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An entomopathogenic bacterium, Xenorhabdus nematophila, induces an immunosuppression of target insects
by inhibiting phospholipase A, (PLA;) activity. Recently, an immune-associated PLA; gene was identified
from the red flour beetle, Tribolium castaneum. This study cloned this PLA, gene in a bacterial expre-
ssion vector to produce a recombinant enzyme. The recombinant 7. castaneum PLA, (TcPLA;) exhibited
its characteristic enzyme activity with substrate concentration, pH, and ambient temperature. Its bio-
chemical characteristics matched to a secretory type of PLA; (sPLA) because its activity was inhibited
by dithiothreitol (a reducing agent of disulfide bond) and bromophenacyl bromide (a specific SPLA; inhi-
bitor) but not by methylarachidonyl fluorophosphonate (a specific cytosolic type of PLA;). The X. nem-
atophila culture broth contained PLA, inhibitory factor(s), which was most abundant in the media obtained
at a stationary bacterial growth phase. The PLA, inhibitory factor(s) was heat-resistant and extracted in
both aqueous and organic fractions. Effect of a PLA-inhibitory fraction on the immunosuppression of 7.
castaneum was equally comparable with that resulted from inhibition of the TcPLA; gene expression by

RNA interference.
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An entomopathogenic bacterium, Xenorhabdus nematophila,
is a Gram-negative bacterium carried in a vesicle attached
to the intestinal tract of a dauer larval stage of the ento-
mopathogenic nematode, Steinernema carpocapsae (Akhurst,
1982). When the nematodes enter target insect hemocoel via
its natural openings (mouth, anus, and spiracles), they release
the symbiotic bacteria, which in turn initiate lethal septice-
mia (Dunphy and Webster, 1991). The bacterial mutualism
with S. carpocapsae in relation to pathogenic function in
the infected host is mediated by a transcription factor ¢* of
X. nematophila (Vivas and Goodrich-Blair, 2001). Thus, to
be effective in the bacterial pathogenicity, the nematode
host has been regarded as an indispensable agent for the
symbiotic bacteria to be delivered into target insect hemo-
coel (Kaya, 1990). In the hemocoel, X. nematophila exhibits
a high potency in the pathogenicity because only 100 bacte-
rial cells were sufficient to kill the fifth instar larva of the
beet armyworm, Spodoptera exigua within 16 h (Park and
Kim, 2000).

Insects have innate immune systems consisting of cellular
and humoral immune responses (Ratcliffe et al., 1991). To
defend bacterial infection, phagocytosis, and nodule forma-
tion would be expressed by hemocytes for cellular immune
responses while antimicrobial peptide produced by fat body
would be used for humoral immune response (Gillespie et
al., 1997; Lavine and Strand, 2002). Upon pathogen infec-
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tion, non-self recognition by pattern recognition receptors
initiates various immune responses via immune mediators,
such as eicosanoids, biogenic monoamines or cytokines
(Gillespie et al., 1997).

Ficosanoids are the group of oxygenated products of C20
polyunsaturated fatty acids, which actively mediate insect
innate immune responses against various pathogens (Stanley,
2005). Eicosanoids are biosynthesized in insect immune tis-
sues, in which several prostaglandins (PGA2, PGE,, PGD.,
and PGF,,) and 15-hydroxyeicosatetraenoic acid have been
identified in fat body and hemocyte of Manduca sexta
(Stanley-Samuelson and Ogg, 1994; Gadelhak et al., 1995).
Phospholipase A, (PLA>) catalyzes at sn-2 of phospholipids
to release arachidonic acid to be oxidized into various eico-
sanoids (Schaloske and Dennis, 2006), which mediate cel-
lular immune responses of various insect species (Stanley et
al., 1999; Kim et al., 2005; Shrestha and Kim, 2007a, 2007b)
and induces antimicrobial peptide production (Yajima et al.,
2003). It also mediates prophenoloxidase release from oe-
nocytoids in S. exigua (Shrestha and Kim, 2008).

Inhibition of eicosanoid biosynthesis leads to immuno-
suppression in insects (Stanley, 2006b). This strategy is ex-
ploited by various pathogenic bacteria to avoid immune re-
sponses of the target insects (Kim et al., 2005). The sup-
pression of eicosanoid biosynthesis by X. nematophila was
first reported in S. exigua (Park and Kim, 2000). The inhi-
bitory target of X. nematophila is PLA; of S. exigua, which
is a secretory type due to its specific sensitivity to a secre-
tory PLA; inhibitor (Park and Kim, 2003). Park et al.
(2005) showed that the PLA; inhibitory factor(s) is synthe-
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sized and released into the bacterial culture broth. However,
it was not clearly understood that the PLA; inhibited by
the metabolite of X. nematophila is associated with immune
responses of the insect. Also, any PLA:-inhibitory metabo-
lite has not been identified from the culture broth of X.
nematophila.

This study investigated any inhibitory activity of X. nem-
atophila against an immune-associated PLA; identified from
the red flour beetle, Tiibolium castaneum. It also determined
the cultured extract containing PLA, inhibitor(s) synthe-
sized by X. nematophila. To these ends, this study prepared
an immune-associated PLA; of T castaneum (Shrestha,
2008) using a bacterial expression system. To analyze the in-
hibitory metabolite(s) synthesized by X. nematophila against
PLA; activity, bacterial culture broth was fractionated with
organic solvents. Finally, the immunosuppressive activity of
the active fraction was compared to the effect induced by
RNA interference of the PLA, gene expression.

Materials and Methods

Insect rearing and bacterial culture

T castaneum was reared in a dry and dark condition (a rel-
ative humidity 60+5%) at room temperature (25+1°C) with
organic wheat flour (Pareve, USA). Fully grown late instar
larvaec (>5 mm) were used in this study. Escherichia coli
Top10 cells were cultured overnight in Luthia-Bertani (LB)
medium at 37°C and X. nematophila in Tryptic Soy Broth
(TSB, Difco, USA) at 28°C in shaking incubator (200 rpm).
Heat-killed X. nematophila was prepared by incubating bac-
terial suspension in 70°C for 20 min. After heat treatment,
dead X. nematophila was confirmed by streaking and cultur-
ing the suspension on tryptic soy agar medium.

Chemicals

Benzylideneacetone [trans-4-phenyl-3-buten-2-one], dexame-
thasone [(11B,16a)-9-fluoro-11,17,21-trihydroxy-16-methylpre-
gna-1,4-dione], arachidonic acid [5,8,11,14-eicosatetraenoic
acid], 4-bromophenacyl bromide (BPB), methyl arachidonyl
fluorophosphonate (MAFP), and dithiothreitol (DTT) were
purchased from Sigma-Aldrich Korea (Korea). All these che-
micals were dissolved in dimethylsulfoxide (DMSO, Sigma-
Aldrich). Ethylene glycol-bis (2-amino-ethyl ether)- N,N,N’,N’-
tetraacetic acid (EGTA) and bovine serum albumin were
purchased from Sigma-Aldrich Korea and dissolved in steri-
lized water. For enzyme activity, 1-hexadecanoyl-2-(1-pyre-
nedecanoyl)-sn-glycero-3-phosphocholine was purchased from
Molecular Probes, Inc. (USA) and dissolved in high grade
ethanol (Sigma-Aldrich).

Extraction of X. nematophila metabolites

X. nematophila was cultured in TSB at 28°C. The bacterial
solution was centrifuged at 7,000 rpm for 15 min using
A6.14 rotor (Kontron Instrument, Italy) at 48 h after
culture. The collected supernatant (1 L) was transferred to
separation funnel and mixed with 330 ml of hexane. After
vigorous shaking and incubation for 1 h at room temper-
ature, the supernatant was collected. This hexane extraction
was repeated two more times. The resulting 1 L hexane ex-
tract was concentrated into 5 ml by using a rotary evapo-
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rator (Ayala, Japan). This concentrated solution of hexane
extract was sterilized by using membrane filter (0.22 pum
pore size) and stored at 4°C. The remaining culture broth
after the hexane extraction was subjected to diethyl acetate
extraction, which followed the same procedure described in
the hexane extraction. The final remaining culture broth was
taken as an aqueous fraction. To compare these three ex-
traction fractions, both hexane and diethyl acetate extracts
were diluted at 200X with DMSO to make original volume
before extraction. Two microliter of each extract was used
in total reaction mixture (see below) in analysis of enzyme
activity, while 200 nl was injected into hemocoel to analyze
effects of immunosuppression and pathogenicity on 7. cas-
taneum.

Nodulation assay
Nodulation assay to measure immune capacity was per-
formed by injecting 1.28x10* cells of heat-killed X. nemato-
phila in a 60 nl volume into hemocoel of late instar 7. cas-
taneum using a nanoliter injector (WPI, Inc., USA) under
a microscope (S730, Olympus, Japan). After 4 h incubation
at room temperature, melanized black nodules were counted
externally on its ventral side of transparent body cuticle under
a stereomicroscope (SZX9, Olympus) at 50X magnification.
For analysis of time-course of hemocytic nodule forma-
tion, the larvae were injected with 6.25 x10° cells of X.
nematophila. Nodules were counted at 0, 0.5, 1, 2, 4, 6, and
8 h post-injection. At each time point, a treatment was re-
plicated three times. Numbers of nodules were counted as
described above.

Preparation of recombinant TcPLA; protein

Open reading frame of TcPLA; (GenBank accession no.:
FJ768719) was cloned into an expression vector, pBAD-
TOPO containing polyhistidine tail and V5 epitope (Invi-
trogen, USA) according to the manufacturer’s instruction.
After transformation into an electro-competent E. coli Top10
cells, colonies in frames were chosen for bacterial expression.
A recombinant colony was cultured at 37°C with shaking.
At 0.6~0.9 absorbance at 600 nm, an inducer L-arabinose
(Sigma-Aldrich) was added in 0.008% final concentration to
over-express the inserted PLA;, gene. The recombinant bac-
terial cells were harvested by centrifugation at 5,000 rpm
using A6.14 rotor (Kontron Instruments, Italy) and resus-
pended in a double detergent buffer [50 mM Tris, 30 mM
NaCl, 0.1% sodium dodecyl sulfate (Sigma-Aldrich), 0.02%
NaNj3, 0.01% Igepal, 0.005% phenylmethylsulfoxide (Sigma-
Aldrich), 0.005% protease inhibitor cocktail]. Then an ul-
trasonicator (Bandelin Sonoplus, Germany) was used for
subsequent bacterial cell wall lysis with 30 sec at each cycle
for 20 min. After the cell lysate was centrifuged at 14,000
rpm using A8.24 rotor (Kontron Instruments, Italy), the su-
pernatant containing TcPLA; protein was collected and used
as enzyme source for enzyme activity assay.

Pathogenicity

Bioassay test was performed using T castaneum larvae after
intra-hemocoelic injection of freshly cultured X. nematophila
or its culture extracts. Late instar larvae (>5 mm in length)
were injected with 200 nl of each test solution using nano-
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liter injector (Nanojet II, WPI, Inc., USA). Live larvae were
counted after 48 h post-injection.

Enzyme activity measurement

PLA; activity was measured by spectrofluorometry using a
pyrene-labeled phospholipid [1-hexadecanoyl-2-(1-pyrenede-
canoyl)-sn-glycerol-3-phosphatidyl choline] as the substrate
in the presence of bovine serum albumin (Radvanyi et al.,
1989). The fluorometric phospholipid was dissolved in etha-
nol to prepare 10 mM stock solution and 10% bovine serum
albumin was prepared in sterilized distilled water. The reac-
tion mixture (2 ml) was prepared in a cuvette by sequen-
tially adding 50 mM Tris-HCI buffer (pH 7.0), 10% of bo-
vine serum albumin, 1 M CaCl,, and enzyme extract. The
reaction was initiated by addition of 10 mM pyrene sub-
strate and subsequently fluorescence intensity was monitored
with an Aminco Bowmen Series 2 luminescence spectrometer
(FA257, Spectronic Instruments, USA) using excitation and
emission wavelengths of 345 and 398 nm, respectively. The
specific enzyme activity was calculated by the method des-
cribed by Radvanyi et al. (1989). For pH preference, different
pH buffers were prepared from pH 4.5 to pH 10.0 with so-
dium phosphate. To check inhibition of its activity, 2 pl of
test chemical was used in above described reaction mixture.

RNA interference (RNAi)

Double stranded RNA (dsRNA) of TcPLA; was prepared
with gene specific primer; 5-CAAAAGCTACACAGGGAGG
AGGG-3’ and 5-CTTTGAAGGAAATTGCAACGGGGC-¥
according to manufacturer’s instruction of Megascript RNAi
kit (Ambion, USA). The PCR product was cloned into the
pCR2.1 cloning vector (Invitrogen) and their orientations
were analyzed by PCR using a combination of vector- and
TePLAs-specific primers. Sense and antisense strands were
transcribed in vitro using T7 RNA polymerase. Both RNA
strands were annealed at 37°C for 4 h and then digested
with DNase I and RNase to remove DNA and any sin-
gle-stranded RNA, respectively.
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Fig. 1. Pathogenicity of X. nematophila (‘Xn’) against late instar
larvae (>5 mm in length) of Tiibolium castaneum. In heat-killed
Xn, (‘HK-Xn’), the bacteria were treated at 70°C for 20 min. The
bacterial suspension (200 nl) was microinjected into the hemocoel
and incubated at 25°C for 48 h. Each treatment tested fifty
larvae.

Transfection of dsSRNA was carried out with Metafectene
PRO transfection reagent (Biontex, Planegg, Germany) in a
1:1.5 volume ratio and incubated for 20 min at 25=1°C.
Twenty five nanoliters of the dsSRNA solution were injected
into larval hemocoel by the micro-injection method described
above. However, one hundred nanoliters of dSRNA was in-
jected for their survival test. Knockdown was evaluated by
RT-PCR at 48 h after the microinjection.

RT-PCR

Total RNA was extracted using Trizol reagent (MRC, USA)
according to manufacturer instruction. First strand cDNA was
synthesized by reverse transcription using RT-premix (Intron
Biotechnology, Korea) containing an oligo dT primer; 5°-C
CAGTGAGCAGAGTGCGAGGACTCGAGCTCAAGCTT
ITTTTTTTTTTTTTTT-3". Ten times diluted cDNA was used
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Fig. 2. Immunosuppressive effect of X. nematophila (‘Xn’) on nodule formation of late instar larvae (>5 mm in length) of T castaneum in
response to the bacterial challenge. In heat-killed Xn (‘HK-Xn’), the bacteria were treated at 70°C for 20 min. (A) Time-course experiment,
where the bacterial suspension (200 nl) was microinjected into the hemocoel and incubated at 25°C for different time periods. (B) Rescue
effect of exogenous arachidonic acid (2.2 pg/larva, ‘AA’) on the suppressive nodule formation by Xn infection. Each treatment consisted
of at least 10 larvae. Different letters above standard deviation bars represent significant difference among means at Type I error=0.05

(LSD test).
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Fig. 3. Biochemical characteristics of a recombinant phospholipase Az of T castaneum (TcPLA;). The PLA; gene was over-expressed in
E. coli and the resulting extract was used for catalytic activity analysis. Effects of substrate (A), temperature (B), pH (C), and EGTA (D)
on TcPLA; enzyme activity. Each treatment was replicated three times. Different letters above standard deviation bars represent significant
difference among means at Type I error=0.05 (LSD test).

as a template for RT-PCR with gene specific forward; 5’-C gene was used as an internal control with forward; 5-TG
AAAAGCTACACAGGGAGGAGGG-3’ and reverse; 5°-C GCACCACACCTTCTAC-3’ and reverse; 5-CATGATCTG
TTTGAAGGAAATTGCAACGGGGC-3’ primers. B-Actin GGTCATCTTCT-3’ primers. PCR was performed with 35
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Fig. 4. (A) Specific inhibitory effects of different inhibitors on a recombinant phospholipase Az of T castaneum (“IcPLA’). The PLA, gene
was over-expressed in E. coli and the resulting extract was used for catalytic activity analysis. DTT, MAFP, and BPB represent dithiothreitol,
methyl arachidonyl fluorophosphonate, and p-bromophenacyl bromide, respectively. (B) Dose effect of BPB on TcPLA, activity. Each treat-
ment was replicated three times. Different letters above standard deviation bars represent significant difference among means at Type I
error=0.05 (LSD test).
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cycles under a condition of denaturation at 95°C for 1 min,
extension at 72°C for 1 min and at specific annealing tem-
perature for each gene for 1 min.

Statistical analysis

All studies were performed in three independent replicates
and plotted by Mean=SD using Sigma plot. Means were
compared by a least squared difference (LSD) test of one
way ANOVA using PROC GLM of SAS program (SAS
Institute, 1989) and discriminated at Type I error=0.05.

Results

Influence of X. nematophila on pathogenicity of T.
castaneum larvae

An entomopathogenic bacterium, X. nematophila, is highly
pathogenic to most lepidopteran larvae; however its effect
on other insects including coleopteran insects was not clear.
X. nematophila showed pathogenicity at only several hun-
dred cell dose against late larval stage of T castaneum by
hemocoelic injection (Fig. 1). With increase of injection dose
of X. nematophila, larval mortality significantly increased,
while no significant mortality was found in heat-killed bac-
terial treatment.

To explain the pathogenic effect of X. nematophila on T
castaneum, the larvae were analyzed by their capacity to
form hemocytic nodules in response to bacterial challenge.
The larvae infected with heat-killed X. nematophila formed
several round black nodules around the trachea, gut, and
fat body. The nodules were easily visible externally due to
its transparent cuticle. Nodule formation in T castaneum
began after an hour of bacterial injection and increased
with incubation time up to 4 h after the injection (Fig. 2A).
When live X. nematophila was injected to T. castaneum, the
infected larvae formed significantly less number of nodules
compared to the heat-killed X. nematophila. The suppre-
ssion of the nodule formation was clearly recovered by an
additional injection of arachidonic acid, a precursor of eico-
sanoid biosynthesis (Fig. 2B). These results indicated im-
munosuppressive activity of X. nematophila on T. castaneum
by inhibiting PLA.,.

Recombinant PLA; of T. castaneum biosynthesis and
its biochemical properties

An immune-associated PLA, gene was chosen and cloned
into an expression vector, pBAD-TOPO. The TcPLA; gene
was over-expressed to prepare a recombinant PLA, protein.
The enzyme activity of the recombinant TcPLA; increased
with substrate concentration (Fig. 3A) and exhibited optimal
activity at 30°C (Fig. 3B). The TcPLA; protein preferred
neutral pH for their enzymatic activity (Fig. 3C) and showed
calcium dependency because a calcium chelator, EGTA, signi-
ficantly inhibited the enzyme activity (Fig. 3D). The enzyme
activity of TcPLA, was inhibited by BPB, a specific inhi-
bitor to secretory type PLA; and by DTT, a reducing agent
of disulfide bond. However, there was no inhibition of
TcPLA; with MAFP (a specific inhibitor to cytosolic type
PLA;) (Fig. 4A). Its enzyme activity was inhibited in a dose
dependent manner with BPB (Fig. 4B).
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Fig. 5. Inhibitory effect of culture media of X. nematophila (‘Xn’)
on a recombinant phospholipase A (‘PLAy’) of T castaneum. The
PLA; gene was over-expressed in E. coli and the resulting extract
was used for catalytic activity analysis. (A) Effects of Xn culture
media for different time periods on PLA; activity inhibition (bar).
In each culture medium sample, the bacterial population was moni-
tored by measuring absorbance at 600 nm (line). Effect of different
extraction fractions of Xn on inhibition of PLA; activity (B), and
insecticidal activity (C). Heat treatment used 70°C for 20 min.
The 48 h culture medium was fractionated into hexane (‘HEX’),
diethylacetate (DEX’), and remaining aqueous (‘AQU’) phases.
For insecticidal activity analysis, 100 nl of extract was injected into
late instar larva (>5 mm in length) of T castaneum, and incu-
bated at 25°C for 48 h. Each treatment was replicated for three
times. Different letters above standard deviation bars represent
significant difference among means at Type I error=0.05 (LSD
test).
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Screening of PLAj-inhibitory metabolite(s) from X.
nematophila

Culture broth samples of X. nematophila were taken at dif-
ferent times according to the bacterial growth phases and
monitored in their inhibitory effects on TcPLA, activity.
After 12 h culture time, the bacterial population reached to
a stationary growth phase and showed significantly high
PLA;-inhibitory activities (Fig. 5A). The 48 h culture medium
contained heat-resistant PLA; inhibitor(s), which was con-
trasted with high susceptibility of its insecticidal activity to
the heat-treatment (Fig. 5B). The 48 h culture broth was
further separated into hexane, diethyl acetate, and remain-
ing aqueous fractions. Most PLA-inhibitory activities were
found in diethyl acetate and hexane fractions, while most
insecticidal activities were in aqueous and diethyl acetate
fractions (Fig. 5C).

Immunosuppressive effect of diethyl acetate extract
was comparable to that induced by RNA interference
of TcPLA,

Immunosuppression due to a specific RNA interference
against TcPLA, was confirmed (Fig. 6). Transfection of
dsRNA of TcPLA, was analyzed by RT-PCR at 48 h after
the injection (Fig. 6A). The mRNA expression of TcPLA,
was completely inhibited (Fig. 6A). The knockdown of
TcPLA, expression clearly suppressed nodule formation of
T castaneum in response to bacterial challenge (Fig. 6B).
This immunosuppressive effect was also found in the larvae
treated with the diethyl acetate extract prepared from 48 h
culture medium. To link this immunosuppression to the bac-
terial pathogenicity, a low dose of X. nematophila was in-
jected to the late instar larvae (Fig. 6C). Additional treat-
ment with diethyl acetate extract could significantly increase
the bacterial pathogenicity. Similar enhanced pathogenicity
was found in the larvae treated with dsRNA specific to
TcPLA,.

Discussion

A whole genome sequence of T castaneum was reported
and annotated (Tribolium Genome Sequence Consortium,
2008). Furthermore, an EST database study supported the
validation of the genome annotation (Park et al., 2008).
Comparisons of the annotated genes of T. castaneum with
those of Drosophila melanogaster, Bombyx mori, and Ano-
pheles gambiae provided putative functional genes, which
would be subjected to be proved in their physiological func-
tions in T. castaneum (Schroder, 2003; Bonneton et al., 2008;
Tan and Palli, 2008). By this reverse physiological strategy,
five PLA, genes of T castaneum have been identified to be
associated with its immune responses (Shrestha, 2008). This
study chose a TcPLA; that was known as “ITcPLA.;B’ encoding
an amino acid sequence with 261 residues and putative five
disulfide bonds as well as calcium-binding and active site
domains (Shrestha, 2008).

Injection of live X. nematophila gave significant pathoge-
nicity to T castaneum in a dose-dependent manner. However,
its pathogenicity to T castaneum was much lower than that
to a lepidopteran insect, S. exigua, where only 100 live cells
were enough to kill the fifth instar larvae (Park and Kim,
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Fig. 6. Immunosuppression induced by a culture extract using die-
thyl acetate (‘DEX’) of X. nematophila was compared with an effect
of RNA interference of an immune-associated phospholipase A,
(‘TcPLAY’) in T castaneum. (A) Effect of double strand RNA
(‘dsRNA) injection on expression of TcPLA,. The dsRNA (25 nl)
was injected into late instar larva (>5 mm in length) and incu-
bated for 48 h at 25°C. Then RNA was extracted and used for
RT-PCR of TcPLA;. B-Actin gene was used as a positive control
of cDNA preparation. (B) Xn was heat-killed (‘HK- Xn’) at 70°C
for 20 min. HK-Xn (105 cells/larva) was injected with DEX (100
nl/larva) or dsRNA (50 nl/larva). Nodulation was analyzed after
12 h of injection at 25°C. (C) Live Xn (7x10° cells) was injected
with DEX (100 nl) and dsRNA (50 nl). Larval survival was ana-
lyzed 48 h after the injection treatment at 25°C. Each treatment
was replicated three times. Different letters above standard devia-
tion bars represent significant difference among means at Type 1
error=0.05 (LSD test).

2000) while at least 10* times more cells were required to
give similar mortality in 7. castaneum. This pathogenic dif-
ference may be due to a host preference of X. nematophila,
not to a phase variation of X. nematophila (Boemare et al.,
1997) because we used a primary form in both assays. On
the other hand, other nematode-symbiotic entomopathogenic
bacterium, Photorhabdus temperata subsp. temperata, showed
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high pathogenicity against T. castaneum (unpublished data).
Thus this differential pathogenicity may come from varia-
tion in target insect susceptibilities to bacterial virulence
factors. Another source of the pathogenicity variation may
be due to difference in immunity between 7. castaneum and
S. exigua to defend the infection of X. nematophila. Host
immunosuppression by X. nematophila significantly affects
its pathogenicity by assessment of clonal variation of the
bacteria (Park et al., 2006). The causative link between bac-
terial pathogenicity and host immune capacity was further
supported because prior immunization enhances tolerance
against the entomopathogenic bacteria and RNA interfer-
ence of the antimicrobial peptide expression enhances the
bacterial pathogenicity (Eleftherianos et al., 2006). However,
it looks difficult to explain the low pathogenicity of X. nem-
atophila in terms of differential immunosuppression because
the bacterial infection significantly inhibited the immune re-
sponses of T castaneum as they did in S. exigua (Park and
Kim, 2000). This immunosuppression was due to inhibition
of PLA; because the addition of arachidonic acid signifi-
cantly rescued the suppressed state. The inhibition of PLA;
activity by X. nematophila was first reported in S. exigua
(Park and Kim, 2000, 2003). This was further confirmed in
other lepidopteran insect, M. sexta (Park et al., 2004). In
turn, PLA; is known to be the common inhibitory target of
these nematode-symbiotic bacteria (Kim et al., 2005). The
reason to inhibit PLA, activity by the bacteria is likely to
shutdown biosynthesis of eicosanoids. Eicosanoids are well
known immune mediators in various insect orders (Stanley,
2006a). Especially, in relation to bacterial infection, eicosa-
noids mediate hemocyte-spreading behavior (Kwon et al.,
2007), phagocytosis (Shrestha and Kim, 2007a), and nodule
formation (Stanley, 2006a) as well as antimicrobial peptide
production (Morishima et al., 1997). However, due to lack
of molecular information on immune-associated PLA, in
insects, it was difficult to make a direct link between each
immune response and specific PLA; activities. Thus, molec-
ular information on the target PLA; of X. nematophila was
needed.

Based on the identified five immune-associated PLA;
genes in 1. castaneum, this study used a TcPLA; after pre-
paring its recombinant protein using a bacterial expression
system. The recombinant TcPLA, showed specific condi-
tions for optimal its PLA, activity depending on substrate
concentrations, pH, temperature, and calcium. Generally,
PLA; has been classified into 15 Groups comprising four
main types including secretory (sPLA;), cytosolic Ca**-de-
pendent (cPLA,), cytosolic Ca’*-independent (iPLA,), and
PAF acetyl hydrolase/oxidized lipid (LpPLAz) PLA; (Burke
and Dennis, 2009). They differ in molecular size, number
of disulfide bonds, and calcium dependency as well as nu-
cleotide sequence. The only known insect PLAss in amino
acid sequence are the secretory types of Apis mellifera
(Kuchler et al., 1989) and D. melanogaster (Ryu et al., 2003),
which are classified into Group III PLA,. TcPLA; analyzed
in this study was sPLA, because it showed sequence simi-
larity with other sPLA; (Shrestha, 2008) and was suscep-
tible to a sPLA; specific inhibitor, BPB, as shown in this
study. Furthermore, its calcium dependency and essential
disulfide bond(s) for optimal activity reflect its biochemical
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nature of sPLA,. Since TcPLA, has ten cysteines in its amino
acid sequences forming putative five disulfide bonds, inhi-
bition of the enzyme activity by DTT might be due to re-
ducing the disulfide bonds. Park and Kim (2003) showed
that immune-associated PLA; is likely to be a sPLA,, which
would be a target of X. nematophila.

X. nematophila synthesized PLA; inhibitor(s) and secreted
into culture broth. The inhibitory activity of X. nematophila
culture broth was found as early as 2 h after culture. But,
maximal effects of the culture broth on PLA; inhibition
were found in samples obtained at the stationary bacterial
growth phase. This suggests that X. nematophila can pro-
duce PLA; inhibitor(s) at early infection stage in 1. casta-
neum and increase its concentration with bacterial pop-
ulation density. The PLA; inhibitor(s) of X. nematophila
was heat-tolerant, which was compared with heat-suscep-
tible insecticidal factor(s) in the culture broth. The insecti-
cidal toxins are identified in X. nematophila as Xenorhabdus
protein toxins (xpt) that are heat-labile and show high simil-
arity to the well-known toxin genes of Photorhabdus (Morgan
et al., 2001). The insecticidal toxic genes of X. nematophila
have been identified and their pathogenic interactions have
been evaluated in terms of target insect spectrum (Morgan
et al., 2001; Sergent et al., 2003). Heat-labile nature of in-
secticidal activity found in this study may be explained by
presence of the xpt protein.

This study showed that PLA, inhibitor(s) of X. nemato-
phila in its 48 h culture broth could be fractionated into
both aqueous and organic phases while most insecticidal
factor(s) was extracted in polar phases. This suggests that
there may be more than one type of PLA; inhibitors syn-
thesized and secreted by X. nematophila. For insecticidal
factors other than xpt, X. nematophila secretes the outer
membrane vesicles in its culture media, which exhibit cyto-
toxicity to insect cells and oral insecticidal activity (Khan-
delwal and Benerjee-Bhatnagar, 2003). These metabolites
would be dissolved in organic solvent, such as diethyl acetate.
This study showed a significant insecticidal activity of the
diethyl acetate extract. In addition, X. nematophila has been
known to release antimicrobial compounds such as indoles
(Paul et al., 1981), dithiolopyrrolones (Mclnerney et al., 1991),
xenocoumacins (Sundar and Chang, 1993), and monoterpene
(Ji et al., 2004) to keep monogenic state in the infected in-
sect hemocoel.

Among active fractions, diethyl acetate fraction contained
large amount of PLA; inhibitor(s) and was further analyzed
in its effect on immunosuppression in 7. castaneum. The in-
hibitory effect of the diethyl acetate fraction was equally
comparable with that of RNA interference of the TcPLA,
expression in T castaneum. We already showed that the di-
ethyl acetate extract could inhibit TcPLA; activity. Thus the
inhibitory activity of the diethyl acetate against TcPLA; led
to immunosuppression of 7. castaneum and enhanced the
bacterial pathogenicity. Here, we do not avoid a possibility
that the extract also inhibited other TcPLA;s, which would
give synergistic effects on the immunosuppression. Thus these
results suggest that the immunosuppressive effect of X
nematophila on T. castaneum can be explained by the PLA,
inhibitor(s) action of the bacteria against TcPLA, associated
with the immune response. It also suggests that more than
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one type of PLA; inhibitors may be synthesized by X. nem-
atophila and released into culture broth. These molecules
need to be identified in order to understand pathogenic in-
teraction between X. nematophila and insect immune system.
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