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The Pseudomonas aeruginosa PAO1 gene pvdQ encodes an acyl-homoserine lactone (AHL) acylase capable of
degrading N-(3-oxododecanoyl)-L-homoserine lactone by cleaving the AHL amide. PvdQ has been proven to
function as a quorum quencher in vitro in a number of phenotypic assays. To address the question of whether
PvdQ also shows quorum-quenching properties in vivo, an infection model based on the nematode Caenorhabditis
elegans was explored. In a fast-acting paralysis assay, strain PAO1(pMEpvdQ), which overproduces PvdQ, was
shown to be less virulent than the wild-type strain. More than 75% of the nematodes exposed to
PAO1(pMEpvdQ) survived and continued to grow when using this strain as a food source. Interestingly, in a
slow-killing assay monitoring the survival of the nematodes throughout a 4-day course, strain PAO1-�pvdQ
was shown to be more virulent than the wild-type strain, confirming the role of PvdQ as a virulence-reducing
agent. It was observed that larval stage 1 (L1) to L3-stage larvae benefit much more from protection by PvdQ
than L4 worms. Finally, purified PvdQ protein was added to C. elegans worms infected with wild-type PAO1,
and this resulted in reduced pathogenicity and increased the life span of the nematodes. From our observations
we can conclude that PvdQ might be a strong candidate for antibacterial therapy against Pseudomonas
infections.

Pseudomonas aeruginosa is an opportunistic gram-negative
pathogen of vertebrates and a primary pathogen of insects
(17). It mainly infects individuals who are immunocompro-
mised, such as human immunodeficiency virus-infected pa-
tients, as well as those who have cystic fibrosis. In addition,
those having disruptions in normal barriers caused by severe
burns or indwelling medical devices are at risk. Hospital-ac-
quired P. aeruginosa pneumonias and septicemias are fre-
quently lethal (2, 3). To facilitate the establishment of infec-
tion, P. aeruginosa produces an impressive array of both
cell-associated and extracellular virulence factors, such as pro-
teases and phospholipases, and also small molecules, including
rhamnolipid, phenazines, and cyanide (17). Expression of
many of the extracellular factors is cell density controlled, does
not occur until the late logarithmic phase of growth, and is
mediated through specific quorum-sensing signal molecules
(23). Two of these molecules, N-butanoyl-L-homoserine lac-
tone (C4-HSL) and N-(3-oxododecanoyl)-L-homoserine lac-
tone (3-oxo-C12-HSL), have been studied in great detail. In
our laboratory, we previously demonstrated that PA2385(pvdQ)
from P. aeruginosa PAO1 encodes an acyl-homoserine lactone
(AHL) acylase. Analysis of the gene product showed that the
posttranslational processing of the acylase as well as the hy-
drolysis reaction type are similar to those of the beta-lactam

acylases, strongly suggesting that the PvdQ protein is a mem-
ber of the N-terminal nucleophile hydrolase superfamily. The
main AHL signaling molecule of P. aeruginosa PAO1, 3-oxo-
C12-HSL, is degraded by PvdQ (16). Addition of the purified
protein to PAO1 cultures completely inhibited accumulation
of 3-oxo-C12-HSL and production of the signal molecule
2-heptyl-3-hydroxy-4(1H)-quinolone and reduced production
of the virulence factors elastase and pyocyanin. Similar results
were obtained when pvdQ was overexpressed in P. aeruginosa
(16). These results demonstrate that this protein has in situ
quorum-quenching activity. This AHL acylase may enable P.
aeruginosa PAO1 to modulate its own quorum-sensing-depen-
dent pathogenic potential and, moreover, offers possibilities
for novel antipseudomonal therapies.

To test our hypothesis that PvdQ can exert its beneficial
functions also in vivo, we chose to study its effect on the
infection of the nematode Caenorhabditis elegans. This model
has been used before in multiple pathogenicity studies of Cryp-
tococcus neoformans (13) and gram-positive (6) and gram-
negative (9, 10, 11) bacteria. Infection with P. aeruginosa strain
PA14 was found to result in fast (hours) or slow (days) killing,
depending on the growth medium used (19, 20). When Darby
and colleagues (2) used the system to study P. aeruginosa
PAO1, a lethal paralysis of the worms was observed, indicating
another mechanism by which P. aeruginosa can kill C. elegans.
It was shown that quorum-sensing-dependent hydrogen cya-
nide production on rich medium by P. aeruginosa PAO1 is the
causative agent for the fast paralysis (5). Under the same
conditions, an attenuation of paralysis by an AHL acylase from
Ralstonia sp. strain XJ12B upon expression in P. aeruginosa
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PAO1 was observed (12). Those authors performed the assays
with a mixed population of worms only and did not test for
slow killing. In this study we show that P. aeruginosa PAO1 can
also elicit a slow-killing response when grown in low-nutrient
medium. Moreover, we report that not only overexpression of
the gene from its host but also external addition of the purified
PvdQ renders P. aeruginosa PAO1 less pathogenic to C. elegans
and increases the life span of the infected animals in both slow-
and fast-killing assays. As the correlation between the bacterial
virulence factors required for pathogenesis in mammals and in
C. elegans has been shown to be very high (20), we propose that
the external addition of purified AHL acylases may be devel-
oped into a novel quorum-quenching therapy.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The plasmids and bacte-
rial strains used in this study are listed in Table 1. Bacterial cells were routinely
grown at 37°C in either Luria-Bertani (LB) medium or brain-heart infusion
(BHI) medium, as indicated for the assays, and on LB or BHI agar plates.
Expression of PvdQ was induced with 1 mM isopropyl-�-D-thiogalactopyrano-
side (IPTG) (6, 15, 16). P. aeruginosa competent cells were prepared as described
previously (1). Plasmids were maintained by addition of tetracycline (60 mg/
liter).

DNA manipulations. DNA manipulations were performed using standard
techniques (15). PCR fragments were purified by using the QIAquick PCR
purification kit (Qiagen, Valencia, CA). DNA fragments were extracted and
purified from agarose gels by using a QIAquick gel extraction kit according to the
manufacturer’s instructions. Genomic DNA from Pseudomonas strains was iso-
lated using a genomic DNA isolation kit (GenElute bacterial genomic DNA kit;
Sigma-Aldrich, St. Louis, MO). Plasmid isolation was performed using the
Nucleospin plasmid isolation kit from Macherey-Nagel (Dueren, Germany).
DNA sequencing was carried out by Macrogen (Seoul, Korea).

Caenorhabditis elegans. The C. elegans strain used in this study was the wild-
type Bristol N2 strain. Standard conditions were used for C. elegans propagation
at 23°C. Worms were synchronized by hypochlorite bleaching, hatched overnight,
and subsequently cultured on nematode growth medium (NGM) (18) plates with
Escherichia coli OP50. Stocks were maintained by transferring 1-cm2 pieces of
NGM agar with nematodes onto fresh NGM plates seeded with E. coli OP50.

Construction of PAO1(pME6032pvdQ). The construction of the PAO1(pvdQ)
strain has been previously described (16). Briefly, chromosomal DNA was iso-
lated from an overnight culture of PAO1. The open reading frame encoding the
acylase gene (nucleotides 2638805 to 2636517 [obtained from www.pseudomonas
.com]) was amplified from chromosomal DNA by PCR and cloned into the
plasmid pMcTNde under the control of the tac promoter, resulting in plasmid
pMc-pvdQ. For this, the 3 nucleotides preceding the putative start codon were
altered to create an NdeI restriction site. Subsequently, the open reading frame
was amplified from plasmid pMc-pvdQ using primers that added an EcoRI
restriction site in front of the putative start codon and a BglII restriction site after
the putative stop codon. The resulting PCR product was cloned into the P.

aeruginosa-E. coli shuttle vector pME6032 (7) by using these restriction sites,
putting the gene under the control of a tac promoter, which is repressed in the
absence of IPTG by lacIq.

Construction of the �pvdQ deletion mutant. The �pvdQ deletion mutant was
constructed as follows. The flanking regions of the target gene were amplified
from PAO1 chromosomal DNA using primer pair A (ForA, 5�-GACAAGCTT
GGTGTCGCAGAGCGAGTT-3�, containing a HindIII restriction site [under-
lined]; RevA, 5�-CATGAGACACGCGTCCCCATCGATGTCGTTTC-3�) and
primer pair B (ForB, 5�-GGGACGCGTGTCTCATGATAAGCAATGCCTAT
C-3�; RevB, 5�-CAGGAATTCGGCCATCGGTAGCA-3�, containing an EcoRI
restriction site [underlined]). Subsequently, these two fragments were joined
together in a second-round PCR using ForA and RevB primers, digested with
HindIII and EcoRI, and cloned into similarly digested pEX18-Gm (8). The
resulting plasmid, pEX18-�PA2385, was transformed into E. coli S17-1 �pir and
introduced into PAO1 cells by conjugation (8) to generate a mutant containing
an in-frame deletion of the PA2385 gene. Gentamicin-resistant, sucrose-sensitive
P. aeruginosa colonies were selected on Vogel-Bonner minimal medium plates
containing 5% sucrose (21). This deletion was confirmed by PCR of the PA2385
gene and Southern blot analysis of digested genomic DNA by using the DIG
High Prime DNA labeling and detection starter kit I (Roche) according to the
manufacturer’s instructions (data not shown).

Purification of PvdQ. A two-step purification protocol was adapted from the
one published by Sio et al. (16). Briefly, E. coli DH10B harboring the plasmid
pMCT-pvdQ was grown for 48 h at 30°C in 2xTY medium (15) supplemented
with 50 �g/ml chloramphenicol and 0.1% glycerol. Cells were harvested by
centrifugation, resuspended in ca. 3 ml of Tris-EDTA buffer (50 mM Tris-HCl,
2 mM Na-EDTA, pH 8.8)/g of wet cells, lysed by sonication, and centrifuged at
high speed to remove cell debris. Anion exchange chromatography (Q-Sepha-
rose) was used as a first purification step. The flowthrough, containing PvdQ, was
collected, adjusted to a 0.7 M final concentration of ammonium sulfate, and
purified by hydrophobic interaction chromatography using a 5-ml HiTrap phenyl
Sepharose column. PvdQ eluted at 0% ammonium sulfate with a purity of
�95%.

C. elegans slow-killing assays. Slow-killing kinetics of C. elegans by PAO1 and
its derivatives were determined by using the following procedure adapted from
Tan and Ausubel (19). Pseudomonas strains were grown overnight at 37°C in LB
broth supplemented with appropriate antibiotics and then diluted 100-fold into
fresh broth. NGM plates (59-mm diameter) were then spread with 80 �l of the
respective culture. After the plates were incubated at 37°C for 24 h and allowed
to equilibrate to room temperature for 30 min, 40 to 50 larval stage 4 (L4)
nematodes from stock plates were transferred onto the P. aeruginosa lawn. The
plates were then incubated at 24°C and scored for living and dead worms every
3 to 4 h for 7 days. For statistical purposes, a minimum of four replicates per trial
was performed. E. coli OP50 was used as a negative control to evaluate back-
ground levels of worm death. A worm was considered to be dead when it failed
to respond to plate tapping or gentle touch with a platinum wire. Worms that
died as a result of getting stuck to the wall of the plate were excluded from the
analysis. Results are presented as the percentage of living nematodes on the
killing plates compared to their survival on the E. coli OP50 control strain.

C. elegans standard paralysis assay. P. aeruginosa PAO1 and its derivatives
were grown overnight in BHI broth and then diluted 100-fold into fresh broth.
BHI agar plates (59-mm diameter) were spread with 80 �l each of the respective

TABLE 1. Strains and plasmids used in the study

Strain or plasmid Description Reference

E. coli strains
DH10B pMCT-pvdQ 16
S17-1 galU galK rpsL(Strr) endA1 nupG thi pro hsdR hsdM� recA (RP4-2Tc::Mu Km::Tn7) �pir 8

P. aeruginosa strains
PAO1 Wild type, Marseille strain
PAO1�pvdQ �pvdQ chromosomal deletion mutant derived from PAO1 This study
PAO1(pMEpvdQ) pvdQ overexpressing strain derived from PAO1 16

Plasmids
pME6032 lacIQ-Ptac expression vector; pVS1-p15A shuttle vector TetR 7
pME6032-pvdQ pvdQ in pME6032 16
pSB1075 lasR lasI� (P. aeruginosa PAO1)::luxCDABE (P. luminescens �ATCC 29999�) fusion in

pUC18 Apr, with acyl-HSL biosensor producing bioluminescence
24
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dilution and then incubated for 24 h at 37°C to form lawns of bacteria (2, 12).
Nematodes were then transferred directly from stock plates (50 worms per plate)
to the PAO1 bacterial lawns with a wire pick and incubated at 24°C. In general
the animals were examined every hour for 5 h and scored as paralyzed if they did
not move and did not respond detectably to mechanical stimulation. The per-
centage of dead worms after 4 h of incubation was calculated.

Studying capabilities of the purified protein to interfere with the virulence of
P. aeruginosa in the C. elegans model. Synchronized larvae were grown in 96-well
plates as previously described (14). When the worms reached the L4 develop-
mental stage they were screened against our PAO1 and its pvdQ knockout
mutant in the following method. The strains were grown overnight in LB and
then diluted 100-fold in fresh medium. They were then allowed to grow to an
optical density at 600 nm of 0.4, at which stage 5 �g of purified protein was added
to both PAO1 wild type and PAO1-�pvdQ. Cultures were incubated thereafter
6 h at 37°C. Fifteen L4 developmental stage worms (previously synchronized as
described above and allowed to hatch overnight in M9 buffer) were transferred
to a well of a 96-well plate and mixed with 80 �l overnight bacterial culture and
50 �l M9 buffer containing 10 mg/ml cholesterol. Each strain was tested four
times in each assay, and three independent experiments were performed. The
worms were then incubated at 20°C while shaking at 150 rpm to prevent suffo-
cation. Each well was then scored at 20-min intervals under a dissecting micro-
scope.

Detection and quantification of 3-oxo-C12-HSL levels present in the different
strains at the time of killing. A liquid assay using the conditions described above
was performed. After the completion of the assay, cell-free supernatant fractions
of PAO1, PAO1-pvdQ, PAO1(pvdQ), and PAO1 wild type, to which purified
PvdQ protein was added, were obtained in the following way. The culture
mixture from the wells was collected and centrifuged at 11,000 	 g for 10 min to
remove the worms and cell debris from cultures, thus yielding cell extracts that
were then filtered using a 0.2-�m-pore-size filter (Whatman, Dassel, Germany).
The optical density at 600 nm at this harvest point was measured. A bioassay was
then performed at 37°C by adding 100-�l samples of extracellular medium
fractions to the wells of a white 96-well plate together with 100 �l of a 1/100
dilution of an overnight culture of the biosensor strain, E. coli JM109(pSB1075)
(24), which produces light in response to long AHLs (15). All samples were
tested in triplicate in each assay. The response of the biosensor after an incu-
bation period of 4 h was analyzed with a ChemiGeniusXE imaging system
(Syngene UK) and quantified using a LumiCount microplate luminometer
(Packard Bioscience).

RESULTS

Killing of C. elegans by a diffusible toxin. Under certain
conditions PAO1 rapidly paralyzes and kills the nematode C.
elegans. This killing is mediated by hydrogen cyanide that is
under the control of both the LasR and RhlR quorum-sensing
regulators (2, 12). We performed the standard paralysis assay
under similar conditions to the ones previously described by
Darby et al. (2), with a slight modification. We chose to expose
only L4-stage and young adult worms to the P. aeruginosa
strains, as these were the developmental stages used before by
Tan et al. for the C. elegans killing assays. However, under
these conditions there were only slight differences observed
between the various PAO1 strains (Fig. 1). PAO1 and the
control strain PAO1(pME6032), as well as the pvdQ-overex-
pressing strain and the �pvdQ mutant, resulted in paralysis of
the animals after 4 h of exposure. The worms experienced a
dramatic reduction in their pharyngeal pumping rates, ceased
processes such as defecation and egg laying, and failed to
respond to mechanical stimulus within minutes after exposure.
Transferring the paralyzed worms to new plates seeded with E.
coli OP50 failed to recover them from their paralysis, thus
confirming their death. Only the quorum-sensing-negative
PAO1 �lasR �lasI mutant failed to induce paralysis under
these conditions. The latter was used as a negative control to
confirm our hypothesis that the signaling molecule 3-oxo-C12-
HSL produced by PAO1 is a key factor for the virulence of the

bacterium (Fig. 1). When following exactly the protocol previ-
ously described (12) and exposing a large number of a mixed
population of the worms to the different bacterial lawns, the
results were dramatically different (Fig. 1). We observed a
much lower rate of paralysis when PvdQ was overexpressed
compared to the wild type and the �pvdQ mutant. Overexpres-
sion led to survival of more than 75% of the worms fed on the
bacterial lawn for 4 h and allowed them to complete their life
cycle, showing unaffected locomotion, pharyngeal pumping,
and egg-laying processes. We kept monitoring the worms that
survived and followed growth rates of their progeny. A healthy
brood consisting of hundreds of progeny was produced by day
4 from an initial founding population of 50 worms, and the
entire lawn of bacteria was consumed. The second generation
seemed to be growing slightly slower than the naïve worms
initially exposed to the strain. It is very important to stress here
that from the lethal paralysis only the young larvae (L1 to L3)
were able to escape (Fig. 1). The above observations suggest
that PvdQ influences the toxicity level of P. aeruginosa PAO1
against at least L1- to L3-stage nematodes. All the L4 and
young adults, regardless of the strain that they were allowed to
feed upon, started showing sluggish locomotion, within min-
utes, and twitching movements. There was only one exception:
no matter which developmental stage we selected for, the quo-
rum-sensing-negative PAO1 �lasR �lasI mutant did not result
in nematode paralysis in any of the assays. The observations
made under standard paralytic conditions confirm our hypoth-

FIG. 1. Effects of pvdQ overexpression and deletion in P. aerugi-
nosa virulence in the C. elegans infection model under standard para-
lytic conditions. The virulence of the PAO1 wild type and �pvdQ and
pvdQ-overexpressing mutants was tested on C. elegans by screening
only L4 and young adults (black bars) and a mixed population of all
developmental stages (white bars). In both cases the PAO1 wild type,
the control strain PAO1(pME6032), and the �pvdQ mutant resulted in
rapid paralysis of the worms with almost a 100% mortality of the
population screened. More than 95% of the worms fed with E. coli
OP50 survived the 4-h exposure. The results were significantly different
for PAO1(pMEpvdQ). When only L4 larvae were used, only 20% of
the worms fed on this strain survived. However, in the mixed popula-
tion more than 75% of the nematodes survived and continued to use
this strain as a food source. This mainly included the L1 and L2
developmental stages, with a small number of L3 larvae also surviving.
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esis that PvdQ is capable of functioning as a quorum quencher
in vivo. This assay did not reveal differences in the killing of
�pvdQ and the parental PAO1. It should be noted here that all
of the strains grew at the same rate as the wild-type strain in
both media, indicating that the attenuated pathogenicity phe-
notypes observed were not simply a result of growth defects of
the mutants.

Higher-sensitivity assay to determine the killing kinetics of
the different mutants. To be able to observe any differences
between the killing kinetics of PAO1 and its �pvdQ mutant we
followed an alternative approach, using a slow-killing assay
previously described by Tan et al. (19, 20) in which the time
required for 50% of the worms to die (LT50) for PAO1 was
shown to be around 68 h. We chose to screen our mutants with
a slow-killing assay, as this method offers the advantage of a
higher sensitivity and thus the opportunity to identify strains
that are only slightly impaired in their ability to kill C. elegans.
During the first 24 h there were no significant differences
observed among any of the mutants screened. All nematodes
exposed to the different lawns showed normal behavior. How-
ever, between 48 and 72 h postexposure, the harmful effects of
the more-pathogenic strains were easily detected on the ani-
mals. We calculated the LT50 of the PAO1 wild type to be 60 h
(data not shown). More specifically, 65% of the worms fed on
the wild type were already dead at 72 h postexposure (Fig. 2),
and the remainder showed a very sluggish locomotion and

distended intestine (Fig. 3A). In addition, in most cases, the
animals became laden with eggs and embryos hatched inter-
nally, suggesting an egg-laying defect. The amount of eggs laid by
day 3 was also very limited when compared to the negative
control, E. coli OP50. The same observations were made for
PAO1(pME6032). PAO1 �pvdQ reached its LT50 significantly
faster, in 48 h. The surviving animals had a severely sick ap-
pearance and did not move unless mechanically stimulated. By
72 h of exposure, 75% mortality was found (Fig. 2), and the
dead animals had almost completely dissolved in the agar (Fig.
3B). In addition, the very few progeny that were seen in the
population of worms fed on the �pvdQ mutant eventually died
and the bacterial lawn remained intact. Different results were
obtained when overproducing PvdQ. Up until the first 48 h the
worms did not show any symptoms of disease (Fig. 3C). On the
contrary, they were moving around the plate continuously,
feeding as expected and maintaining a normal pharyngeal
pumping rate. The egg-laying process was not affected, and
hundreds of eggs were present on the agar. The larvae emerg-
ing went through their normal 15-day life cycle without expe-
riencing any complications. After 72 h postexposure, only 40%
of the worms were dead (Fig. 2) and the survivors appeared to

FIG. 2. Killing kinetics of PAO1, PAO1(pME6032), PAO1 �pvd,
PAO1(pMEpvdQ), and PAO1 �lasR �lasI. A higher-sensitivity assay
was used to study the killing rates of the different mutants. Here we
present the percentage of dead animals exposed for a period of 4 days
to the respective mutant. After 72 h of exposure to the wild-type strain,
65% of the animals died from accumulation of toxic bacteria in their
intestines. The control strain PAO1(pME6032) resulted in 61% of the
animals dying, in contrast to PAO1(pMEpvdQ), which killed only
about 40% at the same time point. Interestingly, more than 65% of the
worms survived the exposure to this strain and continued to use it as a
food source, showing a healthy growth rate with no alterations in their
behavior. The �pvdQ mutant proved to be more pathogenic than the
wild type, resulting in the death of about 76% of the population. The
quorum-sensing-negative mutant PAO1 �lasR �lasI and the E. coli
OP50 used as a background control did not exert any toxicity to the
animals.

FIG. 3. Morphological appearance of the worms exposed to the
different strains under slow-killing conditions. The morphological ap-
pearance of the worms at each of the 3 days postexposure to PAO1
wild type (A), PAO1-�pvdQ (B), PAO1(pMEpvdQ) (C), and PAO1-
�lasRlasI (D). It is very clear from these pictures that in the case of the
worms shown in both panels A and B there is progressive distension of
the gut of the animals due to the colonization of toxic bacteria. In the
case shown in panel B at day 3, the animal was already dead and
started dissolving in the agar. When PvdQ is overproduced more than
65% of the animals exposed to it remain and look healthy even at the
end of the third day (C) and continue to go through their life cycle at
a normal rate. Lastly, all of the worms exposed to the quorum-sensing-
negative strain survived and started laying eggs by day 2. After 72 h
(D) the plate was already getting crowded with more eggs and many
larvae (L1).
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continue feeding upon cells of PAO1(pMEpvdQ) as a food
source. Although overproducing the protein does not render
PAO1 nonpathogenic, it seems to delay its killing course. The
progeny of these animals was monitored up until the appear-
ance of the third-generation eggs. The animals grew normally
through each developmental stage. PAO1 �lasR �lasI, which
produces no 3-oxo-C12, showed mortality rates similar to that
of the negative control, E. coli OP50 (less than 3%), and the
animals survived throughout the duration of the assay without
any complications or any altered behavior (Fig. 2). Plates con-
taining PAO1 �lasR �lasI bacterial lawns were overcrowded
after 60 h (Fig. 3D).

Use of purified protein to attenuate the virulence of P.
aeruginosa PAO1. To test for the capabilities of purified PvdQ
to interfere with quorum sensing in our model organism, we
had to develop an assay that allowed the protein to be added
exogenously to our P. aeruginosa strains. To allow homogenous
administration of the protein, we replaced the time-consuming
multiple steps in an agar-based assay with a liquid pathogenic-
ity assay in which the steps required are reduced to a minimum.
By taking advantage of the liquid culture with the simple media
normally used for propagation of C. elegans feeding on E. coli
OP50, we were able to monitor our strains side by side by visual
inspection. Ten to 15 L4 larvae were transferred to each well of
a flat-bottom 96-well microtiter plate. The worms were sus-
pended in 50 �l of M9 buffer containing cholesterol (10 �g/
ml). To this we added 100 �l per well of our overnight bacterial
cultures and incubated the mixtures at room temperature while
shaking at 150 rpm to prevent suffocation. It was interesting to
see that even though the worms placed in the nonpathogenic
E. coli OP50 strain did survive for almost 7 days and could be
further propagated by addition of more E. coli OP50 to the
wells, the worms that were exposed to PAO1 were already
dead after 3 h (Fig. 4). To confirm that the worms were indeed
dead, we transferred them to plates seeded with E. coli OP50.
No movement or feeding was detected. PAO1 seems to be very
pathogenic under these conditions, with worms showing similar
life spans as seen in the standard paralytic assay, which has a
killing course of 4 h (Fig. 1). Once we established the toxicity
of PAO1 under these conditions, we then used this strain as a
control culture to compare its virulence with and without ad-
dition of purified PvdQ. Exogenously added PvdQ did delay
the lethal effects of PAO1 on C. elegans. After 3 h of incuba-
tion, in contrast to 100% mortality detected for PAO1, 45%
survival was measured for the worms feeding on the P. aerugi-
nosa PAO1 with purified protein added to it. The LT50 value
for the wild type was calculated to be 80 min, whereas adding
the protein resulted in an increased LT50 of 200 min (an
additional 2 h) (Fig. 4).

Quantification of 3-oxo-C12-HSL levels. As an additional
confirmation that the effects seen in these experiments are due
to the differences in the concentrations of the signaling mole-
cule 3-oxo-C12-HSL, we quantified the levels of this molecule
released in the assay medium by PAO1 with or without addi-
tion of purified PvdQ and by the PvdQ-overexpressing strain as
well as by the �pvdQ mutant. After the completion of the assay
performed in liquid, worms were removed by centrifugation
(11,000 	 g for 10 min) and the supernatant was tested against
the biosensor strain E. coli JM109(pSB1075) (24), which in the
presence of 3-oxo-C12-HSL produces light. The response of

the biosensor after incubation of 4 h with the supernatant
samples was analyzed with a ChemiGenusXE imaging system
(Syngene) and quantified using a LumiCount microplate lumi-
nometer (Packard Bioscience). Bioluminescence quantifica-
tion revealed that the �pvdQ mutant accumulated more 3-oxo-
C12-HSL than the parental strain. Addition of the protein to
the wild type resulted in a significantly lower accumulation of
3-oxo-C12-HSL (Fig. 5). The levels of 3-oxo-C12-HSL de-
tected in PAO1(pMEpvdQ) were also significantly lower than
in either the wild type or in the knockout mutant.

DISCUSSION

It has only been 10 years since the nematode C. elegans was
first suggested as and proven to be a predictive model for
studying pathogenesis in mammals (20). Since then C. elegans
has been extensively described in the literature as a model to
study host-pathogen interactions (6, 9, 10, 11, 13). There are
many reasons that make this nematode an excellent study
model for bacterial infections. It is easily propagated on petri
dishes, feeding on the slow-growing E. coli OP50 strain. The
nematode has a well-characterized genome, a small size, and a
transparent body which allows easy visualization of the internal
organs. Many gram-positive and gram-negative bacteria have
been tested for their pathogenicity against this model by simply
replacing the normal food source given to the worm (E. coli
OP50) with the pathogen of interest. For the gram-negative
bacterium P. aeruginosa, it was also established that it is patho-
genic for C. elegans. Depending on the experimental condi-
tions, P. aerginosa PA14 kills the nematodes over a period of
days (slow killing) or hours (fast killing) (19, 20). Using a
different P. aeruginosa strain (P. aeruginosa PAO1) Darby and

FIG. 4. Addition of the purified protein to the culture reduces the
pathogenicity of P. aeruginosa PAO1 in the C. elegans infection model.
Purified PvdQ was added to a PAO1 wild-type culture and incubated
at 37°C for 6 to 8 h before being used as a food source in the liquid
assay to detect any reduction or inhibition of pathogenicity. This graph
demonstrates the number of worms alive in the wells at 20-min inter-
vals when exposed to E. coli OP50 (inverted triangles), PAO1 wild type
(open circles), and PAO1 with purified protein added to it (filled
circles). When PvdQ is added to the wild type there is a slower pro-
gression of the infection, resulting in an increased LT50 of about 1.3 h
for the animals before they eventually die.
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coworkers (2) reported another mechanism by which P. aerugi-
nosa can result in the death of C. elegans. The lethal effect is
associated with a rapid neuromuscular paralysis and is caused
by the action of primarily hydrogen cyanide, whose production
requires the functionality of both the Las and the Rhl quorum-
sensing system (2). Our present study shows that P. aeruginosa
PAO1 results in paralysis of C. elegans on BHI agar and leads
to slow killing when using NGM plates. Both assays have been
used to test quorum-quenching abilities of the PvdQ AHL
acylase. In our first setup of the fast-killing assay, following the
protocol of Tan et al. (19, 20), synchronized C. elegans L4-stage
worms were used. When these worms are placed on a lawn of
the P. aeruginosa PAO1 wild-type strain, the pumping of the
pharyngeal muscles dramatically slows down and completely
ceases after some minutes. After about 4 to 5 h of exposure the
worms become completely paralyzed. The L4-stage worms re-
acted similarly when fed with PAO1(pME6032) or the �pvdQ
mutant. However, a few animals feeding on the PAO1(pMEpvdQ)
strain were rescued from the lethal paralysis, suggesting a
quorum-quenching effect resulting from the overproduction of
PvdQ. This is in line with earlier observations that, upon over-
production of the AHL acylase in liquid cultures, the concen-
tration of the signaling molecule 3-oxo-C12-HSL is strongly
reduced (16).

Following the protocol first described by Darby et al. (2) for
screening a large mixed population of the worms for the patho-
genicity of PAO1(pMEpvdQ), the results were dramatically
different (Fig. 1). Over 75% of the worms, all in early devel-
opmental stages, survived the 4 h of exposure to the lawn of
PAO1(pMEpvdQ) and were feeding upon the cells of this
strain as a food source. We conclude from our findings that the
animals that are most likely to be rescued by an overproduction
of an N-acyl-homoserine lactone acylase are the L1 to L3

larvae. This is in line with the increased survival rate (80%)
observed with an N-acyl homoserine lactone acylase, AiiD,
derived from Ralstonia sp. when expressed in P. aeruginosa
PAO1 (12). A mixed population was also used in this case,
although there was no reference as to the developmental stage
of the surviving worms (12). Since the fast-killing assay was not
sensitive enough for detecting significant differences between
PAO1 and the PAO1 �pvdQ, the slow-killing assay was used to
determine differences between the kinetics of the various
PAO1 strains. The more time required for the hermaphrodite
worms to be killed, the more eggs laid and the more progeny
produced, resulting in an increased population of young larvae
that are more resistant to infection by P. aeruginosa. Indeed,
the slow-killing assay was found to show an increased sensitiv-
ity and allowed differentiation among strains that are only
slightly impaired in their ability to kill C. elegans. About 35% of
the nematode population fed on the wild type survived, as
opposed to the 60% survival detected for the nematode pop-
ulation that fed on the PAO1(pMEpvdQ) strain. The patho-
genic effects of PAO1 �pvdQ were more pronounced, with
only 15% of the nematode population surviving. In addition,
the onset of the killing could be seen 24 h earlier. The slow-
killing assay as well as the fast-killing assay on the mixed
population of nematodes prove that PvdQ overproduction re-
duces virulence of P. aeruginosa PAO1. Deletion of the gene
results in a mutant with an increased virulence in the slow-
killing assay.

We believe that degradation of 3-oxo-C12-HSL is the major
factor that results in the reduced virulence of P. aeruginosa
PAO1. This was demonstrated by quantifying the levels of
3-oxo-C12-HSL present in all the strains, and indeed, the
PAO1 wild type accumulated more 3-oxo-C12-HSL than PAO1
(pMEpvdQ) but less than PAO1 �pvdQ. This was also con-
firmed by the results obtained with the quorum-sensing-nega-
tive strain (PAO1 �lasR �lasI), which is incapable of produc-
ing any 3-oxo-C12-HSL (Fig. 5) and also lacks the receptor to
which this molecule binds. PAO1 �lasR �lasI failed to cause
any infection-like symptoms in the worms in all the assays
performed for this project.

To further test for the capabilities of purified PvdQ protein
to interfere with quorum sensing in our model organism, we
designed an assay that allowed the protein to be added exog-
enously to our P. aeruginosa strains. To avoid potential desta-
bilization of the protein during the time-consuming incubation
steps required for the agar assays, we developed a liquid cul-
ture in which the steps required to perform the assay were
reduced to a minimum. This assay showed a high correlation
with the fast-killing assay and under these conditions the LT50

value for PAO1 was calculated to be 80 min, whereas external
addition of the protein to the parental strain resulted in an
increased LT50 of 200 min.

External addition of the purified protein to PAO1 also re-
sulted in lower 3-oxo-C12-HSL levels. We can therefore con-
clude that our enzyme can act as a quorum quencher in vivo in
an infection model such as the C. elegans model. Quorum-
quenching effects result from both overexpressing the gene and
from externally adding the purified protein.

Even though either overexpressing the gene in its host or
externally adding the purified protein to P. aeruginosa PAO1
results in attenuated toxicity and a delay in the onset of infec-

FIG. 5. Quantification of 3-oxo-C12-HSL. Cell extracts taken at the
end of the liquid assay were analyzed using the biosensor strain
pSB1075. Light produced in response to 3-oxo-C12-HSL was quanti-
fied. All values are the means from at least three independent exper-
iments, with standard errors shown. Higher levels of 3-oxo-C12-HSL
were detected in PAO1 �pvdQ compared to the PAO1 wild type. Both
overexpression of the protein (IPTG induced) and external addition of
the purified protein resulted in reduced 3-oxo-C12-HSL levels, corre-
lating to the better survival of the worms under these conditions.
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tion, the infection itself cannot be completely prevented. We
believe that this is due to remaining amounts of 3-oxo-C12-
HSL, as illustrated in Fig. 5. Since PvdQ is a periplasmic
protein, it cannot access and degrade all the 3-oxo-C12-HSL
molecules present; the latter will eventually accumulate to the
threshold levels required to turn on quorum sensing. However,
this will happen with a delay in time. We strongly believe that
the PvdQ protein shows a high potential to be administered as
an antibiotic, since external addition of the protein resulted in
an increased life span of the nematodes by reducing the viru-
lence of the bacterium. Delaying the onset of the infection is
not as effective as preventing the onset altogether, but it gives
a chance to the infected organism to clear the pathogen before
the latter starts to become too toxic to its host. It will be very
interesting to test whether these effects also take place in a
mammalian organism, such as mice, and to detect whether the
protein can be delivered as an antibiotic to help cure Pseudo-
monas infections or can be used in a combination therapy in
parallel with other medicines. The pulmonary delivery (4, 22)
of stabilized acylase together with colistin is a challenging
experiment that may be taken up in the near future.
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