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Pseudomonas entomophila is an entomopathogenic bacterium that is able to infect and kill Drosophila
melanogaster upon ingestion. Its genome sequence suggests that it is a versatile soil bacterium closely related
to Pseudomonas putida. The GacS/GacA two-component system plays a key role in P. entomophila pathogenicity,
controlling many putative virulence factors and AprA, a secreted protease important to escape the fly immune
response. P. entomophila secretes a strong diffusible hemolytic activity. Here, we showed that this activity is
linked to the production of a new cyclic lipopeptide containing 14 amino acids and a 3-C10OH fatty acid that
we called entolysin. Three nonribosomal peptide synthetases (EtlA, EtlB, EtlC) were identified as responsible
for entolysin biosynthesis. Two additional components (EtlR, MacAB) are necessary for its production and
secretion. The P. entomophila GacS/GacA two-component system regulates entolysin production, and we
demonstrated that its functioning requires two small RNAs and two RsmA-like proteins. Finally, entolysin is
required for swarming motility, as described for other lipopeptides, but it does not participate in the virulence
of P. entomophila for Drosophila. While investigating the physiological role of entolysin, we also uncovered new
phenotypes associated with P. entomophila, including strong biocontrol abilities.

Pseudomonas entomophila is a recently isolated Pseudomo-
nas species that is closely related to the saprophytic soil bac-
terium Pseudomonas putida. It was initially characterized as a
natural pathogen of Drosophila (63). Indeed, P. entomophila
was first isolated from flies sampled in Guadeloupe, and it is
highly pathogenic for Drosophila larvae and adults. P. ento-
mophila can also effectively kill members of other insect orders
(e.g., Bombyx mori, Anopheles gambiae), which makes it a new
entomopathogenic bacterium. Its ability to infect and kill Dro-
sophila melanogaster very efficiently after ingestion makes it an
appropriate model for the study of host-pathogen interactions
(38, 62, 63).

In order to unravel features contributing to the entomopatho-
genic properties of P. entomophila, its genome was sequenced.
The results suggest that this strain is a ubiquitous, metaboli-
cally versatile bacterium that may colonize diverse habitats,
including soil, rhizosphere, and aquatic systems, as shown for
P. putida KT2440 (62). However, in contrast to the P. putida
genome, the P. entomophila genome contains many genes that

are predicted to be important for virulence toward insects.
Notably, P. entomophila could secrete many degradative en-
zymes (proteases and lipases), putative toxins, and secondary
metabolites (62). Similar factors have been shown to play a key
role in the virulence of other entomopathogenic bacteria like
Photorhabdus and Xenorhabdus sp. (27, 29).

Insertional mutagenesis allowed the identification of several
P. entomophila genes required to infect and/or kill Drosophila.
This analysis demonstrated that P. entomophila virulence is
under the control of the GacS/GacA two-component system
(62, 63), a global regulatory system which is known to control
secondary metabolite production, protein secretion, and
pathogenic abilities in gammaproteobacteria (37, 65). Another
study indicates that P. entomophila can counteract the Dro-
sophila gut immune response as a result of the secretion of an
abundant protease, AprA, which degrades antimicrobial pep-
tides produced by gut epithelia and thereby promotes bacterial
persistence (38). However, an AprA-deficient mutant remains
virulent to some extent, indicating that P. entomophila viru-
lence is multifactorial, AprA being one virulence factor among
others.

The secretion of virulence factors is a common mechanism
employed by pathogens to compromise host defenses. Several
entomopathogenic bacteria (e.g., Photorhabdus luminescens)
secrete toxins that allow them to impair host function (8). The
starting point of this study was the observation that, in contrast
to several other Pseudomonas strains, P. entomophila secretes
a strong diffusible hemolytic activity (which is also controlled
by the Gac system). This raises the possibility of a link between
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this hemolytic activity and the pathogenicity of P. entomophila
for Drosophila. Indeed, bacterial hemolysins are exotoxins that
attack blood cell membranes and cause cell rupture by poorly
defined mechanisms. It was conceivable that this hemolytic
activity could be a readout for the ability of P. entomophila to
damage the epithelial cells of the Drosophila gut, which plays a
crucial role in its virulence (10, 33, 63).

In this study, the P. entomophila hemolytic factor was iden-
tified as a cyclic lipopeptide (CLP) whose structure was eluci-
dated. CLPs are versatile molecules with antimicrobial, cyto-
toxic, and surfactant properties that are produced by members
of the genera Bacillus, Serratia, Burkholderia, and Pseudomo-
nas (31, 41, 43, 50). They are produced by a ribosome-inde-
pendent mechanism that utilizes multifunctional enzymes called
nonribosomal peptide synthetases (NRPSs) (42, 59). These
NRPSs are composed of repeated amino acid activation mod-
ules containing domains for condensation, aminoacyl adenyl-
ation, and thiolation. Modules are responsible for activation
and incorporation of amino acids into the growing peptide. A
large number of prokaryotic and some eukaryotic organisms
synthesize peptide metabolites via this nonribosomal mecha-
nism of biosynthesis (42, 47).

Several genes involved in P. entomophila lipopeptide pro-
duction were identified, three of them encoding NRPSs. The
physiological role of this lipopeptide was also investigated, and
it does not seem to play a role in the process of virulence
towards Drosophila and Dictyostelium or in the P. entomophila
biocontrol activity that was uncovered by this study. This sug-
gests that the lifestyle of this newly identified bacterium is
probably quite versatile and that lipopeptide production could
be required only under specific circumstances.

MATERIALS AND METHODS

Bacterial strains and culture conditions. All of the bacterial strains used in
this study are listed in Table 1. Escherichia coli DH5� (Invitrogen) was used as

the recipient strain for all plasmid constructs, and E. coli strain S17.1 (58) was
used to conjugate plasmids into P. entomophila. P. entomophila was grown in LB
for all experiments, except for swarming motility assays. When E. coli was grown,
antibiotics were used, when necessary, at the following concentrations: G418, 25
�g/ml; tetracycline, 5 �g/ml. When P. entomophila was grown, antibiotics were
used, when necessary, at the following concentrations: gentamicin, 50 �g/ml for
liquid cultures and 150 �g/ml for solid medium; tetracycline, 40 �g/ml; rifampin,
30 �g/ml.

Construction of strains and plasmids. Deletion constructs for the gacA, rsmY,
rsmZ, rsmA1, rsmA2, and rsmA3 genes were generated by amplifying flanking
regions by PCR and then splicing the flanking regions together by overlap
extension PCR. The deletions were in frame and contained the linker sequences
5�-GGTACC-5� (gacA), 5�-AAGCTT-3� (rsmY, rsmZ, rsmA1, rsmA2), and 5�-G
AATTC-3� (rsmA3). The resulting PCR products were then cloned into plasmid
pEXG2 (51), yielding plasmids pEX�gacA, pEX�rsmY, pEX�rsmZ, pEX�rsmA1,
pEX�rsmA2, and pEX�rsmA3. These plasmids were then used to create strains
�gacA, �Y, �Z, �YZ, �YZ �A1, �YZ �A2, �YZ �A3, �YZ �A1 �A2, �YZ
�A1 �A3, �YZ �A2 �A3, and �YZ �A1 �A2 �A3, containing in-frame dele-
tions of the gacA, rsmY, rsmZ, rsmA1, rsmA2, and rsmA3 genes, by allelic ex-
change. Deletions were confirmed by PCR.

Insertion constructs for the pseen3332, pseen3045, pseen3044, pseen3046,
pseen4043, and pseen3335 genes were generated by cloning an internal 500- to
800-bp fragment into the pINT nonreplicative plasmid (Arne Rietsch, unpub-
lished work), generating plasmids pINT3332, pINT3045, pINT3044, pINT3043,
pINT3046, and pINT3335. These constructs were then used to create strains
IM3332, IM3045, IM3044, IM3043, IM3046, and IM3335 by homologous recom-
bination.

The pseen3045-lacZ translational reporter fusion was constructed according to
reference 60. A 499-bp fragment upstream of the pseen3045 gene was cloned into
the pSS231 plasmid in such a way that the ATG of the pseen3045 gene was fused
in frame to the 10th codon of the lacZ gene. The EcoRI/AatII fragment was then
subcloned into plasmid Mini CTX lacZ (30) for the purpose of antibiotic com-
patibility, generating plasmid Mini CTX F3045-lacZ. This plasmid was then
conjugated into the wild-type strain and the �YZ mutant, creating strains Pe
F3045-lacZ and �YZ F3045-lacZ by homologous recombination. These strains
carry both the promoter fusion and the wild-type copy of the pseen3045 gene.

The plasmids were made by cloning PCR-amplified DNA fragments contain-
ing each of the rsmY, rsmZ, rsmA1, rsmA2, and rsmA3 genes from P. entomophila
into the pPSV35 vector (51), generating plasmids pPSVrsmY, pPSVrsmZ,
pPSVrsmA1, pPSVrsmA2, and pPSVrsmA3. The sequences of all of the primers
used are available upon request.

TABLE 1. Bacterial strains used in this study

Strain Relevant characteristic(s) Reference
or source

Pseudomonas entomophila
Pe Wild type 63
�gacA gacA deletion mutant This study
IM3332 pseen3332 (etlA) insertion mutant, Gmr This study
IM3045 pseen3045 (etlB) insertion mutant, Gmr This study
IM3044 pseen3044 (etlC) insertion mutant, Gmr This study
IM3043 pseen3043 (macA) insertion mutant, Gmr This study
IM3046 pseen3046 insertion mutant, Gmr This study
IM3335 pseen3335 insertion mutant, Gmr This study
�Y rsmY deletion mutant This study
�Z rsmZ deletion mutant This study
�YZ rsmY rsmZ deletion mutant This study
�YZ �A1 rsmY rsmZ rsmA1 (pseen3843) deletion mutant This study
�YZ �A2 rsmY rsmZ rsmA2 (pseen2282) deletion mutant This study
�YZ �A3 rsmY rsmZ rsmA3 (pseen1464) deletion mutant This study
�YZ �A1 �A2 rsmY rsmZ rsmA1 rsmA2 deletion mutant This study
�YZ �A1 �A3 rsmY rsmZ rsmA1 rsmA3 deletion mutant This study
�YZ �A2 �A3 rsmY rsmZ rsmA2 rsmA3 deletion mutant This study
�YZ �A1 �A2 �A3 rsmY rsmZ rsmA1 rsmA2 rsmA3 deletion mutant This study
Pe F3045-lacZ Pe containing chromosomal translational pseen3045-lacZ reporter This study
�YZ F3045-lacZ �YZ mutant containing chromosomal translational pseen3045-lacZ reporter This study

Pseudomonas fluorescens CHA0 Wild type 59a
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Bacterial mutagenesis. Random mutagenesis was performed by biparental
mating using P. entomophila and Escherichia coli S17.1-�pir (46) carrying the
pUT-Tn5-Tc suicide plasmid as previously described (19).

Lipopeptide extraction and HPLC separation. Lipopeptide was isolated by
liquid-liquid extraction of bacterial culture supernatants, followed by C18 re-
verse-phase high-performance liquid chromatography (HPLC) separation. Some
10 ml of bacterial culture supernatants was extracted twice with the same volume
of ethyl acetate. The extracts were pooled, washed once with the same volume of
water, dried, and then taken to a volume of methanol 10 times smaller than the
initial bacterial supernatant volume.

Crude extracts obtained from 5 to 10 ml of culture supernatant were dried,
taken to 100 �l of eluent A (acetonitrile/water 6:4 [vol/vol], 0.1% trifluoroacetic
acid [TFA]), and loaded onto a C18 Hypersil octyldecyl silane column (3 �m, 250
by 4.6 mm; Thermo Fisher Scientific). An acetonitrile/isopropanol mixture (6:4,
vol/vol) containing 0.1% TFA was used as eluent B. Elution was performed at a
flow rate of 0.6 ml/min with a linear gradient starting at 100/0 (eluent A/eluent
B), which subsequently changed to 20/80 in 80 min. The compounds were de-
tected at 206 nm. Fractions corresponding to chromatogram peaks were col-
lected manually and dried under vacuum.

Lipopeptide overall chemical composition analysis. Amino acid analysis of the
HPLC-separated lipopeptide fractions was performed with a Hitachi L-8800
amino acid analyzer equipped with a 2620MSC-PS column (ScienceTec, Les
Ulis, France) after hydrolysis of dried HPLC fractions in 6 M HCl (16 h, 95°C).
The elution protocol recommended by the manufacturer for the separation of
amino acids was used.

Fatty acid analysis was performed by gas chromatography after hydrolysis of
dried HPLC fractions in 4 M HCl (2 h, 100°C), fatty acid extraction with ethyl
acetate, and esterification (dry methanol/acetyl chloride, 6 h, 85°C). The HP 5890
gas chromatograph used was equipped with an SGE 25QC3/BP10 0.5 capillary
column, and a temperature gradient of 130 to 240°C, 2°C/min, was used. The
identity of fatty acid isolated from the HPLC fractions was deduced by compar-
ison of its retention time with reference samples (methyl esters of 2-OH and
3-OH C10 to C16 fatty acids, as well as nonhydroxylated C10, C12, C14, and C16

fatty acids).
Matrix-assisted laser desorption ionization (MALDI) mass spectrometry

(MS) and tandem MS (MS/MS) analysis. MALDI MS analysis of crude extracts
and lipopeptide HPLC fractions was performed using a Perseptive Voyager STR
(PE Biosystems) time-of-flight (TOF) mass spectrometer equipped with an N2

laser (337 nm). Aliquots (0.5 to 2 �l) of the samples were deposited onto the
plate, covered with 0.5 to 1 �l of matrix solution (2,5-dihydroxybenzoic acid in
methanol at 10 �g/�l), and dried. Different sample-to-matrix ratios were tested
to obtain the best spectra. Samples containing trace lipopeptide quantities (ex-
tracts from attenuated mutants and minor HPLC fractions) were preconcen-
trated (5 to 10 times) before deposition. The analysis of positive and negative
ions was performed in the reflectron mode.

MALDI MS/MS analysis of major lipopeptide HPLC fractions was performed
by MALDI-TOF-TOF (4700 Proteomics analyzer; Applied Biosystems) using an
NdYag laser (355 nm, 200 Hz) and a collision energy of 1 keV (gas, N2 at 5 �
10�7 torr). The analyses were performed on both native (cyclic) and open-ring
(linear) lipopeptide forms. The lactone cycle was opened by treatment with a
28% ammonium solution at 40°C for 2 h. �-Cyano-4-hydroxycinnamic acid was
used as a matrix, and an acetonitrile/water mixture (1:1, vol/vol) containing 0.1%
TFA was used as a solvent for both the samples and the matrix. Fragmentation
spectra of positive protonated precursor ions were recorded.

Bioinformatic analysis. The amino acid sequences of the NRPSs involved in
putisolvin biosynthesis were compared and analyzed with NRPS-PKS web-based
software (http://www.nii.res.in/nrps-pks.html) (3).

Phylogenetic analyses were performed using the Mobyle portal (http://mobyle
.pasteur.fr/). Multiple alignments were performed using the clustalw-multalign
program. Alignment files were then visualized using the Boxshade program or
analyzed using the Quicktree program. Phylogenetic trees were visualized using
the Drawtree program.

Surfactant production assay. To test culture supernatants for biosurfactant
activity, overnight cultures were used. After the addition of 5% methylene blue
(which is useful for photography but has no influence on droplet surface tension),
20 �l was pipetted as a droplet onto Parafilm. The spreading of the droplet on
the Parafilm was observed, the droplet was allowed to dry, and the diameter of
the dried droplet was recorded. Measurements of this diameter are in millime-
ters and represent means of at least five experiments.

Swarming motility assay. In order to test swarming motility on agar medium,
single colonies were spot inoculated onto twofold-diluted M63 minimal medium
(45) containing 0.5 mM MgSO4, 0.1% glucose, and 0.25% Casamino Acids and
solidified with 0.5% agar. Plates were incubated at 30°C for 24 h.

�-Galactosidase activity. Cells were grown at 30°C in LB medium supple-
mented as needed with gentamicin (25 �g/ml) and isopropyl-�-D-thiogalacto-
pyranoside (IPTG) at the concentration indicated. Cells were permeabilized with
sodium dodecyl sulfate and CHCl3 and assayed for �-galactosidase activity as
described previously (22). Assays were performed at least three times in triplicate
on separate occasions. Representative data sets are shown below. The values are
averages based on one experiment.

Assay of virulence for Drosophila melanogaster. Oregonr flies were used as the
standard wild-type strain. relishE20 is a recessive mutation that blocks the Imd
pathway (28). Drosophila stocks were maintained at 25°C.

Bacterial cultures were pelleted by centrifugation after 24 h of growth, and
pellet optical densities at 600 nm were adjusted to 100. A 120-�l sample of the
pellet was added to a Whatman paper filter disk that completely covered the agar
surface at the bottom of a standard fly culture vial. Thirty 4- to 8-day-old adult
female flies were starved for 3 h at 29°C in empty vials prior transfer into these
bacterium-containing vials, which were subsequently incubated at 29°C. The flies
were monitored for death over 4 days. Virulence assays were performed at least
three times in triplicate on separate occasions. Representative data sets are
shown. The values are averages based on one experiment.

Assay of virulence for Dictyostelium discoideum. Virulence assays were per-
formed essentially as previously described (1, 12, 26). Briefly, 50 �l of an over-
night culture of P. entomophila was deposited into an individual well of a 24-well
plate containing 2 ml of SM-Agar (peptone at 10 g/liter, yeast extract at 1 g/liter,
KH2PO4 at 2.2 g/liter, K2HPO4 at 1 g/liter, MgSO4 � 7H2O at 1 g/liter, agar at
20 g/liter) and dried. A 5-�l droplet containing 100 Dictyostelium cells was then
added to the middle of the well, and the cells were allowed to grow for 6 days at
21°C. Robust growth of Dictyostelium was seen on gacA mutant cells, indicating
that this strain has lost its virulence. No growth was observed on wild-type P.
entomophila or entolysin-deficient mutants, indicating that these mutants are still
virulent.

Biocontrol assay. Cucumber root rot biocontrol assays were carried out es-
sentially as described previously (4). Briefly, 200-ml Erlenmeyer flasks were
partially filled with 60 g of a natural sandy loam soil. When appropriate, the soil
was infested with 2.5 g/kg of a 5-day-old millet seed inoculum of Pythium ulti-
mum. Three sterilely grown 4-day-old cucumber (Cucumis sativus cv. Chinese
Snake) seedlings were then placed in each flask. Pseudomonas strains were added
to soil as a suspension (5 ml per flask) of cells washed twice in sterile distilled
water to give 1 � 107 CFU/g of soil. Control flasks received the same amount of
sterile water. The microcosms were incubated in a growth chamber containing
80% relative humidity at 22°C with light (200 �mol s�1 m�2; 1.37 ratio of 660-nm
light to 730-nm light) for 16 h, followed by an 8-h dark period at 15°C. After 7
days of incubation, the number of surviving plants was recorded. Plants were
then removed from the flasks, washed, briefly dried with paper towels, and
weighed.

RESULTS

Identification of mutants deficient for hemolytic activity.
P. entomophila secretes a strong diffusible hemolytic activity
that can be easily detected as a large lysis zone on blood plates
(see Fig. 2A and reference 62). In order to identify factors
responsible for the hemolytic activity of P. entomophila, we
generated a Tn5-derived library of mutants that were individ-
ually screened for the ability to produce a lysis zone on blood
plates. We isolated 3 clones (out of 500) that were deficient for
hemolytic activity.

Subsequent cloning and sequencing of the region flanking
the transposon revealed that it was integrated into different
genes of the three hemolysin-deficient mutants. One mutant
was a gacA mutant. GacA is the response regulator of the
GacS/GacA two-component system that controls P. ento-
mophila virulence, and it was already known that P. ento-
mophila gac mutants are defective in the secretion of protease
and hemolysin (62). The other two mutants were affected in
the gene pseen3045 and the gene pseen3042, encoding an
NRPS and an ABC transporter component, respectively (Fig.
1). A BLAST analysis showed that the pseen3045 gene product
is 62% identical and 72% similar (across 88% of the protein)
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to PsoB, an NRPS involved in putisolvin biosynthesis. Puti-
solvins are CLPs produced by Pseudomonas putida whose pro-
duction requires three NRPS proteins encoded by the psoA,
psoB, and psoC genes (23). Analogs of these genes, pseen3332,
pseen3045 (which was previously identified as involved in he-
molysin production), and pseen3044, respectively, were found
in the P. entomophila genome. In order to determine the con-
tribution of these genes to the hemolytic activity of P. ento-
mophila, insertion mutants were constructed using single ho-
mologous recombination, resulting in strains IM3332, IM3045,
and IM3044 (inactivated for the genes pseen3332, pseen3045,
and pseen3044, respectively). These strains were tested on
blood plates, which revealed that they were indeed deprived of
hemolytic activity (Fig. 2A).

Surfactant production by P. entomophila and its involvement
in swarming motility. CLPs are versatile surface-active mole-
cules composed of a fatty acid tail linked to a short oligopep-
tide which is cyclized to form a lactone ring between two amino
acids in the peptide chain. In order to investigate CLP produc-
tion by P. entomophila, we used the so-called “drop-collapsing
assay” (see Materials and Methods), which consists of looking
at the shape of a culture supernatant droplet on Parafilm.
When no surfactant is produced, the droplet stays round, but
when surfactant is present in the spent medium, the droplet
flattens out. Figure 2B shows that P. entomophila produces a
molecule able to strongly decrease the surface tension of the
culture medium. This molecule is not produced by the gacA
mutant or by the IM3332, IM3045, and IM3044 mutants (Fig.
2B and C), which indicates that the hemolytic activity of P.
entomophila is linked to surfactant production.

Surfactant production is known to be linked to swarming
motility (7, 14, 21, 34). The swarming motility of P. ento-
mophila was thus tested (see Materials and Methods) and
compared to the motility of the gacA mutant and the IM3044
mutant (Fig. 2D). In contrast to what is observed with the
wild-type strain, both of these mutants are unable to swarm on
minimal medium plates, which indicates that P. entomophila
lipopeptide seems to be involved in swarming motility, as are
the other lipopeptides produced by Pseudomonas species (50).

Lipopeptide isolation. In order to purify and isolate the putative
lipopeptide produced by P. entomophila, culture supernatants of the
P. entomophila wild-type strain (Pe), the gacA mutant (�gacA), and
the IM3044 strain were subjected to ethyl acetate extraction and the
crude extracts were fractionated by reversed-phase HPLC using a
C18 column as described in Materials and Methods.

FIG. 1. Schematic representation of the entolysin biosynthesis gene clusters and surrounding open reading frames in the P. entomophila
genome. Below the genes is the module and domain organization of EtlA, EtlB, and EtlC. Predicted amino acid specificity is indicated below each
module. All amino acids are identified by standard three-letter biochemical notation, with D and L referring to their stereochemistry.

FIG. 2. Hemolytic activity, biosurfactant production, and swarming
motility of wild-type P. entomophila and mutants affected in different
genes of the entolysin biosynthesis gene clusters. (A) Hemolytic activ-
ity as visualized on blood plates. Single colonies were patched onto
sheep blood plates and allowed to grow for 24 h at 30°C. (B) Biosur-
factant activity was visualized by the drop-collapsing assay, in which
20-�l droplets of each culture supernatant were deposited onto a
hydrophobic (Parafilm) substrate. Bromophenol blue was added to
stain the supernatants for photographic purposes and had no influence
on the shape of the droplets. (C) After drying, the size (in millimeters)
of each supernatant droplet was measured. Each value is the mean of
five experiments. (D) Swarming motility was measured on minimal
medium plates containing 0.5% agar. Plates were inoculated with a
toothpick, and bacteria were allowed to grow for 24 h at 30°C. (E) He-
molytic activity of purified entolysins A and B. Five microliters of
concentrated products was deposited onto a blood plate, and activity
was allowed to develop for 24 h. (F) Surface tension activity of purified
entolysins A and B. Two microliters of concentrated product was
added to 20 �l of water, which was deposited onto Parafilm.
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Chromatograms obtained through sample analysis are pre-
sented in Fig. 3. Two major peaks observed in the wild-type P.
entomophila chromatogram at retention times of 57.5 and 62.5
min (Fig. 3A) were totally absent from the chromatogram
obtained with strain IM3044 (Fig. 3B). Comparison with the
gacA mutant chromatogram shows that these peaks, together
with some other peaks, are also lacking (Fig. 3C). This corre-
lates with the fact that the Gac system is known to be involved
in global secondary metabolite regulation in other Pseudomo-
nas species (37).

HPLC fractions corresponding to each of the two major
peaks (Fig. 3A) were collected and analyzed using MALDI MS
in the positive and negative ion modes. Both fractions gave rise
to molecular ions with the same m/z values in the positive ion
mode [M 	 H]	 at m/z 
 1,721 and in the negative ion mode
[M � H]� at m/z 
 1,719, suggesting that these two fractions

probably contain isoforms of the same product. We thus pos-
tulated that this product is a CLP produced by P. entomophila
and linked to its hemolytic activity. This lipopeptide was
named entolysin, and its putative isoforms were named ento-
lysin A and entolysin B.

HPLC fractions containing these isoforms were dried, and
entolysins A and B were dissolved in methanol in order to test
their biological activity. Both entolysins A and B are able to
decrease surface tension and to lyse blood cells, as illustrated
in Fig. 2E and F.

Lipopeptide structural characterization. HPLC fractions
containing the two putative isoforms entolysin A and entolysin
B were first subjected to amino acid and fatty acid analyses as
described in Materials and Methods. Similar results were ob-
tained. The amino acid analysis demonstrated that Ser, Gln/
Glu, Val, Ile, and Leu residues are present in both fractions in

FIG. 3. HPLC analysis of the surface active compound(s) of P. entomophila. C18 reverse-phase HPLC profiles of ethyl acetate extracts derived
from 6 ml of culture supernatants of wild-type P. entomophila (A), hemolysin-deficient mutant IM3045 (B), and a gacA mutant (C). Chromato-
grams were obtained through sample analysis at a wavelength of 206 nm. The two main peaks represent entolysin isoforms A and B. AU, arbitrary
units.
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a molar ratio of approximately 2:4:2.2:1:3.5 (see Table S1 in
the supplemental material). Gas chromatography of methyl
esters of fatty acids isolated from entolysin A and entolysin B
by acid hydrolysis revealed the presence of a 3-C10OH fatty
acid in both of them. This fatty acid was identified by compar-
ison of its retention time with external standards by gas chro-
matographic analysis.

MALDI MS/MS analysis of entolysin A and entolysin B was
performed before and after ammonium hydroxide treatment.
After treatment, the major ions were observed in the mass
spectra at 17 U higher than before, i.e., at m/z 
 1,738. This
mass increase corresponds to the opening of the lactone ring,
present in many other lipopeptides, by the addition of ammo-
nia across the ester bond (36, 50). Collision-induced dissocia-
tion (CID) MS/MS spectra of the [M 	 H]	 precursor ions
from native (cyclic) and open-ring (linear) samples were again
found to be almost identical for entolysin A and entolysin B.
Fragmentation spectra obtained for cyclic and open-ring ento-
lysin A are presented in Fig. 4A and B. In both spectra, b and
y sequence ions were observed. As expected, the C-terminal
region of the untreated lipopeptide failed to yield fragment
ions (Fig. 4A) because of the cycling between the C terminus

and one of the Ser residues. Only the linear part of the struc-
ture including the fatty acid linked to the N terminus and the
first eight amino acid residues was covered by the fragmenta-
tion. The linear, open-ring lipopeptide yielded fragment ions
covering the complete sequence (Fig. 4B). Comparison of the
cyclic and open-ring forms showed that fragmentation of the
cyclic form ceased right before the Ser residue at position 10,
suggesting that this residue was involved in cycling with the
C-terminal Leu/Ile. Under these experimental conditions, no
ions of the w series were observed, making discrimination be-
tween Leu and Ile impossible. Taken together, these data sug-
gested the entolysin structure presented in Fig. 4C. It was not
possible to establish a structural difference between entolysin
A and entolysin B; this will be the subject of a further study.
However, amino acid analysis showed the presence of one
isoleucine and four leucine residues, whose positions were not
determined. This observation suggests that these isoforms
could differ in the positioning of the isoleucine residue, as
observed earlier for viscosin and massetolide L synthesized by
P. fluorescens SS101 (15).

Genetic analysis of the entolysin synthetases. The genes
involved in entolysin synthesis were renamed etlA, etlB, and

FIG. 4. CID tandem mass spectra and fragmentation schemes of the cyclic form of entolysin A (the m/z 1,721 species) (A) and the open-ring
form (m/z 1,738 [1,721 	 17] species) (B). (C) Proposed structure of entolysin, based on MALDI MS/MS, fatty acid, and amino acid analyses. Ser,
serine; Glu, glutamic acid; Gln, glutamine; Val, valine; Xle, isoleucine or leucine.
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etlC, corresponding to the genes pseen3332, pseen3045, and
pseen3044, respectively (Fig. 1). These three genes encode
NRPSs. Analysis of the deduced amino acid sequences re-
vealed that EtlA, EtlB, and EtlC comprise two, eight, and four
modules, respectively, which corresponds to the number of
amino acid residues found in entolysin. These modules are
composed of a condensation domain, an adenylation domain,
and a thiolation domain. Two additional thioesterization do-
mains are found at the end of EtlC.

Using NRPS-PKS web-based software (see Materials and
Methods), the primary structures of the 14 adenylation do-
mains were analyzed. The signature sequence consists of 10
selectivity-conferring amino acid residues embedded in the
substrate-binding pocket. For the predicted selectivity of the 14
A domains of EtlA, EtlB, and EtlC, see Table S2 in the supplemental
material. These prediction results correlate well with the pro-
posed entolysin structure, but they give no information about
the putative position of the isoleucine residue. A phylogenetic
analysis of the amino acid sequences of A domains identified in
NRPSs involved in lipopeptide synthesis in different Pseudo-
monas species was also performed (see Fig. S1 in the supple-
mental material). Clustering of A domains with the same
specificity suggests that the isoleucine residue could be pref-
erentially assembled by the last domain (EtlC A14).

In order to gain insight into the stereochemistry of the as-
sembled amino acids, a phylogenetic analysis of the amino acid
sequences of C domains was also performed. It is known that
dual condensation/epimerization (C/E) domains could be re-
sponsible for incorporating D residues into several Pseudomonas-
produced lipopeptides (5). These dual domains are known to
cluster together (5, 15). Figure S2 in the supplemental material
shows that, according to the phylogenetic analysis, all of the C
domains involved in entolysin production but two (C12 and
C13) could function as dual C/E domains. Subsequent analysis
of the primary sequence of the proposed C/E domains showed
that they contain an N-terminal sequence described as typical
of the C/E domains (5). It includes an elongated His motif
(HHL/IxxxxGD), which is only found as perfect in the C3, C5,
and C8 domains. In the other putative C/E domains, the Gly
residue in front of the Asp residue is either missing (C2) or
replaced by an Ala (C4, C14) or a His (C7, C11, C9, C10, C6)
(see Fig. S3 in the supplemental material). It is worth noting
that the two His residues and the Asp residue are the ones
predicted to have a catalytic function (5).

Moreover, it was suggested that T domains interacting with
dual C/E domains present highly conserved specific amino
acids (23). Analysis of the primary sequence of T domains
involved in entolysin production showed that these amino acids
are found in all but T11, T12, and T14. T11 and T12 present a
conserved amino acid sequence typical of T domains interact-
ing with classical C domains (23). Interestingly, the last T
domain (EtlC T14) lacks most of these conserved amino acids,
like the last T domains involved in putisolvin (PsoC T11) and
arthrofactin (ArfC T11) synthesis (see Fig. S4 in the supple-
mental material).

Overall, these data suggest that the amino acids in positions
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, and 13 could be in the D configuration
(see Fig. 1).

Finally, the close clustering of the first condensation domain
of EtlA with C1 domains of other NRPSs involved in CLP

biosynthesis (see Fig. S2 in the supplemental material) con-
firmed its role in N acylation of the first amino acid of the CLP
molecule (16, 54).

Involvement of other genes in entolysin production. Two
genes encoding an ABC transporter similar to the MacAB
macrolide transporter (35) are localized immediately down-
stream of etlB and etlC, and two genes encoding transcriptional
regulators are found upstream of etlA and etlB (Fig. 1). In
other systems, it has been suggested that similar genes were
involved in lipopeptide secretion and regulation (17, 23).

In order to investigate whether these genes are also involved
in entolysin production, pseen3043 (macA), pseen3046, and
pseen3335 insertion mutants were constructed by single homol-
ogous recombination. The abilities of these mutants (IM3043,
IM3046, and IM3335, respectively) to lyse blood cells, to pro-
duce biosurfactant, and to swarm were checked. The results
presented in Fig. 2 show that pseen3043 and pseen3335, but not
pseen3046, are involved in lipopeptide production. The LuxR-
like regulator encoded by pseen3335 (which we thus renamed
etlR) presents similarity with PsoR, another LuxR-like regula-
tor involved in putisolvin regulation (23). A mutant affected in
the etlR gene is not able to synthesize entolysin any more, as it
is deprived of hemolytic activity. Comparison to what is known
about other systems suggests that EtlR controls the transcrip-
tion of entolysin biosynthesis genes. Interestingly, the IM3043
mutant (affected in the macA gene) is completely deprived of
hemolytic activity and swarming ability (similar results were
obtained with the macB transposon mutant [data not shown]).
However, the drop-collapsing assay indicates that some
amount of surfactant is still produced in the culture superna-
tant, as the surface tension of the droplet is only partially
recovered. It was proposed that the macAB genes may encode
an ABC transporter involved in lipopeptide export (35, 50).
Thus, one hypothesis that could explain this slight discrepancy
is that entolysin might be produced by a macA mutant but not
exported. During growth in liquid medium, some level of cell
lysis could cause the produced entolysin to leak into the growth
medium. Consistent with this hypothesis, we observed that if
the macA mutant was allowed to grow on blood plates for
several days, some hemolytic activity could be detected (data
not shown). It was also noted that a macA mutant seems to be
affected in its growth in minimal medium.

Overall, this genetic analysis indicates that three NRPSs
(distributed in two loci separated by 355 kb), a transcription
factor, and an ABC transporter are involved in entolysin pro-
duction by P. entomophila.

Entolysin production is directly regulated by the GacS/GacA
two-component system. It was shown that the GacS/GacA two-
component system regulates the hemolytic activity of P. ento-
mophila, as well as protease production and virulence. We
wondered if this regulation was due to a direct effect of the Gac
system on the entolysin biosynthesis genes or was part of a
more global, indirect mechanism. The functioning of the Gac
system, a conserved two-component system, is well known and
happens mainly at a posttranscriptional level (37). Upon phos-
phorylation by the GacS sensor, the GacA transcriptional reg-
ulator positively controls the expression of genes specifying
small noncoding RNAs, which are characterized by repeated
GGA motifs. These motifs are essential for binding small
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RNA-binding proteins called RsmA proteins that act as trans-
lational repressors of target mRNAs.

The functioning of the GacS/GacA two-component system
in P. entomophila and its impact on entolysin production were
investigated in further detail. P. entomophila genome annota-
tion revealed that two genes corresponding to small RNAs,
rsmY and rsmZ, are present (62). Typical GacA-binding boxes
were found upstream of these genes, and we showed, by using
transcriptional fusions, that expression of these genes is indeed
under the control of the Gac system (data not shown). Dele-
tion of either one of these genes does not strongly affect en-
tolysin production, as shown in Fig. 5, in contrast to the dele-
tion of both genes. The rsmY rsmZ double mutant (�Y�Z) is
deprived of hemolytic activity (Fig. 5) and of virulence (data
not shown), like the gacA mutant (�gacA).

Similarly, three genes encoding RsmA-like proteins are
found in the P. entomophila genome: rsmA1 (pseen3843),
rsmA2 (pseen2282), and rsmA3 (pseen1464). Deletion of any of
these genes in the wild-type strain does not lead to any visible

phenotype regarding entolysin production. As was reported for
other species (37), deletion of both rsmA1 and rsmA2 strongly
impairs bacterial growth, which is why we chose to investigate
the role of these RsmA proteins in an rsmY rsmZ background.
Deletion of any of the rsmA genes in the rsmY rsmZ mutant
does not restore hemolytic activity. However, when both rsmA1
and rsmA2 are deleted in the rsmY rsmZ mutant, entolysin
production is restored, whereas no additional effect can be
seen upon rsmA3 deletion (Fig. 5). Moreover, overexpression
of either rsmA1 or rsmA2, but not rsmA3, from a plasmid in the
wild-type P. entomophila strain abolishes hemolytic activity and
protease production, as well as virulence (data not shown). We
concluded that the P. entomophila Gac system implicates two
small RNAs, rsmY and rsmZ, and two small RNA-binding
proteins, RsmA1 and RsmA2. We cannot exclude the possi-
bility that RsmA3 plays a specific role under certain conditions;
however, such a role could not be seen in our experimental
settings.

In order to determine if the effect of the Gac system on
entolysin production is exerted at the biosynthesis gene level,
we constructed translational fusions of the etlA (pseen3332)
and etlB (pseen3045) genes and the lacZ gene (see Materials
and Methods). These fusions were introduced into the chro-
mosome of the wild-type P. entomophila strain and the rsmY
rsmZ double mutant. �-Galactosidase production was mea-
sured during the growth of these strains, showing that these
translational fusions are produced in wild-type P. entomophila.
However, they are not produced in the absence of rsmY and
rsmZ (Fig. 5D and data not shown). Synthesis of either one of
the small RNAs from a plasmid in the rsmY rsmZ double
mutant restored production of the translational fusions (Fig.
5D and data not shown). In a reciprocal way, overexpression of
either rsmA1 or rsmA2 from a plasmid in the wild-type strain
abolishes the production of the etlA and etlB translational
fusions (Fig. 5D and data not shown). These results correlate
with the fact that the Gac system could exert its effect on
entolysin production through the control of the etl genes.

Role of entolysin in P. entomophila virulence. In order to
determine if the hemolytic activity of P. entomophila is
linked to its ability to infect and kill Drosophila, we investi-
gated whether an entolysin-deficient mutant is affected in its
virulence for Drosophila. Two different Drosophila lines
were tested, the wild-type Oregonr line and the relish mutant
line, in which the Imd pathway, which plays a important role
in defense against infection by Gram-negative bacteria, is
inactivated (see Materials and Methods). Adult female flies
were fed with wild-type P. entomophila, the avirulent gacA
mutant (�gacA), and an entolysin-deficient mutant
(IM3044) (see Materials and Methods). Flies deprived of a
functional immune system die more quickly than wild-type
flies upon infection by P. entomophila, as previously de-
scribed (38), but in either case, no difference in survival
between P. entomophila and the etlC mutant (IM3044) could
be detected (Fig. 6). Similar results were obtained with
third-instar larvae. This demonstrates that entolysin does
not play a major role in the virulence of P. entomophila for
Drosophila.

We also wondered if the ability to lyse blood cells could be
involved in virulence for other organisms. Dictyostelium dis-
coideum is an amoeba that is used as a model for phagocy-

FIG. 5. Regulation of lipopeptide production by the Gac system.
(A) Hemolytic activities of mutants affected in the different constitu-
ents of the Gac system. (B) Biosurfactant production by these mutants
visualized by the drop-collapsing effect and quantified by measuring
droplet size (C). (D) Quantification of the �-galactosidase activity of
the translational fusion etlB-lacZ (Pseen3045-lacZ) (see Materials and
Methods) as a function of bacterial growth in different genetic con-
texts. Diamonds represent expression of the fusion in the wild-type
strain carrying the empty vector pPSV35 (closed diamonds) or over-
expressing the gene encoding the translational repressor RsmA2 from
the same vector (pPSVrsmA2, open diamonds). Squares represent
expression of the fusion in the rsmY rsmZ double mutant carrying the
empty vector pPSV35 (opened squares) or overexpressing the rsmY
gene from the same vector (pPSVrsmY, closed squares). Cultures were
grown with gentamicin and 1 mM IPTG to allow full expression of the
genes from the plasmids. Each value is the average of three different
cultures, and error bars represent standard deviations. MU, Miller
units; OD600, optical density at 600 nm.

VOL. 76, 2010 LIPOPEPTIDE PRODUCTION BY PSEUDOMONAS ENTOMOPHILA 917



tosis. The virulence of many bacteria, including Pseudomo-
nas aeruginosa, has been studied by using Dictyostelium as a
model of host-pathogen interactions (9, 11). Wild-type P.
entomophila (Pe), a gacA mutant, and an entolysin-deficient mu-
tant (IM3044) were tested in the Dictyostelium model (see Ma-
terials and Methods). We observed that the wild-type strain
and the entolysin-deficient mutant do not allow the growth of
Dictyostelium, in contrast to the gacA mutant (data not shown).
This indicates that P. entomophila, which was first isolated as
virulent for Drosophila, could also be virulent for Dictyostelium.
Interestingly, the Gac system that controls virulence for Dro-
sophila also controls virulence for Dictyostelium. However, en-
tolysin does not play a role in either type of virulence.

Biocontrol abilities of P. entomophila do not rely on entolysin
production. Many CLPs are produced by plant-associated
Pseudomonas species (50) like P. syringae (a plant pathogen)
and P. fluorescens (a bacterium beneficial to plants). It was
already known that P. entomophila is not a plant pathogen (62),
but its biocontrol activity was never tested.

In order to determine whether or not P. entomophila is able
to promote plant growth and to protect plants from root dis-
eases caused by pathogenic fungi, plant assays were set up in
natural soil microcosms involving cucumber as the host plant
and Pythium ultimum as a root pathogen (see Materials and
Methods). Addition of the well-characterized P. fluorescens
biocontrol strain CHA0 (4) to pathogen-infested soil consid-
erably enhanced plant survival (by about 70%). Root and shoot
fresh weights were increased severalfold compared with those
of a control without biocontrol bacteria (see Table S3 in the
supplemental material). Interestingly, addition of P. ento-
mophila gave similar results, showing that P. entomophila is
very efficient as a biocontrol agent in this plant assay. A gacA
mutant is impaired in the ability to protect cucumber from the
root disease, as revealed by shoot and root fresh weights that
were about 40% lower than those of plants protected by wild-
type P. entomophila. However, the gacA mutant retains some
biocontrol ability, as the plant survival rates and plant fresh
weights observed after the addition of this mutant were higher
than those of pathogen-treated control plants (see Table S3 in
the supplemental material). The etlC mutant (IM3044), defi-
cient in entolysin production, presents the same level of plant

protection as the wild-type strain, indicating that entolysin is
not involved in P. entomophila biocontrol activity.

DISCUSSION

Entolysin is a new CLP. In this study, the hemolytic activity
of P. entomophila was investigated, which led to the isolation
and characterization of a new CLP called entolysin. Compared
to other Pseudomonas-produced CLPs, entolysin harbors some
specific features, including a peptide moiety of 14 amino acids
and a cyclization different from that of other CLPs. Indeed, the
lactone ring is formed between the C-terminal carboxyl group
(isoleucine) and the 10th amino acid (serine) instead of one of
the first amino acids (50). Another example of such a different
way of cyclization is found in the putisolvin structures, where it
occurs between the 12th and last C-terminal carboxy group
(serine) and the 9th amino acid (serine) (36). Interestingly, the
putisolvin biosynthesis enzymes are the closest phylogeneti-
cally to the NRPSs involved in entolysin synthesis. However,
the fatty acid moiety (3-hydroxydecanoic acid) of entolysin is
similar to the fatty acid moiety of CLPs belonging to the vis-
cosin or amphisin group (50).

Entolysin was purified as two isoforms, entolysins A and B,
indistinguishable from one another by MS/MS analysis. This
suggests that the isoleucine position could differ in these iso-
forms. Phylogenetic analysis of the A domains suggests that
isoleucine could be preferentially assembled as the last amino
acid of entolysin, but some level of flexibility in A domain
specificity has been reported (20, 49).

Three nonribosomal peptide synthetases participate in en-
tolysin biosynthesis. Using a genetic approach, we showed that
the biosynthesis of entolysin requires three NRPSs encoded in
two different loci of the P. entomophila genome. Although CLP
biosynthesis genes are often part of the same transcriptional
unit, such a case has been reported for massetolide A synthesis
by P. fluorescens SS101 (15) and viscosin synthesis by P. fluo-
rescens SBW25 (16).

The genetic organization of these two loci reveals that sev-
eral genes flanking the etl genes are conserved among other
Pseudomonas CLP biosynthesis clusters, including two genes
encoding a putative macrolide transporter that are located
downstream of etlB and etlC, called macA and macB. Similar
genes have been identified in arthrofactin (53), syringopeptin
and syringomycin (25, 56), massetolide A (15), and putisolvin
(23) biosynthesis gene clusters. Inactivation of either of these
genes leads to a defect in hemolytic activity, suggesting that the
products of these genes could be involved in entolysin secre-
tion.

Another conserved gene found upstream of etlA, called etlR
(pseen3335), encodes a transcriptional regulator that is also
involved in entolysin production. EtlR contains a C-terminal
DNA-binding helix-turn-helix domain typical of the LuxR-type
transcriptional regulators but lacks typical N-acylhomoserine
lactone-binding or response regulator domains. Interestingly,
similar transcriptional regulators, also involved in CLP biosyn-
thesis, have been identified in many other Pseudomonas strains
(17).

Finally, another regulator-encoding gene was found up-
stream of etlB, pseen3046. This gene is not conserved in other
Pseudomonas CLP biosynthesis clusters and is not involved in

FIG. 6. Entolysin is not involved in the virulence of P. entomophila
for Drosophila. Wild-type Oregonr female flies (closed symbol) and
relish mutant female flies (opened symbol) were naturally infected by
the P. entomophila wild-type strain (Pe, diamonds), a gacA mutant
(�gacA, squares), and an entolysin-deficient mutant (IM3045, circles).
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entolysin regulation. This regulator contains an N-terminal
DNA-binding domain specific of the LysR-type family, as well
as a LysR-like substrate-binding domain. Even if no role for
this regulator in entolysin production was observed in our exper-
imental settings, this regulator might play a role under specific
environmental conditions.

Analysis of the entolysin biosynthetic enzymes shows that
each module of EtlA, EtlB, and EtlC comprises a C domain, an
A domain, and a T domain. No additional domain was found,
like an internal epimerase domain, for instance, which is char-
acteristic of many Pseudomonas CLP biosynthetic enzymes
(50). However, phylogenetic analysis and primary sequence
analysis suggest that some of the C domain could have dual
catalytic roles for condensation and epimerization, as was de-
scribed for other CLPs produced by Pseudomonas (5, 15).

Strikingly, the in silico analysis of A domain specificity cor-
relates perfectly with the experimentally determined entolysin
structure. Two thioesterase (TE) domains are found at the end
of EtlC. TE domains have also been called peptide cyclases, as
the cleavage of the linear peptide that they catalyze is often
accompanied by an intramolecular cyclization reaction (57).
These cyclases display a high level of specificity by selecting a
particular residue of the substrate for cyclization, which possi-
bly explains the structural diversity of the peptide ring sizes
described previously for the various CLPs (50). Tandem TE
domains have been reported for several Pseudomonas CLP
biosynthetic enzymes, and it was shown that both of them
contribute to macrocyclization of arthrofactin (55). We can
hypothesize that the same is true for entolysin.

The GacS/GacA two-component system regulates entolysin
production at the biosynthetic gene level. The global regula-
tory system GacS/GacA is known to be involved in regulating
secondary metabolite production (37). Here, the core compo-
nents of the GacS/GacA two-component system of P. ento-
mophila were identified. In addition to the GacS sensor and the
GacA transcriptional regulator, this system involves the two
small RNAs rsmY and rsmZ and two of the three small RNA-
binding proteins encoded in the P. entomophila genome,
RsmA1 and RsmA2. In addition, we provide evidence that this
GacS/GacA two-component system controls entolysin produc-
tion at the biosynthesis gene level. Analysis of the etlA and etlB
putative 5� leaders revealed the presence of the A/UCANGG
ANGU/A consensus binding site for RsmA-like proteins, in
which the central GGA motif is part of a loop placed on
variable short stems. However, no additional GGA motif could
be found, in contrast to what was described for the hcnA 5�
leader, a well-studied RsmA target (37). Interestingly, the
RsmA consensus binding site is also found upstream of the etlR
gene, encoding a LuxR-like regulator also involved in entolysin
production. This is consistent with another report that showed
that GacS has an effect on massetolide A biosynthetic gene
expression through a LuxR-like regulator (18). Here, we can
hypothesize that the Gac system exerts a double control on the
entolysin biosynthesis genes, directly through RsmAs binding
of the etlA and etlB transcripts and indirectly through EltR.

Entolysin is required for swarming motility and hemolytic
activity. Several natural roles for CLPs and other biosurfac-
tants were proposed, including their function in motility, anti-
microbial activity, biofilm formation, and pathogenicity (52).

We did not investigate antimicrobial activity and biofilm

formation in detail, as no obvious effect of entolysin on these
processes could be detected. It was known that P. entomophila
inhibits Bacillus sp. growth when they are cocultivated on
plates (N. Vodovar, unpublished data), and an entolysin-defi-
cient mutant behaves exactly the same (data not shown). Sim-
ilarly, P. entomophila is able to attach strongly to plastic, like an
entolysin-deficient mutant (I. Vallet-Gely, unpublished data).
This makes entolysin different in its function from putisolvins
and massetolide A, which influence biofilm formation either
positively (massetolide A) (15) or negatively (putisolvins) (36).
As we did not look in detail at biofilm structure, the possibility
of a role for entolysin in biofilm maturation and structure, as
was reported for arthrofactin (53), cannot be excluded. How-
ever, an increase in the bacterial biomass of the biofilm of an
arthrofactin-deficient mutant was observed, which was not de-
tected in an entolysin-deficient mutant (data not shown).

Reduction of surface tension is essential for surface motility
(2). Entolysin appears to be essential for swarming motility, as
was observed with many other Pseudomonas-produced CLPs.
Interestingly, this surface motility can facilitate movements of
plant-pathogenic Pseudomonas spp. on the phylloplane (39)
or efficient colonization of the rhizosphere by antagonistic
Pseudomonas spp. (40, 64). However, entolysin is not involved
in P. entomophila biocontrol activity in our experimental set-
tings. Interestingly, CLPs are not always involved in biocontrol
abilities. For instance, massetolide A plays a role in protecting
tomato plant roots against Phytophthora infestans (61) but is
not required for suppression of complex Pythium sp. popula-
tions resident in orchard soils (44). We cannot exclude the
possibilities that P. entomophila possesses extended biocontrol
activity and that entolysin could play a role under conditions
other than those of Pythium infection of cucumber plant roots.

The mode of action of CLPs produced by plant-pathogenic
pseudomonads involves the formation of ion channels in the
host plasma membrane, leading to cytolysis (13, 31, 32, 48). It
was reported that several Pseudomonas sp.-produced CLPs are
able to cause erythrocyte hemolysis (6). Recent studies involv-
ing surfactin (produced by Bacillus subtilis) showed that the
cyclic character of the peptide moiety is important for eryth-
rocyte hemolysis, as linear products of surfactin failed to cause
lysis (24). Therefore, it was not surprising to find that the
hemolytic activity of P. entomophila is due to the production of
a CLP.

Our initial hypothesis was that this hemolytic activity could
be linked to the pathogenicity of P. entomophila for Drosophila,
especially as this pathogenicity is linked to its ability to cause
irreversible damage of the gut epithelium. This hypothesis was
not verified in our experimental setup, as an entolysin-deficient
mutant was not affected in its pathogenicity. We cannot ex-
clude the possibility that entolysin contributes in a redundant
way to the pathogenicity of P. entomophila. Altogether, our
study revealed a clear role for entolysin in swarming motility
and hemolytic activity but did not identify a physiological role.
Nevertheless, it is very likely that this ability to lyse cells is
necessary for the bacterium to survive in one of its environ-
ments.

Concluding remarks. There is an increasing scientific and
commercial interest in biologically produced surfactants, as
they have potential environmental, biotechnological, and phar-
macological applications. Entolysin is a new CLP that presents
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characteristics different from those of previously identified
CLPs and is therefore potentially a new molecule of interest.

Even without giving a definitive statement concerning the
main physiological role of entolysin, this study clearly provided
important information about the lifestyle of P. entomophila. It
showed that, according to what was revealed by its genome
sequence, this bacterium can be a soil inhabitant. Moreover,
considering the high level of biocontrol that P. entomophila
provides against Pythium damping-off and root rot, its use may
provide an attractive alternative strategy to control this eco-
nomically important oomycete pathogen.
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