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Abstract

Heterorhabditis bacteriophora is an entomopathogenic nem-
atode (EPN) which infects its host by accessing the hemo-
lymph where it releases endosymbiotic bacteria of the spe-
cies Photorhabdus luminescens. We performed a genome-
wide transcriptional analysis of the Drosophila response to
EPN infection at the time point at which the nematodes
reached the hemolymph either via the cuticle or the gut and
the bacteria had started to multiply. Many of the most
strongly induced genes have been implicated inimmune re-
sponses in other infection models. Mapping of the complete
set of differentially requlated genes showed the hallmarks of
awound response, but also identified a large fraction of EPN-
specific transcripts. Several genes identified by transcrip-
tome profiling or their homologues play protective roles
during nematode infections. Genes that positively contrib-

ute to controlling nematobacterial infections encode: a
homolog of thioester-containing complement protein 3, a
basement membrane component (glutactin), a recognition
protein (GNBP-like 3) and possibly several small peptides. Of
note is that several of these genes have not previously been
implicated in immune responses. ©2013 S. Karger AG, Basel

Introduction

Entomopathogenic nematodes (EPNs) are natural
pathogens used to control insect pests. In most cases, they
associate with symbiotic bacteria, which they release once
inside their insect host [1]. Both nematode-derived [2] and
bacterial factors [3] interfere to varying extent with host
immune reactions often resulting in the ultimate death of
the insect [1]. During recent years, EPNs have increasingly
been used to probe the insect immune system and identify
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genes and factors that have the potential to protect against
EPN infections [4]. Some of this work was performed on
target pest species, but also on well-established models for
insect immunity [4-8]. Surprisingly, when Drosophila me-
lanogaster larvae were infected with the combination of
the EPN Heterorhabditis bacteriophora and the bacteri-
um Photorhabdus luminescens, the canonical Toll and imd
pathways, which are protective against bacterial and fungal
infections, had little effect [5]. Instead, the Drosophila co-
agulation system reduced nematode infectivity and further
work established that this involves a close collaboration
between humoral- and cell-derived factors, which together
act against EPN infections [6, 9]. In accordance with previ-
ous work on other hosts [10], eicosanoids also appear to
contribute to this response in fly larvae [6].

In addition to the interest in EPNs as pest control
agents and as tools to study insect innate immunity, the
study of infectious nematodes has also implications for
medical research. Filarial nematodes use insects as vec-
tors to infect vertebrates, such as cattle and humans,
sometimes causing debilitating and fatal diseases such as
river blindness, and heart and lymphatic filariasis [4].
This has stimulated several systematic studies on the
transcriptome changes that occur in vector insects after
infection with filarial nematodes [11-13]. For example,
the innate immune responses against the causative agents
of lymphatic filariasis (caused by Brugia pahangi) were
characterized in their insect host (Armigeres subalbatus),
and several putative immune-related molecules were
found to be induced [12]. A closely related species (B. ma-
layi) to which Armigeres is resistant showed a distinctly
different pattern of induction [12]. Ultimately, the hope
behind these studies is to increase our understanding of
these responses and identify protective factors [4]. This
may permit blocking or at least delaying transmission of
the nematodes.

One obstacle for the functional studies in vector hosts
is the more restricted repertoire of molecular techniques
available for their genetic manipulation. The goal of the
work presented here is that the extended knowledge of
Drosophila immunity will advance our general under-
standing of the responses against both EPNs and filarial
nematodes. To this end, we performed a genome-wide
analysis of the Drosophila transcriptome response after
EPN infection. In addition, we tested a panel of mutant
Drosophila lines in representative genes detected in our
screen together with some other candidates and identi-
fied several promising gene products which slow down
EPN infections in Drosophila larvae.

Nematode Infection of Drosophila

Materials and Methods

Nematode Culture

EPNs H. bacteriophora (strain H222 isolated from Pouzdrany,
Czech Republic) were cultured in vivo on larvae of the greater wax
moth Galleria mellonella at room temperature. Released infective
juveniles (IJs) were collected and stored at room temperature in tap
water with 0.075% formaldehyde. Small pieces of sponge were placed
to the storage dishes to provide a solid medium for nematodes.

Nematode Infections

Nematode infections were performed according to the protocol
described previously [14]. Here we further modified the microtiter
plate infection assay to provide more consistent data and enable
easy comparison of larger groups of genes and their knockdown in
different tissues. For the infection assays, Drosophila eggs were col-
lected 6 h after transferring flies to new food with addition of yeast;
60 h later, larvae were collected, rinsed briefly in 25°C tap water
and placed individually in the wells of a microtiter plate. EPNs
were used for infection 1 or 2 months after their release from G.
mellonella cadavers to ensure optimal pathogenicity and were di-
luted to 25 IJs/larva. Ten microliters of the EPN suspension were
added to each well; the plate was covered with Parafilm® and kept
at 25°C at a 12-hour light/dark cycle. In all infection experiments,
larval mortality caused by EPNs was scored 48 h after infection
[14]. The mortality results of the screens were normalized to the
respective control and the fold increase in mortality is shown. For
microarray analysis and quantitative PCR verification, third instar
larvae (88 h after egg laying) were infected with H. bacteriophora
harboring green fluorescent protein (GFP)-expressing P. lumi-
nescens in microtiter plates (100 IJs/larva). After 2 h of infection,
Drosophila larvae were rinsed briefly in water and transferred to
vials with fly food. They were scored for a GFP signal after addi-
tional 6 h (confirmation of Photorhabdus septicemia) and used for
RNA isolation. To improve visualization of EPN invasion into
their hosts and the hemocyte response to the infection (fig. 1), we
performed nematode infections in plastic bags [14]. Larvae of D.
melanogaster expressing GFP under the control of DDC (dopa de-
carboxylase) promoter were infected with EPNs harboring the
wild-type strain of P. luminescens. To simultaneously monitor the
infection process and hemocyte recruitment, larvae expressing red
fluorescent protein (RFP) in hemocytes were infected with H. bac-
teriophora harboring GFP-expressing P. luminescens. In both cas-
es, the infection was performed using a high dose of EPN's (300 IJs/
larva). The larvae were washed 2 h after infection and transferred
to the new plastic bag without EPNs. Eight hours after infection,
larvae were checked for the signs of infection (melanized wounds:

fig. 1).

Fly Strains

Fly strains were kept under standard conditions. Al RNAi lines
came from the Vienna Drosophila RNAi Center [15] and NIG-Fly
Stock Center (see online suppl. table 1B for further details; see
www.karger.com/doi/10.1159/000353734 for all online suppl. ma-
terial). Two GD and one KK RNAI lines from the Vienna Dro-
sophila RNAi Center were used for a single candidate gene primar-
ily upon availability. Glutactin mutant GItf¥??125, which contains
insertion of P(EPgy2) transposable element within the second cod-
ing exon, was obtained from the Bloomington Stock Center. Bruno
Lemaitre kindly provided the mutants GNBP-3"9¢ [16], PGRP-
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Fig. 1. Infection routes of nematodes and hemocyte recruitment.
a Infections can occur via the mouth, hindgut or by penetrat-
ing the cuticle of Drosophila larvae. Arrows indicate entry sites.
b, ¢ Noninfected DDC-GFP-expressing larva [visualized by stereo-
microscopy (b) and fluorescence channel (c)]. d, e DDC-GEFP lar-
va infected by nematodes. Note that melanin spots (two of which
are indicated by arrows and also shown at larger magnification)
are visible accompanied by local DDC activation [stereomicros-
copy (d) and fluorescence channel (e)]. f, g Upon entry via the
mouth or hindgut, nematodes create wounds (arrow) in the gut;
phase-contrast picture (f), fixed dissected gut stained with DAPI
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(g9, the punctate signal) and the DDC-GFP signal (more diffuse
signal in the gut epithelium, surrounding the wound site). h, i Ses-
sile hemocytes (red) in hml-GAL4/UAS-RFP larva; noninfected
larva shows hemocyte clusters (h) and after infection the clusters
disperse (j). The punctate signal corresponds to hemocytes. i Non-
infected larva seen in the fluorescence channel. To trace the infec-
tion the larva was infected with nematodes harboring GFP-ex-
pressing bacteria (green). Arrows indicate the wound (j, k) and
arrowheads show bacteria (k). Inset shows bacteria at a higher
magnification (all infected samples were analyzed 16 h after infec-
tion with nematodes). Inf./Non-inf. = Infected/noninfected.
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SAsml [17], PGRP-LCE'? [18], PGRP-LE!2 [19] and PGRP-LF?®
[20] (see online suppl. table 1B for further details). Infection of
Drosophila larvae was compared with either wild-type w!!!® or
crosses between Gal4 drivers and w!!!® (compare figure legends
4-6 for details). Gal4-expressing driver lines with specificity for
either the fat body (ppl-Gal4) or hemocytes (he-Gal4 and hml-
Gal4) were used. The DDC expression pattern or hemocyte local-
ization was assessed in DDC-GFP and hml-GAL4 UAS-REFP flies,
respectively (see online suppl. table 1B for details). The vkg-GFP
(G00454) strain was obtained from the Flytrap collection. W;
Idgf3/+; UAS-1dgf3/+ served as our wild-type stock for the micro-
array analysis. The data presented here are part of a larger study,
which includes addressing the influence of Idgf3 on nematode in-
fection. We have performed the controls for the heterozygous lar-
vae and found no significant difference (see online suppl. fig. 4).
In line with our previously published results [21], we observe that
mortality rates are consistent among the wild-type strains used in
this study, only Oregon R (not used otherwise in this study) shows
slightly but not significantly (p = 0.102) increased mortality.

RNA Isolation

Total RNA from nematode-infected and naive third instar Dro-
sophilalarvae was extracted using RiboZol RNA extraction reagent
(Amresco) according to the manufacturer’s protocol and subse-
quently cleaned with NucleoSpin RNA II kit (Macherey-Nagel).
Quality and concentration of the RNA were measured with a
NanoDrop 2000 spectrophotometer (Thermo Scientific). RNA in-
tegrity was analyzed in an Agilent 2100 Bioanalyzer. We included
only samples with an intact RNA profile.

Expression Profiling

The Affymetrix GeneChip® Drosophila Genome 2.0 Array
System was used for microarray analysis following the standard
protocol [100 ng RNA was amplified with GeneChip 3’ IVT Ex-
press Kit (Affymetrix) and 10 pg of labeled cRNA was hybridized
to the chip according to the manufacturer’s instructions].

Statistical Analysis of Array Data

Analysis was performed in three replicates. Data were prepro-
cessed in Partek Genomic Suit (Partek). In short, the transcription
profiles were background corrected using the GCRMA method,
quantile normalized and variance stabilized using base-2 logarith-
mic transformation. Analysis of variance yielded transcripts dif-
ferentially expressed between analyzed samples (within LIMMA
[22]); Storey’s q values [23] were used to select significantly differ-
entially transcribed genes, q < 0.05. The transcription data are
MIAME compliant and deposited in the ArrayExpress database
(accession E-MTAB-1542).

All statistical analyses were performed in R (http://www.R-
project.org) and within Bioconductor [24]. Differentially ex-
pressed genes were selected for gene set enrichment analysis
(GSEA). We performed GSEA on genes that mapped to KEGG
pathways [25] and have defined gene ontology (GO) terms [26]
using the Fisher test and approach of Tian et al. [27]. For GSEA,
pathways with q < 0.05 and |log FC| 20.4 (where FC = fold change)
after hypergeometric testing were considered differentially ex-
pressed (online suppl. table 4) but pathways at q < 0.05 and |log
FC| 0.4 are also shown (online suppl. table 4, right-most column

part).

Nematode Infection of Drosophila

Quantitative PCR

Total RNA from infected and noninfected Drosophila larvae
was isolated using the RiboZol RNA extraction reagent (Amresco).
The RNA was further purified by NucleoSpin RNA II kit (Mache-
rey-Nagel) including an on-column digestion step with rDNase L.
Total RNA (1,000 ng) was applied for reverse transcription using
PrimeScript Reverse Transcriptase (Takara) and oligo(dT)(17-
mer). Quantitative PCR was performed using the HOT FIREPol
EvaGreen qPCR Mix Plus (Solis BioDyne, Tartu, Estonia). The
PCR reaction volume was 20 pl, containing 5 pl of diluted cDNA
and 250 nM primers. The amplification was carried out in an Eco
real-time PCR system (Illumina) for 45 cycles (95°C for 15 s; an-
nealing temperature dependent on primer pair for 30 s; 72°C for
20 s) following an initial denaturation/Pol activation step (95°C
for 15 min). Each sample was analyzed in triplicate. Primers (on-
line suppl. table 1) were designed with Lasergene PrimerSelect
Software (DNASTAR) to assure that each amplicon was specific.
Melting analysis confirmed a single product for each primer pair
reaction. The product size was verified by gel electrophoresis. Data
were analyzed and quantified with the Illumina EcoStudy software.
Relative mRNA levels were normalized to Rackl and rp49 expres-
sion and standardized to the noninfected sample. The results are
presented as the mean log,-transformed fold changes (infected/
noninfected larvae) in transcript levels £SEM of 2 independent
biological replicates.

Microscopy

Leica MZ FLIII fluorescence stereomicroscope coupled to a
Panasonic DMC-G2 camera was used to visualize wounds, DDC-
GFP localization and hemocyte recruitment. Images of dissected
guts and tissues stained with DAPI were taken with a Hamamatsu
ORCA-ER camera (C4742-95) attached to a Zeiss Axioplan 2 mi-
croscope. Confocal images were taken in a Zeiss LSM 510 Meta
microscope.

Statistical Evaluation of Infection Experiments

All experiments were run at least in triplicate using 48 Dro-
sophila larvae per replicate. Each experiment was repeated inde-
pendently at least twice. The results are expressed as the mean +

SD. Mortality rates were compared to the respective control cross

between driver lines and w!!!8, which was always included to ac-

count for differences between different sets of experiments. The
level of significance for the individual comparisons was deter-
mined using Student’s t test (unpaired, two-sided).

Results

EPN Infections in Drosophila Occur via Two Entry Sites

To follow the infection of Drosophila larvae after incu-
bation with EPNs, we used a combination of H. bacte-
riophora and its associated bacterium P. luminescens ex-
pressing GFP [5]. To assess the infection status of the lar-
vae, we relied on a recently developed method that allows
continuous monitoring based on the detection of GFP-
expressing Photorhabdus [5, 14]. The entry of the nema-
todes into the hemocoel of Drosophila larvae causes
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wounds, which melanize (fig. 1d-e) and the release of
bacterial symbionts subsequently leads to bacteremia
(fig. 1k). Similar to other EPNs, Heterorhabditis was
found to enter larvae both via the cuticle and the underly-
ing epidermis and via the gut epithelium (fig. 1; online
suppl. fig. 1A, B). When using a GFP-expressing Dro-
sophila strain under the control of the DDC promoter,
induction of the reporter in cells in the wider area sur-
rounding the wound was observed in both locations
(fig. le, g; online suppl. fig. 1C for comparison). Similar
to other infection models that involve cellular immunity
[28], hemocytes are recruited from their sessile compart-
ments into the circulation (fig. 1h-k).

Transcriptome Changes upon EPN Infection

To obtain a complete picture of the larval immune re-
sponse against EPNs, we performed a genome-wide tran-
scriptional analysis comparing infected and noninfected
animals at the same stage, feeding third instar larvae (ap-
prox. 96 h after egg laying). Since the duration of the in-
fection and the multiple attempts of nematodes to infect
larvae (fig. 1d, e) precluded an exact determination of the
time point of infection, the infected samples were chosen
such that the GFP signal due to the release of bacteria
from the nematode intestine had just passed the detection
threshold 6 h after exposure to EPNs. In this way, we en-
sured that the samples had reached the same stage of the
infection and the sampled transcriptome represents the
early stage of a developing bacteremia.

Samples were collected in triplicate and RNA was hy-
bridized to Affymetrix GeneChip Drosophila Genome
2.0 arrays. After statistical analysis and setting the statisti-
cal threshold to a value of q < 0.05 and the threshold of
induction at 2, a total of 642 transcripts were found dif-
ferentially regulated upon nematode infection. A com-
plete heatmap of the 100 most strongly regulated tran-
scripts shows that the replicates from the infected and
noninfected samples are well separated and that the ma-

Fig. 2. The significantly regulated transcripts after nematobacte-
rial infection are enriched for immune genes. a A heatmap repre-
senting the 100 most strongly regulated transcripts from the mi-
croarray (columns c1-c3 = Control: noninfected; i1-i3 = infected
larvae). Each column represents an independent sample. Color key
and density plot represent the level of regulation. Dark intensities
indicate the most up- and down-regulated genes, respectively. The
one-letter code to the right of the heatmap indicates whether the
gene was previously detected in other genome-wide analysis of
Drosophilalarval immune response (category A-C, G, H) or is spe-
cifically regulated upon nematode infection (D); for a description

196 J Innate Immun 2014;6:192-204

DOI: 10.1159/000353734

jority of regulated genes are induced (fig. 2a). Explorato-
ry analysis using principal component analysis confirms
the similarity between the triplicates of induced and non-
induced samples (fig. 2a and data not shown). The list of
all transcripts induced upon infection with Heterorhabdi-
tis/Photorhabdus was compared to earlier studies, which
included bacterial (both nonpathogenic and pathogenic)-
and wasp-infected larvae and revealed a core set of 17
genes induced under all four conditions (fig. 2¢, category
A; online suppl. table 3). Additional transcripts were
shared between EPN-infected larvae and the three other
conditions (fig. 2a, ¢, additional categories B, C, E-H).
The transcripts that are shared with the array results from
earlier studies include the majority of the transcripts in
the highly regulated fraction (fig. 2; online suppl. table 3).
The majority of EPN-regulated transcripts (485) are not
differentially regulated under the other conditions [fig. 2c,
category D; online suppl. table 3 (complete survey of in-
duced genes)].

GO analysis using AmiGO (http://amigo.geneontol-
ogy.org) of the top 100 list, which included the most
strongly positively and negatively regulated genes, shows
a highly significant enrichment for immune-related
genes: antimicrobial peptides, immune-induced genes
(IMs and Edin), a thioester-containing protein (TEP) 2
and Relish, the key transcriptional activator of the imd
pathway (fig. 2b; online suppl. table 2). This is particu-
larly true when GO analysis was performed on those
genes that had previously been found to be induced in
bacterial infection models (table 1, categories A, B, F).
Nematode- and wasp-specific genes mapped to addition-
al pathways, most of which are related to developmental
processes. When all differentially regulated transcripts
were mapped to the KEGG database, several additional
developmental pathways were identified. Among those,
the fly equivalent of vertebrate oocyte maturation, Wnt
signaling, and ubiquitin-mediated proteolysis were the
most significantly enriched (online suppl. table 4). Other

of the categories compare the Venn diagram in ¢. b GO classifica-
tion of the 100 most strongly up-regulated genes. Immune re-
sponse molecules occupy a fourth of the top 100 genes (see also
online suppl. table 2). ¢ Venn diagram showing differentially regu-
lated transcripts after infection with common Gram-negative (G-)
and -positive (G+) bacteria [32, 34], pathogenic G- bacterial wasps
[33, 35, 49] and nematodes (this work) in Drosophila larvae. 381
and 104 transcripts are specifically up- or down-regulated after
nematobacterial infection (comprising altogether 485 differential-
ly regulated transcripts in category D).
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Table 1. Gene ontology analysis of genes regulated by nematobacterial infection

Region Gene Category Biological process

name  No.

A 17 all GO0:0019731 antibacterial humoral response
GO:0006952 defense response
G0:0042742 defense response to bacterium

B 15 nematode + wasps + G+ and G- bacteria GO:0006952 defense response
G0:0050829 defense response to Gram- bacterium
GO0:0042742 defense response to bacterium

C 71 nematodes + wasps GO:0048731 system development
GO:0007275 multicellular organismal development
GO:0009653 anatomical structure morphogenesis

D 485 nematode GO:0030154 cell differentiation
GO:0048699 generation of neurons
GO:0048869 cellular developmental process

E 15 nematodes + G+ and G- bacteria no significant hit

11 nematodes + G+ and G- bacteria + pathogenic G- bacteria ~ G0O:0019731 antibacterial humoral response

GO:0019731 antibacterial humoral response

G 22 nematodes + pathogenic G- bacteria no significant hit

H 6 nematodes + wasps + pathogenic G- bacteria no significant hit

Significantly enriched pathways after GO analysis using AmiGO. The top list of enriched GO terms is shown for all the nematode-
regulated categories shown in the Venn diagram in figure 2c. G+/G- = Gram-positive/ Gram-negative.

pathways were found enriched with lower significance,
although some of these are connected to the Wnt path-
way (online suppl. fig. 2).

To confirm the data obtained by microarrays, we used
real-time RT-PCR on genes selected from representatives
of all categories in figure 2c covering different induction
levels including repression. This analysis largely confirms
the results from the array study, however one of the genes
(PGRP-LF) displayed a lower fold change [log FC <I|
(fig. 3, online suppl. table 6).

In summary, the genome-wide transcriptional analysis
identifies both immune-related genes as well as members
of other pathways. In general, immune genes appear most
strongly regulated. The identification of the additional
pathways requires further analysis, but a likely explana-
tion for their induction is a requirement during closure
and healing of the wounds afflicted by the nematodes.

Functional Tests of Candidate Genes in Response to

Nematodes

To test their contribution to the response to nema-
todes, we used RNAIi lines and mutants for candidate
genes identified in the arrays and examined the viability

198 J Innate Immun 2014;6:192-204
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of such larvae upon EPN infection. As a criterion used for
selecting candidate defense genes from the list of induced
transcripts, we focused on those for which a function in
immunity had been established in other infection models
[29] as well as on their paralogs, which had not yet been
implicated in immune reactions.

Functional Tests Using RNAi Lines

Since the transcriptional response against nematodes
and their bacteria shows a strong immune signature, we
decided to score mortality rates after knocking down can-
didate genes in the fat body, the key Drosophila immune
organ. Having observed that upon EPN infection, hemo-
cytes are recruited into the circulation (fig. 1j, k), we sup-
plemented this approach using a second, hemocyte-spe-
cific driver (fig. 4a). Using a selection of significantly in-
duced immune and developmental genes identified in
our array, we failed to find any effects when the genes
were knocked down in hemocytes. In contrast, when us-
ing gene silencing in the fat body, significant effects were
observed for Gram-negative binding protein-like protein
(GNBP-like 3), attacin A (one line), and a third one for
an immune-induced peptide (IM18). For the GNPB-like
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Fig. 4. Increased Drosophila mortality upon nematobacterial infec-
tion after knocking down the expression of genes selected from the
array data. a Selected RNAI lines (see online suppl. table 1B for
further details) were crossed with a fat body (ppl-GAL4) or hemo-
cyte-specific driver (he-GAL4) and infected with H. bacteriophora
at a dose of 25 IJs/larva at 25°C. Mortality was scored after 48 h
and is presented after normalization to the respective control

Nematode Infection of Drosophila

crosses, which were set to 1. Attacin A-noninfected (Non-inf.) is a
parallel handling and developmental control. b The increase in
mortality observed for GNBP-like 3 was confirmed using an inde-
pendent RNAi line from the NIG-Fly collection. Data presented
are means * SD; t test: * p < 0.05; ** p < 0.01, only for lines with
significantly increased mortality.
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3 gene, a similar trend was found for a second line while
two additional attacin A lines failed to reproduce the phe-
notype. Increased mortality was also seen for an indepen-
dent GNBP-like 3 line from a different collection, provid-
ing additional confirmation of our results (fig. 4b). For
IM18, only one line was available. These results indicate
that the candidate genes obtained by transcriptional pro-
filing, and in particular GNBP-like 3, likely play a role in
the immunity against EPNs, although the data from RNAi
studies require further verification.

Functional Tests of Mutants

Based on the microarray results, we extended our assay
to an additional set of key immune molecules, for which
mutant fly strains were available (fig. 5), including mem-
bers of well-characterized classes of pattern recognition
receptors, such as GNBPs and peptidoglycan recognition
proteins (PGRPs), as well as some members of Drosophi-
la TEPs, three of which had also been found changed after
EPN infection (see online suppl. table 3) and the base-
ment membrane protein glutactin. Amongst the recogni-
tion proteins, a significant influence on EPN infections
was observed for PGRP-LF and for TEP3. The most sig-
nificant difference was obtained with TEP3 mutants ei-
ther alone or in combination with TEP2, both of which
had previously been tested in in vivo infections of Dro-
sophila without any detectable effects [30]. Finally, we ob-
served increased mortality of glutactin mutants, support-
ing a protective function of the basement membrane.
This result is consistent with the idea that upon entry of
EPNs into Drosophila larvae, the basement membrane
has a protective function since it is encountered by nem-
atodes crossing either gut or cuticular epidermis.
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Glutactin Is Required in Hemocytes

Since hemocytes are known to contribute to the for-
mation of the basement membrane [31], we speculated
that interfering with glutactin production specifically in
these cells might also have an impact on EPN infection.
This idea is further supported by the observation that glu-
tactin shows enriched expression in hemocytes compared
to whole larvae [32]. As controls, we also knocked down
expression of several other genes with enriched expres-
sion in hemocytes, including two C-type lectins, SPARC
and two phagocytic receptors (see online suppl. table 5 for
a list of the genes and the ratio of hemocyte enrichment).
Indeed, while none of the control knockdowns led to in-
creased susceptibility, two out of three glutactin RNAi
lines crossed with the first hemocyte-specific driver
(Hemese) showed an increase in mortality after EPN in-
fection, while the third available line failed to do so. When
this line was crossed with a different hemocyte GAL4 line
(Hemolectin), it turned out that it presented higher sus-
ceptibility, too (fig. 6b). This means that the expression of
glutactin in hemocytes contributes to protection against
EPNs. To assess the damage afflicted to the basement
membrane during nematode infection, we infected larvae
that express a GFP-tagged version of collagen IV (in Dro-
sophila also called Viking), one of the major components
of the basement membrane. While Viking normally
forms a fibrous network surrounding the gut, transmi-
gration of nematodes creates wounds that melanize as
visible in figure 1 and lack Viking in an area that extends
beyond melanization (online suppl. fig. 3). This under-
lines the need for creating a replacement for the basement
membrane.
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Fig. 6. Screen for genes involved in the defense against nematobac-
terial infection using candidate genes with hemocyte-enriched
transcription. a RNAi lines for selected hemocyte-enriched genes
(see online suppl. table 1B and text for further details) were crossed
with a hemocyte-specific driver (he-Gal4) and infected with H.

Discussion

Here we provide a genome-wide characterization of
the transcriptional changes that occur upon infection of
Drosophila larvae with the EPN H. bacteriophora and its
associated bacteria P. luminescens. Our initial character-
ization of the infection process shows that the gut epithe-
lium, the cuticle and the underlying epidermis are tar-
geted, leading to activation of a wound DDC-GEFP report-
er construct (fig. 1). Our microarray analysis therefore
covers all major events that occur as a consequence of the
entry of the nematode and the influence of both the nem-
atode and its bacteria on the host immune system.

A highly significant enrichment for immune genes ob-
tained in the set of most strongly induced genes (fig. 2)
supports the notion that an immune response against
Photorhabdus has been initiated at the time when the GFP
signal indicating the presence of bacteria appeared in the
hemolymph. In addition to immune genes shared with
earlier reports on septic injury due to bacteria or wasp
infestation [32-35], some genes with proposed immune
functions are specifically induced in the presence of EPNs
(fig. 2c). When genes with weaker levels of induction are
included and mapped to known pathways, three path-
ways turn up as most significantly enriched: an oocyte

Nematode Infection of Drosophila

bacteriophora at a dose of 25 IJs/ larva at 29°C. The effects for glu-
tactin knockdown were confirmed with an early hemocyte driver
(hml-Gal4, b). Data presented are means + SD; t test: * p < 0.05;
** p < 0.01. Mortality was scored as in figure 4.

maturation pathway, Wnt signaling and ubiquitin-me-
diated proteolysis. Additional pathways are identified
at lower significance levels. It is worth noting that some
of these pathways are connected, such as the ubiquitin
and mitogen-activated protein kinase pathways, both of
which are linked to Wnt signaling (online suppl. fig. 2).
In addition, upstream of mitogen-activated protein ki-
nases, the receptor tyrosine kinase stitcher has been
shown to be involved in wound healing in the embryo
[36] and may play a similar role in larvae.

One possible explanation for the activation of Dro-
sophila equivalent to the mammalian oocyte maturation
pathway might be that this pathway includes mainly a
number of general cell cycle regulators and such proteins
are also induced in a proliferative response of various so-
matic tissues upon nematode wounding (online suppl.
tig. 2). These include Polo-like kinases, which are key
regulators of cell division, the mitotic cyclin B and pro-
tein kinase A. An effect of wounding is also supported by
the fact that genes in Wnt and hedgehog signaling, as well
as components of the extracellular matrix, are enriched
in our gene set. All three pathways have been shown to
be important during wound healing acting at different
stages in vertebrates and may play comparable roles in
flies [37, 38]. For example, the Wnt pathway may support
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the establishment of planar cell polarity during epider-
mal wound healing similar to its role during develop-
ment and the extracellular matrix may play a role similar
to the granulation tissue that forms after wounding in
vertebrates [39]. Hemocytes may be crucial during this
process by contributing collagen IV [40] and glutactin
(this work) in a localized fashion. Ultimately, wound
healing converges on the activation of small p GTPases,
which have a well-defined role during wound healing in
Drosophila [41, 42]. However, this occurs mostly at the
posttranslational level and is less amenable to transcrip-
tome studies.

For a preliminary functional analysis of the genes in-
volved in the nematobacterial response, we focused on
several of the induced genes from the array including the
basement membrane component glutactin and a set of
known recognition molecules (fig. 5). The data confirm
earlier observations from others and our group that the
imd and Toll pathways that are required for induction of
immune genes are dispensable for the response against
EPNs, since mutants in the receptors required for their
activation do not show increased mortality [5, 21]. We
attribute the effects we observed with PGRP-LF, which is
a negative regulator of the imd pathway, to the previous-
ly observed developmental defects [20]. Alternatively,
PGRP-LF, which acts as a negative regulator of imd sig-
naling [20, 43], may aid to combat nematodes indirectly
by positively regulating other effector pathways. Most in-
terestingly, mutants in one of the TEP3 survive EPN in-
fections significantly less than controls and other TEP
mutants. Of note, the same mutants had previously failed
to show any developmental or immune phenotype [30].
A trend to increased susceptibility was also found for the
recognition molecule GNBP-like 3.

We also tried to interfere with the induction of some
of the highly regulated immune genes identified in the ar-
ray by their specific knockdown in both hemocytes and
the fat body. Since robust knockdowns are difficult to
achieve in this setting, it is not too surprising that these
data are more variable than our previous findings. Nev-
ertheless, two RNAI lines with specificity for small im-
mune peptides (attacin A and IM18) did also show an
effect. Although these data require verification, for ex-
ample due to possible off-target effects (online suppl. ta-
ble 1B), they seem to contradict the concept that the imd
pathway is not required during the anti-EPN response.
However, they are consistent with the possible attacin
function implicated from its differential induction in a
different worm infection model involving a tapeworm
and the flour beetle as a host [44]. Possible explanations
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for this discrepancy may be a JNK-dependent induction
and/or a developmentally regulated constitutive expres-
sion of this gene. Recent data regarding infections of adult
flies with EPN's suggest that AMPs can be induced by bac-
teria-free (axenic) nematodes, most likely also as a part
of wounding defense [8]. Notably, the mammalian AMP
LL-37 contributes to wound healing [45] as part of its
pleiotropic effects [46].

Finally, consistent with our notion that one of the
pathways we identified in the GSEA was the synthesis of
extracellular matrix, we found that the ECM protein glu-
tactin protects against EPN infections. This extends our
previous findings that clot components reduce EPN mor-
tality. We propose that the basement membrane compo-
nents cooperate with the clot matrix to seal the wounds
afflicted by nematodes. This potentially occurs by linking
the clot to the wound edges and/or sealing it off on the
hemolymph side, such a process is akin to the formation
of the granulation tissue during wound healing in verte-
brates [39]. Similarly, the recent observation that the
complement system interacts with the clotting cascade is
consistent with our observation that both the clotting and
the C3 homolog TEP3 act against nematobacterial infec-
tions [47]. Taken together, both the list of genes we found
to be regulated by EPN infection and the genes we have
tested functionally show specific signatures, which are
not shared with other infection models. Both sets of genes
provide a rich source for further testing in different set-
tings such as septic and aseptic wounding and infection
with bacteria that are pathogenic to Drosophila such as
Pseudomonas entomophila and Serratia marcescens [34,
48].
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