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Variation in the Susceptibility of Drosophila to Different

Entomopathogenic Nematodes

Jennifer M. Pefa, Mayra A. Carrillo, Elissa A. Hallem

Department of Microbiology, Immunology, and Molecular Genetics, University of California, Los Angeles, Los Angeles, California, USA

Entomopathogenic nematodes (EPNs) in the genera Heterorhabditis and Steinernema are lethal parasites of insects that are of
interest as models for understanding parasite-host interactions and as biocontrol agents for insect pests. EPNs harbor a bacterial
endosymbiont in their gut that assists in insect killing. EPNs are capable of infecting and killing a wide range of insects, yet how
the nematodes and their bacterial endosymbionts interact with the insect immune system is poorly understood. Here, we de-
velop a versatile model system for understanding the insect immune response to parasitic nematode infection that consists of
seven species of EPN's as model parasites and five species of Drosophila fruit flies as model hosts. We show that the EPN Steiner-
nema carpocapsae, which is widely used for insect control, is capable of infecting and killing D. melanogaster larvae. S. car-
pocapsae is associated with the bacterium Xenorhabdus nematophila, and we show that X. nematophila induces expression of a
subset of antimicrobial peptide genes and suppresses the melanization response to the nematode. We further show that EPNs
vary in their virulence toward D. melanogaster and that Drosophila species vary in their susceptibilities to EPN infection. Differ-
ences in virulence among different EPN-host combinations result from differences in both rates of infection and rates of postin-
fection survival. Our results establish a powerful model system for understanding mechanisms of host-parasite interactions and

the insect immune response to parasitic nematode infection.

Entomopathogenic nematodes (EPNs) of the genera Steiner-
nema and Heterorhabditis are insect-parasitic nematodes that
are phylogenetically distant but share a similar life cycle as a result
of convergent evolution (1). EPNs offer numerous advantages as
model parasitic nematodes, including small size, short generation
time, and amenability to in vitro culturing (2). EPN infective lar-
vae are associated with bacterial endosymbionts: Steinernema spe-
cies are associated with bacteria in the genus Xenorhabdus, and
Heterorhabditis species are associated with bacteria in the genus
Photorhabdus (1). At least some EPNs are capable of infecting the
fruit fly Drosophila melanogaster, providing a genetically tractable
system for understanding the immune response to parasitic nem-
atodes and their bacterial endosymbionts (3—6). However, the in-
sect immune response to EPN infection is poorly understood.

During a particular developmental stage called the infective
juvenile (I]), EPNs infect insects (Fig. 1A). IJs are developmentally
arrested, third-stage larvae analogous to the dauer stage of free-
living nematodes (7). IJs actively seek out insect hosts using che-
mosensory cues (8-10) and infect either by entering through nat-
ural body openings or by penetrating the insect cuticle (11). IJs
harbor their bacterial endosymbiont in their gut and deposit it
into the insect upon infection, where it assists the nematode in
killing the insect, digesting insect tissues, and inhibiting the
growth of other microorganisms (12-14). Following infection, the
nematodes reproduce in the insect cadaver and feed on the bacte-
rium-infested tissue until resources are depleted, at which point
new IJs form and emerge from the cadaver to search for new hosts
(Fig. 1B) (15).

In response to EPN infection, insects mount an innate immune
response that involves antimicrobial peptide (AMP) expression as
well as activation of the melanization and encapsulation reactions
(11). At the same time, the nematodes attempt to evade or sup-
press the insect immune response through a process that remains
poorly understood. Both the nematode and its bacterial endosym-
biont appear to inhibit some aspects of AMP production,
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melanization, encapsulation, and phagocytosis (11, 16-18). Stud-
ies using D. melanogaster larvae as a model host for the EPN Het-
erorhabditis bacteriophora and its endosymbiont Photorhabdus lu-
minescens have shown that infection induces expression of a large
number of immune genes, including AMPs, and that AMP expres-
sion is primarily a response to the bacterial endosymbiont rather
than to the nematode (4, 19). Infection also stimulates clotting,
and clotting mutants show decreased survival in response to H.
bacteriophora-P. luminescens infection (20, 21). However, studies
of the immune response of D. melanogaster to EPN infection have
so far been limited to H. bacteriophora-P. luminescens, and the
extent to which the immune response differs for different EPNs is
unclear.

Here, we demonstrate that the distantly related EPN Steiner-
nema carpocapsae and its bacterial endosymbiont Xenorhabdus
nematophila are capable of infecting D. melanogaster larvae and
are more virulent toward D. melanogaster than H. bacteriophora-P.
luminescens. Infection with S. carpocapsae symbiont IJs (i.e., IJs
harboring X. nematophila in their gut) induced expression of a
subset of AMP genes. S. carpocapsae infection also activated the
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IJs find host

IJs infect and deposit
bacteria in host

Worms reproduce in host
until food is depleted; new
IJs then emerge

FIG 1 Life cycle of S. carpocapsae. (A) Photomicrographs of S. carpocapsae infective juveniles (IJs) with GFP-expressing X. nematophila. The left frame shows an
IJ outside the host, and the right frame shows an IJ that was extracted from a host and that is defecating X. nematophila. (B) The life cycle of S. carpocapsae. IJs in
the soil find a host, enter through a natural body opening, and defecate their symbiotic bacteria into the host. The bacteria play an important role in overcoming
the host immune system (1). The nematodes develop and reproduce in the insect cadaver until resources are depleted. New IJs then form and exit the cadaver.

Green dots represent the bacterial endosymbiont.

melanization pathway, and a higher rate of melanization occurred
following infection with axenic IJs than with symbiont IJs, sug-
gesting that X. nematophila suppresses the melanization response.
Finally, exposure of D. melanogaster larvae to seven different EPN
species revealed that EPNs vary in their virulence levels toward D.
melanogaster, and exposure of five different Drosophila species to
S. carpocapsae symbiont IJs revealed that Drosophila species vary
in their susceptibilities to EPN infection. Our results establish the
EPN-Drosophila system as a powerful model for investigating the
insect immune response to nematode infection.

MATERIALS AND METHODS

Nematode strains. The following EPN strains were used: S. carpocapsae
ALL (8, 9), H. bacteriophora Baine (22), Steinernema glaseri NC (23),
Steinernema scapterisci FL (24), Steinernema riobrave TX (25), Heterorh-
abditis indica HOM1 (22), and Steinernema feltiae SN (26).

Drosophila stocks. Wild-type D. melanogaster larvae were from the
Canton-S strain. Studies of AMP expression were conducted with strains
of D. melanogaster containing either an attacinA::GFP, cecropinAl::GFP,
metchnikowin::GEP, drosocin::GFP, drosomycin::GFP, diptericin::GFP, or
defensin::GFP transgene (where GFP is green fluorescent protein) (27).
Wild-type Drosophila virilis, Drosophila simulans, Drosophila yakuba, and
Drosophila pseudoobscura were stocks 15010-1051.00, 14021-0251.006,
14021-0261.00, and 14011-0121.104 from the Drosophila Species Stock
Center, respectively. We note that all D. melanogaster strains, as well as the
wild-type Drosophila simulans strain, were confirmed to be infected with
Wolbachia by PCR using previously described primers (28). However,
Wolbachia status is unlikely to affect susceptibility to EPNs or their bac-
terial endosymbionts: although Wolbachia infection may protect against
some viral infections (29, 30), it does not appear to protect against other
types of infections and has little or no effect on AMP expression (29,
31-33).

Bacterial strains. The following bacterial strains were used: wild-type
X. nematophila HGB800 (34), GFP-expressing X. nematophila HGB340
(13), colonization-defective X. nematophila HGB777 (35), Escherichia coli
OP50-GFP, P. luminescens TTO1-GFP (36), Photorhabdus temperata
NCI1-GFP (36), and colonization-defective P. temperata NC1-GFP
TRN16 (36). Xenorhabdus was grown in LB broth containing 0.1% so-
dium pyruvate, and Photorhabdus was grown in PP3 broth as previously
described (8).

Nematode culturing. To generate symbiont IJs, nematodes were cul-
tured in either the waxworm Galleria mellonella (for all species except S.
scapterisci) or the house cricket Acheta domestica (for S. scapterisci) as
previously described (8, 9). Briefly, five last-instar waxworms or one me-
dium-sized cricket (American Cricket Ranch, Lakeside, CA) was placed in
a 5-cm petri dish with a 55-mm Whatman 1 filter paper in the bottom of
the dish. Approximately 500 to 1,000 IJs suspended in water were distrib-
uted on the filter paper and on the insects. Petri dishes were stored either
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at 25°C in the case of H. bacteriophora and S. riobrave or at room temper-
ature (22 to 23°C) in the case of all other species. H. bacteriophora and S.
riobrave infections were performed at 25°C because these species are
found primarily in warm climates (37) and infect insects more efficiently
at 25°C than at room temperature. Infections for the other species were
performed at room temperature because these species infect more effi-
ciently at room temperature than at 25°C. After ~10 days the insect ca-
davers were placed on White traps (38) or, in the case of S. glaseri, on
modified White traps containing plaster of Paris (9). Symbiont IJs were
collected from traps within 10 days, stored at 15°C, and tested within 1
month of collection.

To generate axenic S. carpocapsae IJs, symbiont S. carpocapsae IJs were
surface sterilized by incubation in 1% commercial bleach for 5 min. IJs
were then rinsed three times in distilled H,O (dH,0), incubated in anti-
biotic solution (10 pg/ml gentamicin, 100 wg/ml streptomycin, 100
pg/ml carbenicillin, and 20 pg/ml kanamycin in dH,O) for 48 h, and
plated onto 1X lipid agar-cholesterol plates (39) (final concentration of
cholesterol, 5 mg/liter) containing 0.1% sodium pyruvate and seeded with
X. nematophila HGB777 bacteria (35). Axenic nematodes were main-
tained on lipid agar-cholesterol plates seeded with HGB777, and IJs were
collected from plates as previously described (8). IJs were incubated in 1%
commercial bleach for 5 min and then rinsed three times in dH,O to
surface sterilize them prior to testing. To verify that the IJs were axenic, 5
wl of IJ pellet was plated onto a lipid agar-cholesterol plate and incubated
at 25°C. The absence of bacteria on the plate was confirmed after 2 to 3
days.

To generate symbiont S. carpocapsae IJs containing GFP-expressing X.
nematophila, axenic IJs were plated onto lipid agar-cholesterol plates
seeded with X. nematophila HGB340 bacteria. Nematodes were main-
tained on lipid agar-cholesterol plates seeded with HGB340, and IJs were
collected from plates as previously described (8).

To generate symbiont H. bacteriophora IJs containing GFP-expressing
P. luminescens, symbiont H. bacteriophoraIJs that had emerged from wax-
worms were plated onto 1X lipid agar-cholesterol plates (39) containing
0.1% sodium pyruvate seeded with P. temperata NC1 TRN16 bacteria
(36). IJs were collected from plates as previously described (8) and plated
onto 1X lipid agar-cholesterol plates seeded with P. luminescens TTO1-
GFP bacteria (36). Nematodes were maintained on 1X lipid agar-choles-
terol plates seeded with TT01-GFP, and IJs were collected from plates as
previously described (8). Axenic H. bacteriophora IJs were generated as
described above for axenic S. carpocapsae IJs, except that they were plated
onto and maintained on TRN16.

Infection of Drosophila larvae with EPNS. IJs used to assay survival
were grown in waxworms; IJs used to assay infection were grown on GFP-
expressing bacteria. IJs were rinsed three times in dH,0O, and 10 pl of
water containing 500 IJs was pipetted onto the center of a 5-cm petri dish
containing nematode growth medium (NGM). For each trial, 20 third-
instar Drosophila larvae were rinsed twice in 1X phosphate-buffered sa-
line (PBS) and placed onto the NGM plate containing IJs. Drosophila
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larvae infected with H. bacteriophora and S. riobrave were kept in a 25°C
incubator; larvae infected with all other strains were kept at room temper-
ature. Different temperatures were used for H. bacteriophora and S. rio-
brave because these species are adapted for infection and growth at
warmer temperatures than the other species, as described above. Metal
rings were placed onto the plate lids as weights to prevent fly larvae from
escaping. Infection and survival were scored at 24 and 48 h postexposure
to IJs. Melanization was scored at 48 h postexposure to IJs to ensure that a
majority of the population had been infected.

To score infection, fly larvae or pupae (in cases where the fly larvae
pupated during the course of the experiment) were assayed under an
epifluorescence dissecting microscope. IJs grown on GFP-expressing
symbiotic bacteria were used to facilitate detection of worms inside the fly
host. Fly larvae or pupae were considered infected if worms were visible
inside the body. Although worms could be seen inside the host even with-
out the presence of GFP-expressing symbiotic bacteria, worms could be
identified more efficiently when they had GFP-expressing symbiotic bac-
teria. To score survival, fly larvae or pupae were assayed under a dissecting
microscope at X 50 magnification. Animals were determined to be alive if
they had a visible heartbeat or responded to gentle prodding.

To score melanization, fly larvae or pupae were first scored under a
dissecting microscope at X 50 magnification for black spots on the cuticle
and then dissected to determine whether they were infected. For each trial,
the percentage of infected fly larvae or pupae with visible melanization
was quantified. A value of 100% would indicate that all of the infected D.
melanogaster larvae showed visible melanization; a value of 0% would
indicate that none of the infected D. melanogaster larvae showed visible
melanization.

Infection of Drosophila larvae with bacteria. GFP-expressing X.
nematophila, E. coli, or P. luminescens cells were used for infection assays;
wild-type bacteria were used for all other assays. To generate each assay
plate, 100 wl of a bacterial suspension (for X. nematophila and E. coli) or
200 pl of bacterial suspension (for P. luminescens) from a 1- or 2-day
culture was spread onto a 5-cm plate containing LB supplemented with
100 pg/ml carbenicillin and 0.1% sodium pyruvate (X. nematophila), LB
alone (E. coli), or 1X lipid agar with cholesterol plus 0.1% sodium pyru-
vate (P. luminescens). Plates were incubated at 25°C for 1 to 2 days (X.
nematophila and P. luminescens) or at 37°C overnight (E. coli) to create a
bacterial lawn. For each trial, 20 second-instar or early-third-instar D.
melanogaster larvae were rinsed in 1X PBS and placed onto a plate con-
taining a bacterial lawn. A second plate containing a bacterial lawn was
then secured upside down on top of the first plate to prevent the fly larvae
from avoiding the bacteria by crawling onto the plate lid. Survival was
scored at 24, 48, and 72 h as described above. To assay infection, fly larvae
were washed twice in 1XPBS, placed onto unseeded NGM plates, and
scored for GFP expression under an epifluorescence dissecting micro-
scope after 24 and 48 h. All flies with visible GFP expression inside the
body were scored as GFP positive. The percentages of GFP-positive fly
larvae were then calculated. Fly larvae that were GFP negative at 24 h were
placed onto new plates seeded with bacteria and scored again at 48 h. No
GFP expression was observed in control experiments where fly larvae were
not exposed to bacteria.

AMP expression assay. AMP expression was assayed in D. melano-
gaster larvae following infection with symbiont IJs, axenic IJs, or bacteria.
For these experiments, both symbiont IJs and axenic IJs were grown in
vitro on plates containing lawns of X. nematophila to eliminate any poten-
tial differences in D. melanogaster AMP expression resulting from differ-
ences in nematode culturing conditions. We used seven different trans-
genic D. melanogaster strains as hosts, each of which expressed a reporter
construct in which GFP expression was driven by the promoter of a dif-
ferent AMP gene (27). Details of the transgenic D. melanogaster larvae
expressing the AMP reporter constructs are described above under “Dro-
sophila stocks.” We note that no GFP-expressing X. nematophila was pres-
ent in this experiment; symbiont IJs contained bacteria that did not ex-
press GFP, and the bacteria used for bacterial infections also did not
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express GFP. Thus, the GFP expression observed in these experiments was
from the transgenic D. melanogaster hosts and was a reflection of AMP
gene expression.

Infection of transgenic D. melanogaster larvae was performed as de-
scribed above; each trial consisted of 20 fly larvae. For the uninfected
controls, fly larvae were placed onto either NGM plates without IJs (con-
trols for infection with symbiont or axenic IJs) or LB plates without bac-
teria (control for infection with X. nematophila). AMP expression was
scored at 24 h postexposure to IJs. We note that in initial experiments,
AMP expression was scored at 8, 24, and 48 h postexposure to IJs. AMP
expression levels at 8 h postexposure were low because most fly larvae had
not yet been infected, and no difference was observed between AMP ex-
pression levels at 24 and 48 h postexposure (data not shown). We there-
fore focused on the 24-h time point for further experiments.

To score AMP expression, larvae were removed from the plates, rinsed
twice in 1X PBS, placed onto unseeded NGM plates, and observed using
the GFP filter of an epifluorescence dissecting microscope. For the attacin,
cecropin, defensin, drosocin, and metchnikowin genes, fly larvae were scored
as GFP positive if any GFP expression was observed. For the diptericin and
drosomycin genes, fly larvae were scored as GFP positive if diffuse GFP
expression was observed because small spots of GFP expression were often
observed under normal culturing conditions. The percentage of fly larvae
expressing GFP was then calculated. We note that we previously validated
our visual GFP scoring method for these reporter lines by comparing
expression data obtained by visual scoring versus quantification in Image]J
and determining that expression data obtained by both methods were
consistent (4). To control for GFP expression not due to infection with IJs
or bacteria, the percentage of GFP-positive fly larvae obtained from the
uninfected control experiments was subtracted from the percentage of
GFP-positive fly larvae obtained from the infection experiments. Thus,
Fig. 3 reports the background-subtracted values for the percentage of fly
larvae that express the indicated AMP reporter construct.

For the bacterial infection experiment, plates were observed at 24 and
48 h postexposure to X. nematophila. On plates where some or all of the fly
larvae had burrowed into the agar by the 24-h time point, all larvae on that
plate were transferred to a new X. nematophila plate to ensure that the fly
larvae remained in contact with the bacteria for the duration of the exper-
iment.

Examining the time course for infection and survival following EPN
exposure. For each trial, ~20 fly larvae were exposed to symbiont IJs
containing GFP-expressing X. nematophila or P. temperata. IJs were used
within 1 week of collection. Infection was scored at 2, 4, 6, 8, 24, and 48 h
postexposure to IJs and was visualized using the GFP filter on an epifluo-
rescence microscope. At each time point, larvae were rinsed twice in
1XPBS and placed onto unseeded NGM plates prior to scoring. After
scoring, infected larvae were placed onto unseeded NGM plates that did
not contain IJs, while uninfected larvae were placed back onto the original
plate containing IJs so that they could be scored for infection at later time
points. To examine postinfection survival, all larvae infected by 8 h were
scored for survival at 24 and 48 h. Trials in which fewer than three fly
larvae became infected by 8 h were not included in the analysis. To assay
long-term survival, animals were scored for infection and survival as de-
scribed above, except that any animals still alive at 48 h were placed onto
new unseeded NGM plates and monitored for survival to adulthood.

Statistical analysis. Statistical analysis was performed using Graph-
Pad Instat or Prism software. Standard statistical tests were used for all
experiments, as described in the figure legends. All statistical comparisons
are described in the relevant figure legends and supplemental tables. The
value for sample size () used for statistical analysis refers to the number of
trials performed for each treatment, condition, or genotype; each trial
consisted of ~20 fly larvae.

RESULTS AND DISCUSSION

S. carpocapsae infects and kills D. melanogaster. S. carpocapsae
has a wide geographical distribution and a broad host range and is
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FIG 2 S. carpocapsae and its bacterial endosymbiont X. nematophila are pathogenic toward D. melanogaster. (A) Survival of D. melanogaster larvae exposed to
symbiont S. carpocapsae 1Js, axenic S. carpocapsae 1Js, or no IJs. All three survival curves are significantly different (P < 0.0001, log rank test). ***, P < 0.001
relative to the no-IJ control (log rank test with Bonferroni correction; n = 6 trials for each condition). (B) Infection (left) and survival (right) of D. melanogaster
larvae exposed to either X. nematophila, P. luminescens, E. coli, or no bacteria. All three species of bacteria successfully infected D. melanogaster (left graph)
although infection rates were significantly different for each species (P < 0.01, log rank test). ***, P < 0.001 for X. nematophila and P. luminescens relative to E.
coli (log rank test with Bonferroni correction). The survival curve for fly larvae exposed to E. coli was not significantly different from the survival curve for the
no-bacteria control (right graph); all other survival curves were significantly different from each other (P < 0.001, log rank test with Bonferroni correction). ***,
P < 0.001 relative to E. coli and the no-bacteria control (log rank test with Bonferroni correction). The no-bacteria control shown in the graph was performed
on LB plates; a no-bacteria control was also performed on lipid-agar plates (for comparison to P. luminescens), and results were not significantly different from
those of the control on LB plates (P = 0.2728, log rank test; n = 5 to 9 trials for each condition). For all graphs, the x axis refers to time postexposure, and error

bars represent standard errors of the means. In some cases, error bars are too small to be visible.

used as a biocontrol agent for numerous insect pests (40). To
determine whether S. carpocapsae is pathogenic for D. melano-
gaster, we used an infection assay in which we exposed third-instar
fly larvae to symbiont IJs. Third-instar larvae were used for this
assay because EPNs typically infect late-stage insect larvae (41).
Wescored infection and survival at 24 and 48 h postexposure since
EPNs generally kill hosts within 48 h (41). We found that approx-
imately 60% of the fly larvae exposed to symbiont IJs died within
24 h (Fig. 2A). Thus, S. carpocapsae is capable of infecting and
killing D. melanogaster larvae. To determine whether pathogenic-
ity was conferred primarily by S. carpocapsae or X. nematophila,
we exposed fly larvae to axenic IJs. We found that axenic IJs were
also capable of infecting and killing D. melanogaster larvae, al-
though with less efficiency than symbiont IJs (Fig. 2A). Thus, S.
carpocapsae 1Js are pathogenic for D. melanogaster even in the
absence of X. nematophila, consistent with previous studies of S.
carpocapsae infection in larger insects, such as Galleria mellonella
(42).

We then examined the pathogenicity of X. nematophila in the
absence of its nematode vector by exposing fly larvae to agar plates
containing lawns of X. nematophila. For comparison, we also ex-
posed fly larvae to lawns of P. luminescens and E. coli. We found
that exposure to all three bacteria resulted in infection of fly larvae,
as determined by counting the number of GFP-positive fly larvae
postexposure to GFP-labeled bacteria (Fig. 2B, left graph). X.
nematophila was pathogenic for D. melanogaster larvae: 95% of fly
larvae exposed to X. nematophila were dead by 72 h (Fig. 2B, right
graph). X. nematophila was significantly more virulent than P.
luminescens, which killed only approximately 50% of fly larvae by
72 h (Fig. 2B). In contrast, E. coli was not pathogenic for D. mela-
nogaster larvae. These results are consistent with a previous study
which found that X. nematophila is more virulent than P. lumine-
scens when injected into D. melanogaster adults (43). Taken to-
gether, these results suggest that both P. luminescens and X. nema-
tophila are pathogenic for D. melanogaster larvae but differ in their
virulence levels.

Infection of fly larvae with X. nematophila most likely occurred
by ingestion since GFP-expressing bacteria appeared to localize
initially to the digestive tract (see Fig. S1 in the supplemental ma-
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terial). This is consistent with our previous observations of expo-
sure of fly larvae to Photorhabdus bacteria (4). Susceptibility to X.
nematophila is not likely to be the result of exposure to external
toxins, since nonfeeding third-instar larvae did not become in-
fected with X. nematophila in our assay. However, we cannot ex-
clude the possibility that X. nematophila secretes toxins that have
external effects on second- and early-third-instar larvae but not
older third-instar larvae.

Infection induces expression of antimicrobial peptide (AMP)
genes. A major component of the insect innate immune response
is AMP production by the fat body, a structure similar to the
mammalian liver and adipose tissue (44). Studies of a number of
insects, including the cecropia moth Hyalophora cecropia, the beet
armyworm Spodoptera exigua, and the tobacco hornworm Marn-
duca sexta have shown that EPN infection can induce expression
of AMP genes and that both the nematode and the bacteria can
suppress AMP activity (45-49). We previously showed that infec-
tion of D. melanogaster larvae with H. bacteriophora symbiont IJs
resulted in expression of four AMP genes, attacin, diptericin,
drosomycin, and metchnikowin, and that this expression was a spe-
cific response to P. luminescens (4). Similar results were subse-
quently observed for infection of M. sexta with H. bacteriophora
symbiont IJs, thus validating D. melanogaster as a model for other
insect hosts (45). The AMP genes diptericin and drosomycin have
also been shown to be upregulated following direct injection of
either P. luminescens or X. nematophila into D. melanogaster adults
(43). However, the AMP response of D. melanogaster to infection
with S. carpocapsae symbiont IJs had not yet been examined, and
the extent to which AMP expression is induced by EPNs versus
their bacterial endosymbionts remains unclear (4, 6, 45).

To determine whether infection of D. melanogaster larvae with
S. carpocapsae-X. nematophila induces AMP expression, we ex-
posed both second-instar and third-instar fly larvae to symbiont
IJs and monitored AMP expression at 24 h postexposure. To mon-
itor AMP expression, we used seven different transgenic fly lines,
each of which contained a reporter construct that expressed GFP
under the control of a different AMP gene promoter. For each
transgenic line, AMP expression was determined by scoring the fly
larvae or pupae (in cases where the fly larvae pupated during the
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FIG 3 Infection of D. melanogaster larvae with symbiont S. carpocapsae 1Js or X. nematophila induces a humoral immune response. (A) AMP expression
following infection with symbiont S. carpocapsae 1Js. Infection of second- or third-instar D. melanogaster larvae with symbiont S. carpocapsae 1Js induces
expression of a subset of AMP genes. (B) AMP expression following infection with symbiont versus axenic S. carpocapsae 1Js. Infection of third-instar D.
melanogaster larvae with symbiont S. carpocapsae 1Js results in AMP expression, while infection with axenic S. carpocapsae IJs results in little or no AMP
expression. Data for symbiont IJ exposure are from panel A. For panels A and B, AMP expression was examined at 24 h postexposure to IJs using transgenic fly
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larvae with X. nematophila results in AMP expression. AMP expression was examined at 24 and 48 h postexposure to bacteria using the same transgenic fly larvae
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uninfected control larvae of the same genotype; n = 5 to 12 trials for each condition). For all graphs, error bars represent standard errors of the means.

course of the experiment) for GFP expression at 24 h postexpo-
sure to IJs and quantifying the percentage of fly larvae or pupae
expressing GFP. We found that exposure of third-instar fly larvae
to symbiont IJs induced significant expression of four AMP genes:
attacin, diptericin, drosomycin, and metchnikowin (Fig. 3A). Thus,
the same subset of AMP genes is induced by exposure to S. car-
pocapsae symbiont IJs and H. bacteriophora symbiont IJs (4). The
percentage of animals showing AMP expression was higher for
third-instar larvae exposed to symbiont IJs than for second-instar
larvae exposed to symbiont IJs (Fig. 3A), most likely because sym-
biont IJs were more effective at killing third-instar than second-
instar larvae (see Fig. S2 in the supplemental material).

To determine whether AMP expression is a response to the
nematode or the bacteria, we first exposed fly larvae to axenic
IJs. Third-instar fly larvae were used for this experiment since a
higher rate of AMP expression was observed with third-instar
larvae than with second-instar larvae (Fig. 3A). We found that
whereas fly larvae exposed to symbiont IJs showed AMP ex-
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pression, fly larvae exposed to axenic IJs showed little or no
AMP expression (Fig. 3B). Thus, the AMP response observed
upon infection with symbiont IJs is not observed upon infec-
tion with axenic IJs.

We then exposed fly larvae to bacteria alone by placing fly
larvae on a plate containing a lawn of X. nematophila. Second-
instar or early-third-instar larvae were used for these experiments
since older third-instar larvae did not become infected with bac-
teria in this assay. Exposure to X. nematophila induced expression
of the same four AMP genes that were induced by infection with
symbiont IJs (Fig. 3C). The routes of infection differ for fly larvae
exposed to symbiont IJs and bacteria, and we cannot exclude the
possibility that AMP expression might vary based on the route of
infection. However, our results suggest that AMP expression is
primarily a response to X. nematophila rather than S. carpocapsae.

We note that for comparison of AMP expression following
infection of D. melanogaster larvae with either symbiont IJs or
axenic IJs, we used nematodes grown in vitro on plates containing
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FIG 4 X. nematophila and P. luminescens partially suppress the melanization
response of D. melanogaster. (A) Melanization from S. carpocapsae infection.
The panel shows a representative D. melanogaster larva (left) and pupa (right)
melanized by axenic S. carpocapsae 1Js. (B) X. nematophila and P. luminescens
inhibit melanization. Infection of D. melanogaster larvae with axenic S. car-
pocapsae (left graph) or H. bacteriophora (right graph) IJs resulted in a higher
percentage of melanized fly larvae or pupae than infection with symbiont I]s. *,
P < 0.05, unpaired t test. No melanization was observed in fly larvae not
exposed to IJs. Melanization was scored at 48 h postexposure to IJs. Error bars
represent standard errors of the means (n = 7 to 8 trials).

lawns of X. nematophila rather than nematodes grown in wax-
worms (see Materials and Methods). Growing nematodes in vitro
was necessary to obtain axenic IJs, and thus both symbiont IJs and
axenic IJs were grown in vitro for these experiments so that differ-
ences in AMP expression between axenic IJs and symbiont IJs
could not be attributed to differences in nematode culturing con-
ditions. However, we also directly tested whether AMP expression
levels in fly larvae differed following infection with IJs cultured in
vitro versus in vivo. We compared AMP expression in third-instar
fly larvae infected with symbiont IJs grown on plates of X. nema-
tophila and symbiont IJs grown in waxworms. No significant dif-
ferences in AMP expression levels were observed following infec-
tion with IJs cultured in vitro versus in vivo (see Fig. S3 in the
supplemental material), suggesting that the D. melanogaster im-
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mune response to S. carpocapsae symbiont IJs is similar, regardless
of whether the IJs are cultured in vitro versus in vivo.

X. nematophila and P. luminescens suppress the melaniza-
tion response of D. melanogaster. Melanization is a cellular im-
mune response of arthropods that results in melanin production
at the wound site and that contributes to pathogen killing and
wound healing (11, 50). Previous studies have shown that EPN
infection of some insects results in rapid melanization and encap-
sulation of IJs although in permissive hosts IJs can escape the
capsule and kill the insect (51-53). Both Xenorhabdus and Photo-
rhabdus produce specific inhibitors of phospholipase A,, a key
component of the melanization and encapsulation reactions, sug-
gesting that the bacterial endosymbionts of EPNs promote nem-
atode survival by suppressing these reactions (54, 55). To test
whether infection with S. carpocapsae-X. nematophila or H. bacte-
riophora-P. luminescens activates the melanization response, we
exposed fly larvae to either symbiont or axenic IJs and scored
infected larvae for the presence of visible melanin spots (Fig. 4A).
We found that both symbiont and axenic IJs induced melaniza-
tion but that axenic IJs induced a higher rate of melanization than
symbiont IJs (Fig. 4B). These results suggest that X. nematophila
and P. luminescens facilitate the killing of D. melanogaster larvae by
partially suppressing the melanization response.

Virulence differs for different EPN-Drosophila combina-
tions. To examine the versatility of the fruit fly-EPN model sys-
tem, we compared the ability of symbiont IJs from seven EPN
species—S. carpocapsae, S. scapterisci, S. riobrave, S. glaseri, S. fel-
tiae, H. bacteriophora, and H. indica—to infect and kill D. mela-
nogaster larvae. These EPN species differ dramatically in their host
ranges: S. carpocapsae and S. feltiae have broad host ranges that
include insects from multiple orders, S. scapterisci has a narrow
host range that is limited to orthopterans, and the other species
have intermediate host ranges (24, 56-59). S. feltiae was also re-
cently shown to be virulent toward D. melanogaster (3). We ex-
posed D. melanogaster larvae to symbiont IJs of the different EPN
species and scored survival at 24 and 48 h. We found that virulence
differed greatly among species: S. scapterisci and S. riobrave were
not virulent toward D. melanogaster larvae, S. carpocapsae and S.
feltiae were highly virulent, and the other species displayed inter-
mediate virulence (Fig. 5A). Thus, EPNs vary in their virulence
toward D. melanogaster larvae.

A B infected with S. carpocapsae uninfected control
100 o — —e— S. scapterisci 100 100§ |
80 *+ —o=S. riobrave 80 80 -
E 6 *% —0—S, glaseri‘ E § —e— D. virilis
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o S. carpocapsae 20 20 D. yakuba
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FIG 5 Species specificity of Drosophila-EPN interactions. (A) Infection of D. melanogaster with EPNs. EPNs vary in their virulence toward D. melanogaster larvae.
Fly larvae were infected with symbiont IJs. Survival curves are significantly different (P < 0.0001, log rank test). Posttest results for each pairwise comparison are
shown in Table S1 in the supplemental material. **, P < 0.01 relative to S. scapterisci (log rank test with Bonferroni correction; # = 6 to 8 trials for each condition).
(B) Drosophila species vary in their susceptibility to S. carpocapsae symbiont IJ infection. Survival curves (left graph) are significantly different (P < 0.01, log rank
test). Posttest results for each pairwise comparison are shown in Table S2 in the supplemental material. ***, P < 0.001 for D. virilis versus D. pseudoobscura and
D. virilis versus D. yakuba; *, P < 0.05 for D. pseudoobscura versus D. simulans. The right graph shows survival curves of uninfected control larvae (n = 6 to 7 trials
for each condition). For all graphs, the x axis refers to time postexposure, and error bars represent standard errors of the means.
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graphs in panels A to D, error bars show standard errors of the means.

We then examined the ability of S. carpocapsae, one of the most
virulent EPNs for D. melanogaster, to infect and kill four phyloge-
netically and ecologically diverse Drosophila species: D. virilis, D.
simulans, D. pseudoobscura, and D. yakuba. We found that S. car-
pocapsae symbiont IJs were capable of infecting and killing all
Drosophila species tested (Fig. 5B). However, survival rates follow-
ing exposure to S. carpocapsae symbiont IJs varied across species,
with D. virilis showing the highest survival rate and D. pseudoob-
scura and D. yakuba showing the lowest survival rates (Fig. 5B).
Thus, Drosophila species vary in their susceptibility to EPN infec-
tion.

Studies of larger insects, such as the Japanese beetle Popillia
japonica, the house cricket Acheta domesticus, and the Colorado
potato beetle Leptinotarsa decemlineata, have suggested that dif-
ferences in virulence among EPNs can be attributed to differences
in the abilities of EPNs to infect different hosts as well as differ-
ences in the host immune response to infection (51-53). To in-
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vestigate the cause of differences in survival rates among Drosoph-
ila species exposed to different EPNs, we examined infection rates
and postinfection survival rates of selected Drosophila-EPN com-
binations. Infection rates were examined by using IJs containing
GFP-expressing endosymbionts to facilitate detection of IJs
within the host. Fly larvae were considered infected if nematodes
were visible inside the body. We found that different Drosophila-
EPN combinations varied in both the rates at which the fly larvae
became infected and the rates at which they succumbed to the
infection (Fig. 6). For example, although S. carpocapsae symbiont
IJs and H. bacteriophora symbiont IJs infected D. melanogaster at
the same rate, S. carpocapsae symbiont IJs killed D. melanogaster
more rapidly than H. bacteriophora symbiont IJs (Fig. 6A and B).
In contrast, S. carpocapsae symbiont IJs infected D. pseudoobscura
more rapidly than D. melanogaster or D. virilis, but all three fly
species succumbed to infection at the same rate (Fig. 6C and D).
Thus, the Drosophila-EPN model system can be used to study
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differences in both nematode infectivity and the host immune
response to nematode infection.

We also assayed the long-term survival of EPN-infected Dro-
sophilalarvae by exposing fly larvae to symbiont IJs, separating out
all fly larvae that became infected by 8 h postexposure to IJs, and
monitoring their survival until death or adulthood. We found that
Drosophila larvae were capable of surviving EPN infection at low
levels (Fig. 6E). Moreover, survival rates varied for different EPN
species: the long-term survival rate was 1% for D. melanogaster, D.
virilis, and D. pseudoobscura infected with S. carpocapsae but 8%
for D. melanogaster infected with H. bacteriophora (Fig. 6E). Thus,
Drosophila larvae are more successful at overcoming some EPN
infections than others. Whether long-term survival occurs be-
cause nematodes exit the host shortly after infection or because
the host immune system overcomes the infection remains to be
determined.

Conclusions. Our results demonstrate that both S. carpocapsae
and its bacterial endosymbiont X. nematophila are pathogenic for
D. melanogaster larvae. We also show that EPN species vary in
their virulence toward D. melanogaster and that Drosophila species
vary in their susceptibility to EPN infection. These differences in
virulence reflect differences in both the rates at which fly larvae
become infected with EPNs and the rates at which infected fly
larvae succumb to the infection. All five of the Drosophila species
tested have sequenced genomes (60), and six of the seven nema-
tode species tested have sequenced or nearly sequenced genomes
(61, 62). A comparison of Drosophila genomes revealed that many
immune-related genes evolve more rapidly than other genes and
identified numerous species-specific differences in immune-re-
lated genes, including copy number differences in AMP genes
(63). Our results establish a versatile model system for investigat-
ing at a genome-wide level how genetic differences contribute to
the diverse immune responses of insects to parasitic nematode
infection.
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