genes was significantly altered in the absence of
luxS. The effect of luxS was already visible at an earlier
growth stage, with 74 genes being affected during the mid-
exponential growth phase. The addition of exogenous AI-2
restored the expression level of 108 of the 221 genes at the
end of the exponential growth phase and of 23 of the 74 genes
during the mid-exponential growth phase, confirming the in-
volvement of AI-2 in regulation (see Table S1 in the supple-
mental material). The affected genes were mostly involved in
cell envelope-related processes and in intermediary metabo-
lism, although some were involved in information pathways
(e.g., transcriptional regulators) and in prophage and toxin
synthesis. We found that radA, gyrA, and rsmB were not af-
fected by the addition of AI-2. The induction of these genes in
the absence of luxS may reflect their ability to adapt to the
accumulation of AdoHcy, which inhibits AdoMet-dependent
DNA methyltransferases (52). We compared the proteomes of
the luxS-deficient and wild-type strains under condition in
which differential protein synthesis could be monitored to cor-
relate transcription with the resulting protein level. Two-di-
mensional gel electrophoresis revealed that accumulation of 45
proteins was affected during the mid-exponential growth phase
in the absence of luxS. These were essentially involved in pro-
tein biosynthesis or processing and in resistance to oxidative

FIG. 5. Microscopy images. A. Morphology of P. luminescens by electron microscopy. After growth in Schneider medium with 10 �M Na
borate, cells were stained with uranyl acetate. B. Light microscopy with phase contrast of expansion zones of twitching motility by slide culture
assay, obtained at the interstitial surface between glass cover and medium after 16 h of incubation at 30°C. Magnification, �40.
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stress (Table 2). Unexpectedly, the cpm operon, previously
shown to be regulated by AI-2 in P. luminescens (12), was not
found to be differentially expressed. This was due to these
genes being weakly expressed, precluding their differential
identification from the background noise.

From the expression profiling studies, we found that the
AI-2 control molecule is located high in the hierarchy of reg-
ulation, as many transcriptional regulators are regulated. The
presence of AI-2 has been detected early in the exponential
growth phase (12) and may regulate different targets depend-
ing of the state of growth. For example, the differential expres-
sion of the six genes found in both assay conditions (mid-
exponential and early stationary growth phases) increased at
the end of exponential growth, when luxS is more strongly
expressed, which is consistent with a dose-dependent AI-2-
mediated regulation.

Two signaling pathways mediated by AI-2 via two different
AI-2 membrane binding proteins have been recently character-
ized. In Vibrio harveyi, the receptor LuxP binds (2S,4S)-2-methyl-
2,3,3,4-tetrahydroxytetrahydrofuran-borate (S-THMF-borate), a
derivative of a precursor of AI-2 (4,5-dihydroxy-2,3-pentanedione
[DPD]), leading to a phosphorylation cascade via LuxP, LuxO,
LuxU, and LuxQ (1, 9). In S. enterica serovar Typhimurium, the
Lsr ABC transporter, which binds an unborated DPD derivative,
(2R,4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran (R-THMF),
a precursor of AI-2, allows the internalization of AI-2 in the
cell and its processing via enzymes encoded by lsrFG and lsrK
(with a 5 mM borate concentration partially inhibiting the AI-2
response) (41, 67, 68). These pathways appear to be mutually
exclusive. As in S. enterica serovar Typhimurium (67, 68), we
found in P. luminescens that AI-2 activated four genes (plu3141
and plu3146 to -3148) homologous to and having a conserved
synteny with lsrB, which encodes the AI-2 ABC transport bind-
ing protein, and with lsrFG and lsrK. This suggests that AI-2 is
internalized in the cell by an Lsr ABC transporter, as is found
in S. enterica serovar Typhimurium. However, we were not able
to decide whether AI-2 is used as a borated or unborated
molecule, as 100 �M borate had no effect on the wild-type
strain’s growth and bioluminescence, a process regulated by
AI-2 in P. luminescens (see below), while addition of 1 mM
borate led to a reduced bioluminescence, but in parallel with
an important decrease of growth (data not shown).

In S. enterica serovar Typhimurium, AI-2 does not seem to
regulate its own synthesis, because although metE expression is
sensitive to the presence of luxS, its level was not restored upon
the addition of AI-2 (68). By contrast, in P. luminescens, we
found that AI-2 increased its own synthesis and transport by
inducing the availability of its precursor AdoMet, with the
methionine biosynthesis pathway (metA, metB, and metE) be-
ing activated and the spermidine synthesis pathway (speD and
speE) being repressed, as well as inducing its ABC transporter
and processing enzymes (lsr operon) (Fig. 1); all these genes
were affected by the addition of exogenous AI-2. On an other
hand, AI-2 activates glutamate transport (gltI) and arginine
biosynthesis (e.g., argB and argD), suggesting that arginine and
methionine biosyntheses are coregulated. This may be con-
nected to the activation of the operon plu4568/plu4565, which
presumably encodes proteins involved in the synthesis or turn-
over of a secondary metabolite involving both methionine and
arginine.

In Vibrio, AI-2 regulates bioluminescence via the transcrip-
tion of the luxCDABE operon, which encodes the luciferase
that is necessary for light emission (26, 35). In the present
work, we showed that the bioluminescence of P. luminescens
was activated by AI-2 but not at the transcriptional level of the
luxCDABE operon. Long-chain aliphatic aldehydes (hexanal or
longer) are the limiting substrates of luciferase in P. lumi-
nescens (31, 55). Spermidine, the level of which is increased in
the absence of AI-2, has a greater reactivity than other poly-
amines towards aldehydes and decreases the level of hexanal in
vitro (46, 79), making it an excellent candidate regulator. In-
deed, we observed that the addition of spermidine decreased
the luminescence of the wild-type strain to almost that ob-
served in luxS-deficient strains with no added spermidine. We
suggest that AI-2 promotes bioluminescence through an orig-
inal pathway by reducing the spermidine level limiting the
aldehyde availability to luciferase.

It was recently shown that luciferase deficiency in Vibrio
harveyi severely impairs growth in the presence of oxidants,
suggesting that luminescence plays a physiological role in pro-
tecting against oxidative stress (66). However, AI-2 has not
been shown to be involved in oxidative stress resistance in this
organism. By contrast, luxS-deficient strains of Porphyromonas
gingivalis and Streptococcus mutans exhibited increased survival
rates in the presence of H2O2 (75, 78). In our expression
profiling studies, many proteins involved in the resistance to
oxidative stress were affected by AI-2 (e.g., Gor, SodA, IscA,
and IscU) (Table 2). A further indication of an AI-2 protective
effect can be suggested by the induction of the proteins LpdA
and AhpC, which are involved in antioxidant defense against
peroxynitrite, a strongly reactive compound generated by the
reaction of NO and superoxide (6, 38). Moreover, we found
that AI-2 repressed pathways that lead to the production of
H2O2 by repressing fumarate reductase and activating the two
subunits of succinyl coenzyme A (CoA) synthetase (40) and by
increasing the aldehyde availability to luciferase, leading to the
consumption of reduced flavin mononucleotide for light and
not H2O2 production (31). With an in vivo oxidative stress
assay, we showed that wild-type P. luminescens resists the pres-
ence of H2O2 better than its luxS-deficient counterpart. AI-2
may further control ROS protection by regulating metabolic
pathways that cause an increase in the intracellular pools of
glutamate, cysteine, and glycine, the three precursors of gluta-
thione. This may also be related to the induction of luxS and
the biosynthetic pathway of the sulfur-containing amino acids
(cysteine and methionine) that has been observed under oxi-
dative stress in Bacillus subtilis (43). In conclusion, unlike for P.
gingivalis and S. mutans, AI-2 activates the resistance to oxi-
dative stress in P. luminescens.

AI-2 has been shown to regulate flagella, motility, and bio-
film production in Streptococcus gordonii, Campylobacter jejuni,
and Escherichia coli O157:H7 (2, 19, 62). We also found that
AI-2 regulates both motility and the formation of biofilm in P.
luminescens. Indeed, a luxS-deficient strain exhibited type IV
and type V pili, leading to a twitching motility. To our knowl-
edge, this is the first time that AI-2 has been shown to repress
motility, although in a flagellum-independent manner. By con-
trast, AI-2 activates biofilm formation, possibly via the induc-
tion of the Cpx signaling pathway and MrfA fimbriae involved
in bacterial adhesion.
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This latter observation could be related to alteration of vir-
ulence, as it has been recently suggested that MrfA plays an
important role in the pathogenic process of Photorhabdus tem-
perata (39). In P. luminescens, the luxS-deficient strain exhib-
ited an attenuated and delayed pathogenicity, consistent with
the reduced virulence observed in luxS-deficient strains of
Neisseria meningitidis, Streptococcus pneumoniae, and Vibrio
vulnificus (32, 64, 77). The reduced capacity of the luxS-defi-
cient P. luminescens to make a biofilm could be involved in the
virulence decrease (61). Several other genes regulated by AI-2
could also be involved in the reduced virulence process, as
many identified gene products are located in the envelope and
numerous transporters, pili, and fimbriae are repressed by AI-2
(see Table S1 in the supplemental material). In P. luminescens,
a reduced level of outer membrane proteins is associated with
an increase in lipopolysaccharide release into the hemolymph,
a process related to hemocyte damage (17). AI-2 also activates
AceF and LpdA, two genes necessary for the full virulence of
Haemophilus influenzae (27). The decrease in resistance to
oxidative stress at mid-exponential phase growth could also
contribute to the delayed virulence of the luxS-deficient strain,
as ROS have been suggested to mediate an early step that
induces the innate immune response upon infection with gram-
negative bacteria (21, 45). Finally, many phage genes and
genes that code for bacteriocins were up-regulated by AI-2: the
former encode or transmit virulence factors in many Entero-
bacteriaceae, whereas the latter act specifically against bacteria
and could be involved in the out-competing of other microor-
ganisms after the insect host death. Finally, only one gene of
the four major loci of toxins, Tc, was affected, possibly explain-
ing why the virulence of the luxS-deficient strain was only
attenuated.
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