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Photorhabdus luminescens is a symbiont of nematodes and a broad-spectrum insect pathogen. The complete genome sequence
of strain TTO1 is 5,688,987 base pairs (bp) long and contains 4,839 predicted protein-coding genes. Strikingly, it encodes a
large number of adhesins, toxins, hemolysins, proteases and lipases, and contains a wide array of antibiotic synthesizing genes.
These proteins are likely to play a role in the elimination of competitors, host colonization, invasion and bioconversion of the
insect cadaver, making P. luminescens a promising model for the study of symbiosis and host-pathogen interactions. Comparison
with the genomes of related bacteria reveals the acquisition of virulence factors by extensive horizontal transfer and provides
clues about the evolution of an insect pathogen. Moreover, newly identified insecticidal proteins may be effective alternatives for

the control of insect pests.

Photorhabdus luminescens is an enterobacterium that is symbiotic with
soil entomopathogenic nematodes and pathogenic to a wide range of
insects. P. luminescens promotes its own transmission among suscepti-
ble insect populations using its nematode host as vector!. Its life cycle
comprises a symbiotic stage in the nematode’s gut and a virulent stage
in the insect larvae, which it kills through toxemia and septicemia.
After the nematode attacks a prey insect and P. luminescens is released,
the bacterium produces a wide variety of virulence factors ensuring
rapid insect killing. Bioconversion of the insect cadaver by exoenzymes
produced by the bacteria allows the bacteria to multiply and the nem-
atode to reproduce. During this process P. luminescens produces
antibiotics to prevent invasion of the insect cadaver by bacterial or
fungal competitors. Finally, elimination of competitors allows P. lumi-
nescens and the nematode to reassociate specifically before leaving the
insect cadaver®>.

To better understand this complex life style, we determined the
genome sequence of P. luminescens subspecies laumondii strain TT014,
a symbiont of the nematode Heterorhabditis bacteriophora isolated on
Trinidad and Tobago.

RESULTS

General features

Strain TTO1 possesses a single circular chromosome of 5,688,987 bp
with an average GC content of 42.8%. No plasmid replicon was found.

A total of 4,839 protein-coding genes, including 157 pseudogenes,
seven complete sets (23S, 5S and 16S) of ribosomal RNA operons and
85 tRNA genes, were predicted (Fig. 1; Supplementary Table 1 online).

Toxins against insects

More toxin genes were predicted in the P. luminescens genome than in
any other bacterial genome sequenced yet. A large number of these
toxins may be involved in the killing of a wide variety of insects. Some
may act synergistically or use redundancy for ‘overkill®, ensuring a
quick death of the host. In addition, some may kill insects by interfer-
ing with their development. In the TTOl genome, two paralogs,
plu4092 and plu4436, encode proteins similar to juvenile hormone
esterases (JHEs) of the insect Leptinotarsa decemlineata®. Juvenile hor-
mone maintains the insect in a larval state. Its inactivation by JHE
allows metamorphosis to proceed. JHEs may be used to trigger the
insect endocrine machinery at an inappropriate time and thus repre-
sents a promising approach for insect control’”. These genes are located
downstream of highly related orphan genes (plu4093 and plu4437),
suggesting a locus duplication.

The toxicity of the proteins encoded by these two loci was verified
experimentally. Two Escherichia coli clones, containing the recombi-
nant BACIA02 and BAC8C11, were shown to be toxic toward insects.
BAC1A02, which contains the locus plu4093—plu4092, exhibited sub-
stantial oral toxicity toward three mosquito species, Aedes aegypti,
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Figure 1 Circular representation of the P. l[uminescens genome. The outer
scale is marked in megabases. Circle 1 and 2 (from outside to inside), genes
transcribed clockwise and counterclockwise. Circle 3, transposases (red) and
phage-related genes (green). Circle 4, GC bias (G — C/G + C). Circle 5, GC
content with <32% G + C in light yellow, between 32% and 53.6% G + C in
yellow and with >53.6% G + C in dark yellow. Shifts in GC bias correspond
to positions of the predicted origin and terminus of replication or to putative
prophage regions (green).

Culex pipiens and Anopheles gambiae, as well as toward the lepi-
dopteran Plutella xylostella; BAC8C11, which contains the locus
plu4437-plu4436, showed insecticidal activity toward P. xylostella
(data not shown). Ingestion of undiluted recombinant E. coli, in which
both plu4093 and plu4092 were expressed under the control of the Py,
promoter (pDIA700), led to killing of 96% of P. xylostella and 100% of
C. pipiens larvae after 48 h® (Table 1). Partial deletion of plu4092
(pDIA701) abolished toxicity for both insects, indicating that the JHE-
like product of plu4092 is required for toxicity. This is the first time
that a protein lethal for mosquitoes has been found in P. luminescens.

Mcf, a gene previously identified in the P. luminescens strain W14,
encodes a cytotoxin that is able to kill the insect Manduca sexta®. Strain
TTO1 possesses this gene as well as the paralog plu3128.

Four toxin-complex loci, tca, tcb, tcc and tcd, have been identified in
the P. luminescens strain W14 (ref. 9). The tca locus encodes complexes

Table 1 Oral larvicidal activities of E. coli clones on second-instar insect larvae

with high oral toxicity for the insect Manduca sexta'®!!. Strain TTO01
contains the tcc and ted loci, an incomplete fca locus and five newly
identified fc loci (Fig. 2; Supplementary Table 2 online). The physical
linkage of the tcdAB and tccC genes was found in three other insect-
associated bacteria, Xenorhabdus nematophila, Serratia entomophila
and Yersinia pestis. This organization may be due to gene transfer
events between bacteria sharing the same niche, namely insects.

The putative tcc and rhs gene products belong to one protein super-
family®. They contain repeated Tyr-Asp motifs, previously found in
teneurins, transmembrane proteins of invertebrates and vertebrates!2.
An in silico search for the presence of Arg-Tyr x Tyr-Asp motifs (at
least three, no more than one mismatch) in the TTO1 proteome iden-
tified 14 putative proteins of a superfamily including the 7 TccC par-
alogs, putative nematicidal proteins (Plu2222 and Plu2442) and
hypothetical rhs-like elements as well as Mcf and its paralog (see
Supplementary Fig. 1 and Supplementary Table 3 online). It has been
suggested that Tyr-Asp-repeat proteins bind carbohydrates!'?. One
could speculate that proteins belonging to this superfamily are
exposed at the surface of the bacteria where they are important for
evasion of defenses from a broad spectrum of insects.

P. luminescens contains eight genes predicted to encode hemolysin-
or hemagglutinin-related proteins secreted by the two-partner secre-
tion (TPS) pathway. These comprise the secreted PhlA protein and
the PhIB protein, which allows secretion and activation of PhIA3.
We identified six other TPS gene pairs and ten incomplete loci
(Supplementary Table 3 online).

Repeats-in-toxin (RTX) proteins constitute another family of toxins,
including cytolytic toxins, metalloproteases and lipases. We identified
eight genes whose deduced protein sequence is homologous to the
Vibrio cholerae RtxA toxin (4,558 amino acids), which causes cross-
linking and depolymerization of actin stress fibers in an in vivo
model'. The rtxA homologs are clustered in two chromosomal regions
and are tandemly organized. Four are complete genes and four are dis-
rupted by frameshifts or insertion sequences (ISs; Supplementary
Table 2 online). Furthermore, the organization of the genes predicted
to encode the RTX secretion system is identical to that in V. cholerae
(Fig. 3). Plu4117 and Plu3668 belong to another subfamily of RTX pro-
teins. This large set of putative RTX toxins and related proteins proba-
bly contributes to the insect pathogenicity of P. luminescens. In addition
to the RTX family we identified a new family of putative proteins con-
taining Gly-Asp repeats (Supplementary Fig. 2 online). Genes encod-
ing proteins similar to toxins from other bacteria were also predicted,
including Plu0840, similar to the heat-stable cytotonic enterotoxin
from Aeromonas hydrophilalS, and Plul537, similar to a component of
the Bacillus thuringiensis 3-endotoxin!®.

Toxins against competitors

One of the most important questions about the ecology of this bac-
terium is how P, luminescens defends the insect cadaver against different
microbial competitors. The TT01 genome contains 33 genes, clustered
in 20 loci, encoding proteins similar to polyke-
tide and nonribosomal peptide synthases that
may be part of the biosynthetic pathway of

antibiotics known to be produced by P. lumi-

E. coliclones Mortality of P. xylostella (%)?2 Mortality of C. pipiens (%) nescens (Supplementary Table 4 Online). As

48 h 72 h 24 h 48 h observed in strain W14 (ref. 17), ten genes of
pDIA 700 (p/u4093 + plu4092) 96 100 30+8 100 TTO1 are similar to genes for the biosynthesis
pDIA 701 (plu4093 + truncated plu4092) <15 <15 0 0 of syringomycin by Pseudomonas syringae,
Control (water) ND ND 0 0 which acts as a pore-forming host cell cyto-

aPercentages of larval mortality were corrected with the negative control using the Abbott equation. PStandard error of the

mean. ND, not done.
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lysinls. One gene, plu2670, encodes a 16,367-
amino-acid putative peptide synthase that is,
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to our knowledge, the largest protein reported for a prokaryote to date.
In our work here, we frequently identified genes that were adjacent to
antibiotic biosynthetic genes and that presumably encode transporters
involved in antibiotic efflux. Four genes (plu0250, plu2474, plu2475,
plu2476) are similar to Burkholderia glumae genes involved in the
biosynthesis of toxoflavin. Compounds belonging to this family are
active against a variety of Gram-positive bacteria and fungi'®.

Toxin-antitoxin systems are efficient in killing related bacteria,
including other P. luminescens strains that invade the host?’. The TTO01
genome encodes three putative colicin-like factors and 17 putative
immunity proteins involved in self-protection. These genes are located
in three clusters, which may encode pyocin S3-like factors (plu0884,
plu4177) and a colicin-like factor (plu1894) (Fig. 3 and Supplementary
Table 3 online). This complex pattern of immunity-protein-coding
genes may provide a selective advantage to TTO1 against related bacte-
ria producing similar toxins.

Host interactions

Another intriguing question is how P. luminescens interacts with the
nematode midgut and the insect hemocytes. We identified a large
number of genes that could be involved in adhesion. pl12096 encodes a
protein similar to the Pseudomonas aeruginosa lectin PA-I, which recog-
nizes specific carbohydrates exposed on the host cells and functions as
an adhesin and a cytotoxin that plays a role in the initiation of infec-
tion?!. The putative plul561 gene product is similar to a Ca?*-depend-
ent adhesion molecule of the cadherin family in Dictyostelium
discoideum?®?. We have further identified one gene, plu2057, encoding a
protein 45% similar to inv and three ail-like paralogs (plu2480, plu2481
and plu1967).In Yersinia species, Inv and Ail play a role in surface adhe-
sion or invasion?>24, Another P, luminescens gene, plu2433, may encode
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Figure 2 Toxin complex loci identified in strain TTO1. Related genes

are shown in the same color. Similarities of predicted proteins to
previously known Tc proteins are reported in Supplementary Table 2
online. Nomenclature is according to Waterfield et a/*°. (a) Locus similar
to the toxin complex a (fca) locus from strain W14 (GenBank accession
no. AF046867). (b) Locus similar to the toxin complex d (tcd) island

from strain W14 (GenBank accession no. AY144119). The W14 tcdA3
counterpart is only weakly similar, and thus the corresponding TTO1 gene
has been designated tcdA5. (c) Locus similar to the toxin complex c (tcc)
locus from strain W14 (GenBank accession no. AF047028). (d) Loci weakly
similar to the toxin complex c (tcc) locus from strain W14 (GenBank
accession no. AF047028). (e) Other loci p/lu2333, plu2334 and plu2335
correspond to a single pseudogene.

an adhesin required for insect colonization, because Plu2433 is similar
to the recently discovered Erwinia carotovora virulence factor (Evf)
allowing this bacterium to colonize the gut epithelium of Drosophila
melanogaster?.

P. luminescens TTO1 has a large repertoire of fimbrial genes. Eleven
clusters could be distinguished (see Supplementary Fig. 3 online).
Among these, two gene clusters encode proteins similar to MR/P
(mannose-resistant) fimbriae of Proteus mirabilis*® as well as type IV
pili of pathogenic E. coli and Salmonella enterica®’. This large reper-
toire of pili may help P. luminescens colonize the nematode gut and
invade the different insect compartments, as the ngrA gene (an ngrA
homolog has previously been identified in Photorhabdus luminescens
strain W14; see ref. 28), belonging to cluster VIII, is important for bac-

terial-nematode interactions.

Secreted proteins

P. luminescens secretes many enzymes that contribute to insect death
and result in bioconversion of the insect cadaver?’. In X. nematophila a
zinc metalloprotease, PrtA, is involved in the immunosuppression of
the insect®®. In P. luminescens, the protein is encoded by the operon
prtA-inh-prtBCD and is secreted by a type I secretory system>!. Other
putative proteases were identified, such as Plu2820, similar to a serine
protease of the subtilisin family, Plu1382, similar to an extracellular
metalloproteinase, and Plu2455, similar to calpain.

Lipases are another class of secreted proteins. TTO1 encodes ten tria-
cylglycerol lipase-, phospholipase A- and D-like proteins. For example,
the proteins predicted to be encoded by genes plu3370 and plu3369 are
similar to phospholipase A and its accessory protein, respectively. Gene
plu0830 encodes a similar protein that is more distantly related to
phospholipase A. Both contain the lipase-specific consensus sequence
G-x-S-x-G-G in their amino-terminal moiety. Yersinia enterocolitica
phospholipase A contributes to pathogenesis in a mouse model’?,
suggesting a role in virulence for the TTO1 homolog. Plul971 is
remarkably similar to the Y. pestis plasmid (pMT1)-encoded Yersinia
murine toxin (Ymt). It contains the two phospholipase D motifs
H-x-K-x,-D-x4-G-G. Genes plu1971 and ymt are 56% identical, with
the same GC content (38%), substantially different from the 50% GC
content of the pMT1 plasmid; this suggests that ymt has been acquired
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Figure 3 Schematic representation of tandemly repeated genes. Related genes are color coded: blue-purple, genes encoding putative secretion systems;
gray, genes belonging to the core genome; white, genes of unknown function; dashed, pseudogenes. | IS indicates insertion-sequence element. (a) Red,
tandemly repeated rtxA genes and genes encoding the RTX secretory machinery as compared to V. cholerae. (b) Yellow, genes encoding unknown proteins,
probably secreted by the Type | secretory system encoded by p/u0634 and p/lu0635. (c) Green, /uxR gene clusters. (d) Red, clusters encoding putative
pyocin- and colicin-like factors; yellow, immunity proteins. (e) Orange, highly related genes of unknown function. (f) Brown, putative O-methyltransferase-

encoding genes.

by Y. pestis from P. luminescens or a close relative. Because Ymt is essen-
tial for flea colonization by Y. pestis®3, P. luminescens and Y. pestis may
use similar genes for insect colonization.

Besides the lip-1 gene, encoding a triacylglycerol lipase®*, we pre-
dicted four triacylglycerol lipases unrelated to Lip-1, encoded by the
tandemly repeated paralogs pluil519, plul518, plul517 and plul516.
Another unrelated lipase, Plu2266, is similar to LipP (carboxylesterase)
of Pseudomonas sp. strain B11-1%, and Plu2313 is highly similar to the
extracellular lipase, LipA, from Serratia marcescens>®. Plu2313 lacks an
N-terminal signal peptide but contains instead, in its C terminus, four
almost exact repeats of the glycine-rich motif L-x-G-G-x-G-x-D of
RTX toxins, suggestive of a similar secretion pathway>’. We predicted a
chitin-binding-like protein (Plu2352) and chitinase-like proteins
(Plu2235, Plu2458 and Plu2461) as expected for an insect pathogen.

Metabolism

Within an insect, P. luminescens needs to get access to the available
nutrients and has to deal with low-iron conditions. The overall inter-
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mediary metabolism of P. luminescens is similar to that found in most
Enterobacteriaceae, but it comprises many degradation pathways that
are absent from the laboratory strain E. coli K12, including urease, pro-
line or histidine degradation pathways that may help the bacteria to
multiply in the hemocele of the insect larvae, while providing the bac-
teria and the nematode host with building blocks for their growth.
The TTO01 genome contains many genes encoding proteins similar to
monooxygenases, dioxygenases and hydroxylases that could be impli-
cated in rapid elimination of insect polyphenols, such as plu4258, adja-
cent to glutathione transferase (plu4259), or operons such as the hca
operon or plul434—plui437. Many gene products may be involved in
the detoxification of reactive oxygen species generated by the invaded
host; the bacterium may take advantage of the reactivity of dioxygen
to metabolize insect products. We also identified counterparts of a
putative steroid monooxygenase (Plu4232), glycine oxidase (Plu2242)
and aromatic monooxygenase (Plul313) as well as five tandemly
organized paralogs (plu4890—plu4895), possibly encoding proteins
similar to O-methyltransferase that may play a similar role (Fig. 3).
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Tron acquisition seems to be of particular importance for the life
cycle of P. luminescens, as this bacterium has the largest known set of
iron, heme, hemin and siderophore transporters. Five loci have coun-
terparts in Y. pestis, one of which is similar to the genes involved in
biosynthesis of the siderophore yersiniabactin (Supplementary Table
3 and Supplementary Fig. 4 online). A sixth locus (fecI-fecE) is similar
to the E. coli iron(1r)-dicitrate transport system. Two putative binding
proteins and six outer membrane receptors of the ISVH (iron-
siderophores, vitamin B, and hemin) family may be involved in iron,
heme, hemin or siderophore transport®® (Supplementary Table 3
online).

P. luminescens encodes four complete type I, one type II and one
type 111 secretion systems?. The latter one is highly similar to the plas-
mid-encoded type ITI system of Y. pestis and is probably involved in the
secretion of virulence proteins or in immunomodulation of the insect
response. The phage elements present in the genome may participate
in the release of molecules involved in pathogenesis by partial lysis of
the bacteria (S.G., unpublished data).

Regulation

To adapt to invertebrate environments such as the nematode gut,
the insect hemolymph and the insect cadaver, P. luminescens needs
to sense changes in such conditions as nutrient and cation availability,
osmolarity and bacterial density. Strain TT01 encodes homologs of
the five E. coli sigma factors RpoD, RpoS, RpoH, FliA and RpoN. In
contrast to E. coli, which has only one ECF sigma factor, TT01 pos-
sesses five such factors. We predicted 192 transcriptional regulators
(Supplementary Table 5 online) from the sequence. Interestingly, the
LuxR family of regulators is over-represented (32 genes) and the
majority of these genes are tandemly located in two regions (Fig. 3).
This tandem organization of the luxR genes may play a role in the
response of TT01 to acylhomoserine lactone (AHL) signals produced
by TTO1 or by closely related bacteria. LuxR regulators may then, in
association with AHL-responsive systems, affect diverse biological
functions including bioluminescence. Although TT01 contains a com-
plete lux operon responsible for the production of bioluminescence,
we could identify only one gene, plu2238, that might be part of an
AHL-responsive system. It encodes a protein highly similar (76% iden-
tity) to an Agrobacterium tumefaciens N-AHL-lactonase®.

Two other highly represented classes of regulators are phage gene
repressors (37) and Ner-like regulators (15), which is consistent with
the large number of prophages or prophage remnants present in the
genome. Bacteriophages may have affected bacterial-host interactions.
It has been shown that overexpression of a Ner-like regulator switches
the primary bacterial variant, which supports nematode growth, to the
secondary variant, which does not*!. Nineteen two-component regula-
tors and 20 LysR—type regulators were identified. A LysR-type regulator,
also called HexA or LrhA, was reported to control symbiosis negatively
and pathogenicity positively, suggesting that it is involved in the transi-
tion from symbiosis to pathogenicity*?. However, the relatively low
number of two-component regulators identified in the P. luminescens
genome (compared to the 89 systems of P. aeruginosa) might be related
to the quite stable environment encountered by P. luminescens, obviat-
ing the need for metabolic adaptation to a wide range of conditions.

Genome comparison

The P. luminescens life cycle and a number of its phenotypic traits
resemble those of Y. pestis. Both transit and colonize insects and both
are pathogenic bacteria. However, P. luminescens has been used for bio-
logical control of insects without causing any harm to humans. Sever-
al common phenotypic characteristics are reflected in the genome.
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We identified 2,107 genes in P. luminescens that have an ortholog in
Y. pestis. In addition, 77% (1,621 out of 2,107) of the orthologous
genes of TTO01 and Y. pestis CO92 (ref. 43) are syntenic. Interestingly,
Y. pestis and P. luminescens share not only the chromosomal backbone
of Enterobacteriaceae, which both share also with E. coli, but also many
putative mobile regions encoding toxins, virulence factors and pro-
teins of unknown function (Supplementary Fig. 5 online). Orthologs
of genes present on the Y. pestis plasmids (pCD1 and pMT1) were also
identified in the genome of P. [uminescens.

The impressive number of mobile genetic elements or their rem-
nants suggest that the TT01 genome is subject to continuously ongo-
ing gene transfer (Supplementary Table 6 online). We identified phage
remnants representing 4% of the genome, 195 ISs or IS fragments,
putative transposons, and 711 inverted repeats of the enterobacterial
repetitive intergenic consensus (ERIC) sequences*4, in contrast to only
21 ERIC sequences present in the E. coli K12 chromosome. In addi-
tion, several gene classes are over-represented (Supplementary Table 3
online), suggesting frequent rearrangements (duplication, recombina-
tion) and a high degree of genome plasticity. This redundancy may
contribute not only to the impressive arsenal of toxins but also to the
generation of variability, which is an advantage for a pathogen subject
to strong selective constraints. P. luminescens kills a wide variety of
insects and thus has to circumvent a multitude of host defenses.

DISCUSSION

The availability and the functional analysis of the genome sequence of
P. luminescens TTO01 should lead to several useful applications, such as
the development of new entomotoxins for crop protection and the
genetic engineering of the bacterium-nematode pair for use as biolog-
ical control agents. The identification of new antibiotic biosynthetic
genes, which could be manipulated to generate new biological activi-
ties by domain shuffling, provides a promising resource for fighting
microbial infections in the future. Furthermore, the availability of the
first genome sequence of a symbiotic as well as entomopathogenic
bacterium is an important advance in helping to decipher the relation
between pathogenesis and symbiosis.

METHODS

Cloning, sequencing, assembly and annotation. Genome sequencing was per-
formed using the whole-genome shotgun strategy*’, as described previously*®4”.
Two libraries (1-2 kb and 2-3 kb inserts) were generated by random mechanical
shearing of genomic DNA and cloning into pcDNA-2.1 (Invitrogen) and a
medium-size insert library (5-10 kb) was generated in the low copy number vec-
tor pSYX34%. The BAC library was constructed as previously described®.
Assembly and annotation are detailed in Supplementary Methods online.

BAC1A02 encompassing the JHE-like toxin locus plu4093—plu4092 extends
from position 4,729,455 to position 4,789,585 of the P. luminescens genome;
BAC8C11 encompassing the JHE-like toxins locus plu4437-plu4436 extends
from position 5,179,747 to position 5,205,606.

To construct the pDIA700 plasmid, a DNA fragment containing the two
genes plu4093 and plu4092, was generated by PCR with primers JHE2 (5'-
AACTGCAGCATTGAAGCAGAGCGTTGACAT-3") and JHE3 (5'-CGGGATC-
CGACGTCGGCAAGTGCATCAAAT-3"). The amplified DNA fragment of
2,060 bp was purified and cloned into the pBluescript SK vector (Stratagene) at
the EcoRV site.

To inactivate plu4092, the pDIA700 was digested with EcoRI, leading to a dele-
tion of the DNA region located between an EcoRI site located at the 270 codon
of plu4092 and the pBluescript EcoRI site, and self-ligated to yield pDIA701,
which contains a 3' truncated plu4092 gene.

Insecticidal assays.

P. xylostella leaf bioassay. The recombinant E. coli XL1-Blue strain containing
pDIA700 or pDIA701 and E. coli DH10B containing BAC1A02 or BAC8C11
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were grown for 20 h at 28 °C in 50 ml of LB broth supplemented with 100 pg/ml
ampicillin or 12.5 pg/ml chloramphenicol, respectively. For each clone, six
cabbage leaves (3 cm diameter) were incubated in undiluted bacterial cultures
for 1 h with 0.05% Tween 20 (Sigma). Treated leaves were put onto 6-well plates
with agar beds containing 15 g/l of agar (Difco) and 30 mg/l of the fungicide
nipagine (Sigma). Five second-instar larvae were placed into each well. All the
assays were done at 28 °C with a photoperiod of 11 h:13 h (night/day). After 2 d
the treated leaves were replaced by untreated leaves. The larval mortality was
recorded at day 2 and day 3.

Recombinant E. coli strains containing the pBluescript SK vector without
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