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Abstract

In drosophila, fungal and Gram-positive bacterial molecular determinants are detected by
circulating pattern recognition receptors (PRRs). Previous findings suggest that these PRRs
activate yet unidentified serine protease cascades culminating in the cleavage of Spaetzle, the
endogenous Toll receptor ligand, and triggering the immune response. We demonstrate here that
the Grass protease defines a common activation cascade for PRR-mediated fungal and Gram-
positive bacterial detection. The serine protease Persephone, previously shown to be specific for
fungal detection in a cascade activated by secreted fungal proteases, was also required for sensing
of proteases elicited by bacteria in the hemolymph. Hence, Persephone defines a parallel
proteolytic cascade activated by danger signals such as abnormal proteolytic activities.

Introduction

Sensing of microbial infections induces innate immune responses in plants and in animals.
Bacterial and fungal molecules such as cell wall components, which are common to most
pathogens and often referred to as pathogen-associated molecular patterns (PAMPS), are
detected by receptor proteins (or PRRS), either in circulation or on the cell membrane, in the
endosome or in the cytosol1-4 of immune responsive cells. Activated receptors trigger signal
transduction cascades and the transcription of effector genes. In plants, together with the
direct detection of molecular patterns, defense mechanisms can also be activated indirectly
by the sensing of host protein modifications induced by microbial activities. This indirect
activation pathway of immune responses is called the guard system2,3.

In Drosophila melanogaster, the best-documented facet of the immune response involves
the activation of two signal transduction cascades, the Toll and IMD pathways. These lead
to the transcription by the fat body cells of genes encoding antimicrobial peptides (AMPS)
and the subsequent secretion of the peptides into the hemolymph5-7. This defense
mechanism discriminates between Gram-negative bacteria, which activate mostly the IMD

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms

%orrespondence should be addressed to JM.R. (e-mail: JM.Reichhart@ibmc.u-strasbg.fr).
First co-authors

Author contributions L.E.C. and V.L. designed and performed most experiments. I.C. contributed to the experiments and to
manuscript criticism. J.-M.R. directed the experiments and, with L.E.C. and V.L. wrote the paper.


http://www.nature.com/authors/editorial_policies/license.html#terms

1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chamy et al.

Page 2

pathway, and Gram-positive bacteria and fungi, which stimulate the Toll pathway. Both
pathways culminate in the activation of NF-«xB related transcription factors, Relish and
Dorsal-related Immune Factor (DIF), respectively, and the transcription of hundreds of
genes including those encoding the effector AMPs directed against the intruding
microorganisms. The membrane spanning peptidoglycan recognition protein (PGRP)-LC, in
association with PGRP-LE, senses directly diaminopimelic containing peptidoglycan (DAP-
type PGN), common to most Gram-negative bacteria and to Gram-positive bacilli, and
triggers the IMD intracellular signaling cascade8-12. In contrast, the transmembrane
receptor Toll does not directly recognize microbial determinants but is activated by binding
of an endogenous ligand, the proteolytically cleaved form of the cytokine-like protein
Spaetzle (Spz)13. The detection of Gram-positive bacterial cell wall components such as
lysine containing PGN (Lys-type PGN) requires a combination of different proteins, namely
PGRP-SA, PGRP-SD and glucan binding protein 1 (GNBP1)14-16. Fungal determinants
(mainly glucans) are detected by the circulating PRR GNBP3 (ref. 17). Binding of microbial
ligands to these soluble PRRs induces, by an unknown mechanism, the activation of
proteolytic cascades leading to the cleavage of Spz and subsequent Toll activation.

We are interested in deciphering the mechanisms that lead from recognition of microbial
molecules in the hemolymph to the cleavage of Spz to its active ligand form. Toll and Spz
were initially identified for their roles in dorso-ventral patterning during development. In the
early embryo, the Toll pathway is activated by a cascade of four serine proteases. These
proteases are activated upon cleavage of an N-terminal inhibitory domain, which is known
as the clip domain for the two downstream proteases of the cascade, Snake and Easter18,19.
Interestingly, genetic studies have indicated that these embryonic serine proteases are
dispensable during the immune responses in larvae or adult flies20,21.

Several direct genetic screens aimed at identifying factors involved in the activation of the
Toll pathway following fungal or Gram-positive bacterial infections. However these screens
failed to identify the proteases of the cascades that culminate in the activation of Spz. The
Persephone (Psh) protease was indirectly discovered in a screen for suppressors of the
necrotic phenotype, characterized by a constitutive activation of the Toll pathway resulting
from the absence of the serine protease inhibitor Necrotic22,23. It was subsequently shown
that Psh is specifically required for the activation of the Toll pathway after fungal infection
and for adequate resistance of flies to such infections23. However, Psh is not required
downstream of GNBP3, the fungal PRR, but is activated by fungal virulence factors17. The
Spz processing enzyme (SPE) that directly cleaves Spz during the immune response has
been found by homology to a Bombyx mori serine protease24,25. Finally, an in vivo RNAI
screen targeting drosophila serine proteases identified five candidate genes necessary for full
activation of the Toll pathway after fungal and Gram-positive bacterial infections26. One of
these proteases was shown to be specifically required for the detection of Gram-positive
bacterial infections and named Grass (for Gram-positive specific serine protease). Together,
these studies led to the current model in which three protease cascades separately activate
the Toll pathway after recognition of Gram-positive bacterial determinants, fungal cell walls
and fungal virulence factors, respectively.
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However, even in absence of plain off-target effects, RNAI driven gene inactivation
generally results in hypomorphic phenotypes, leading to incomplete characterization of gene
function. Using a null mutation in grass we demonstrate here that Grass defines a common
protease cascade downstream of both fungal and Gram-positive bacterial pattern detection
that functions in parallel to a separate proteolytic cascade centered on Psh, sensing virulence
factors, again from both bacteria and fungi, and guarding drosophila against abnormal
proteolytic activity in the hemolymph.

CG5896 overexpression activates the Toll pathway

We have previously shown that overexpression of full-length Psh protein induces the
constitutive activation of the Toll pathway in the absence of any immune challenge23. We
reasoned that expression in the hemolymph of full-length proteases acting upstream of Toll
would give a similar phenotype as Psh. We therefore designed an overexpression screen (D.
Rabel, L.E.C., V.L. and J.-M.R. in preparation). We expressed a series of protease genes
using the UAS-GALA4 system and the heat-shock driver (hsp-GAL4) in transgenic flies and
detected in the hemolymph by mass spectrometry the production of Drosomycin, a
conventional readout of Toll activation. Of all the genes tested, CG5896 gave a clear
phenotype and was analyzed further (Supplementary Fig.1a online).

CG5896 is required for fungal and bacterial detection

While our studies were in progress, Kambris et al.26 expressed double-stranded RNA
directed against the CG5896 protease, which they named Grass. These authors observed that
the transgenic flies were susceptible to Gram-positive bacterial infections and failed to
respond to these infections by expression of the drosomycin gene. In contrast, the transgenic
flies survived fungal infections and expressed drosomycin similarly to wild-type flies. Fly
lines which we had constructed using double-stranded RNA to inactivate CG5896 also
reduced the response to Gram-positive bacterial infection although in a variable manner
(data not shown). We therefore decided to generate a null mutation of the CG5896 gene by
mobilization of the P element XP11068 inserted 550 bp upstream of the CG5896
transcription start site. Flies carrying this insertion did not show any immune phenotype.
Mobilizing the P element led to a small deletion starting at the insertion site to nucleotide
735 in the transcript, deleting the first 101 amino acids of the ORF. We noted that flies
homozygous for this deficiency were fully viable and lacked any CG5896 gene product. We
designated the null allele grassHeade (Supplementary Fig. 1b online).

As expected, grassterrade mytant flies were deficient in Toll pathway activation after a
Gram-positive bacterial challenge and were highly susceptible to these bacteria (Fig. 1a,b).
However, to our surprise, the flies were also deficient in their response to fungal infections
by the entomopathogenic fungus Beauveria bassiana and the yeast Candida albicans (Fig.
1c,d and Supplementary Fig. 2 online). Thus, even if the reduction in drosomycin expression
was less marked and more variable than that noted after a Gram-positive bacterial challenge,
grasswas clearly required for the detection of both Gram-positive bacterial and fungal
infections. The RNAi-mediated inactivation, which resulted in a reduction of grass mRNA
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to 60% (26 and our unpublished data) was therefore not sufficient to reveal the involvement
of Grass in fungal detection. Fungi have been reported to activate two different extracellular
pathways upstream of Toll, one triggered by GNBP3-mediated recognition of fungal cell
wall components, and the other by virulence factors, such as secreted proteases sensed by
the circulating protease Psh. If grasswere involved in only one of these two pathways, the
consequence of the RNAi-mediated reduction of its activity would be masked by the
activation of the other pathway, resulting in almost wild-type expression of drosomycin. A
further reduction in Grass activity would then translate into a visible phenotype in
grassHerrade ny|| mutant flies.

Grass acts downstream of PRRs

We next undertook an epistatic analysis to clarify in which pathway Grass was required. We
started by analyzing the relationship with SPE that has been shown, using RNAi-mediated
knock-down experiments, to be the protease responsible for the cleavage of Spz24. During a
loss of function screen for genes involved in resistance to fungal infections we identified a
SPE mutant allele that we named Pasteur. SPEPaS®U" s 3 hypomorphic mutation, which
affects the transcription of this gene (Fig. 2). We found that SPEFasteUr homozygous flies
were highly susceptible to fungal infections but that they showed only a slight reduction in
Toll pathway activation. However, hemizygous mutant flies were, as expected, susceptible
to both fungal and Gram-positive bacterial infections and showed a strong reduction in Toll
pathway activation after either type of challenges. The SPEFaS® U immune deficiency
phenotypes could be rescued by expressing a wild-type copy of SPE in mutant flies (Fig. 2).
The Toll pathway constitutive activation resulting from grass overexpression was abolished
in SPEPasteur hemizygous mutant flies (Fig. 3). On the other hand, expression of an activated
form of SPE triggered a strong activation of the Toll pathway that was not blocked in a
grasstermade mytant background (data not shown). Taken together, these data demonstrate
that grass acts upstream of SPE.

Detection of Lys-type PGN requires both PGRP-SA and GNBP1 proteins. Overexpression
of either PGRP-SA or GNBP1 alone has no effect on drosomycin expression, but the
coexpression of both genes strongly activates the Toll pathway15. We noted that this
activation was suppressed in grasste’rade flies, indicating that Grass acts downstream of a
Gram-positive bacterial peptidoglycan recognition event (Fig. 3). GNBP3 is a PRR that
senses fungal cell wall components. GNBP3 overexpression reproducibly induces a weak,
but detectable, activation of the Toll pathway17 that was abolished in the grassHerrade
mutant background (Fig. 3), demonstrating that Grass functions downstream of both fungal
and bacterial PRR pathways.

While SPE was required for Toll pathway activation in flies overexpressing Psh (24 and our
unpublished data), this activation was not affected in a grass-erade mutant background (Fig.
3). We hypothesized that either Grass acts upstream of Psh or that the two proteins function
in parallel pathways. The fungal protease Prl has been shown to activate the Toll pathway
when expressed in the hemolymph of transgenic flies under the UAS-GAL4 system and the
hsp-GAL4 driver. This activation was reported to require Psh but we noted that it was not
abolished when we expressed Pr1 in a grassHerade mytant background (17 and Fig. 3).

Nat Immunol. Author manuscript; available in PMC 2009 October 27.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chamy et al.

Page 5

Taken together, our data demonstrate that Grass functions downstream of the PRRs sensing
either fungal or Gram-positive bacterial infections. Importantly however, Grass was not
required downstream of the fungal protease Prl that activates Psh.

Psh senses microbial activities

Following a fungal infection, Toll pathway activation was always totally suppressed in spz
mutant flies, whereas in psh or grass-erade mytants drosomycin expression remained at
30-60% of that of wild-type with some variability between independent experiments (Figs.
1, 4a,b) possibly reflecting variations in the virulence state of fungi. Interestingly, in double
mutant flies for psh and grass™emade, Toll pathway activation was totally blocked and these
flies were as susceptible as spz flies to fungal infections (Fig. 4a-c). However, compared to
grassHerrade single mutant flies, Toll pathway activation was not further affected in double
mutant flies for GNBP3Hades and grassHerrade (Fig. 4a,b). These data confirm that Grass and
Psh cooperate in two parallel cascades activated downstream of PRRs and fungal proteases,
respectively. These results prompted us to re-examine the involvement of Psh in the
response to Gram-positive bacterial infections. A possible role for Psh in Gram-positive
bacterial infections was suggested by the earlier observation that the signal-dependent
cleavage of Necrotic, the Psh serine protease inhibitor, is abolished in a psh mutant
background after both fungal and Gram-positive bacterial infections27. Flies challenged
with Micrococcus luteus show a strong activation of the Toll pathway that we have shown to
be greatly reduced in a grassede mytant background. Interestingly, we also detected a
weak but reproducible reduction in drosomycin expression in a psh mutant background. This
reduction was more important in psh, grassHerade double mutant than in grassHerade single
mutant flies (Fig. 4c,d) suggesting that Psh could also be involved in Gram-positive bacterial
detection. We reasoned that if Psh were required for detection of Gram-positive bacterial
proteases as it is for fungal proteases, then the Psh contribution to Toll pathway activation
should be more important during infection by pathogenic bacteria. These bacteria may
express more proteases or virulence factors than non-pathogenic bacteria. Indeed, M. luteus
is not pathogenic for drosophila, which might explain the moderate requirement of Psh for
the activation of the Toll pathway after infection by this bacterium. Enterococcus faecalis, a
lethal pathogen for drosophila, also strongly activates the Toll pathway. We noted that this
activation was moderately reduced in either grass™ead psh or the GNBP10SIrs nyl|15
single mutants as well as in grassHerade, GNBP1Osiris double mutants but was as reduced as
in spz mutants in psh, grass-emade double mutant flies (Fig. 4f,g). Correlatively, psh,
grassterrade doyble mutant flies were more susceptible to E. faecalis infection than
grassHerrade single mutants as illustrated by survival tests (Fig. 4h). We concluded that Psh
is also involved in the detection of Gram-positive bacteria.

Toll pathway activation by coexpression of the PRR genes PGRP-SA and GNBP1 or
injection of peptidoglycan from either M. luteus or E. faecalis (data not shown and Fig. 5a,b)
did not require Psh, but was strictly dependent on Grass. Furthermore, when we challenged
flies with heat-killed E. faecalis bacteria, the activation of Toll pathway was almost totally
blocked in grass™eérrade mytant flies and was not further reduced in double mutants for psh
and grass™ermade (Fig. 5¢,d). We also found that the level of activation by dead bacteria was
low when compared to live E. faecalis infections (Fig. 5e), which indicates that factors
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expressed by live bacteria would be involved, together with structural determinants, in Toll
pathway activation. Taken together, these results demonstrate that Psh is not implicated in
signaling downstream of PRRs.

To test if Psh would activate the Toll pathway through sensing of bacterial proteolytic
activities we injected exogenous proteases into the flies. Injection of sublethal doses of
proteases from Bacillus subtilis or Aspergillus oryzea into the body cavity of flies strongly
activated the Toll pathway in wild-type or grass™erade flies. This activation was strongly
reduced in psh mutant flies (Fig. 5f,g and Supplementary Fig. 3 online). Residual
drosomycin expression observed in psh and SPEP3StUr mutant flies might be explained by
direct non-specific cleavage of Spz by the injected proteases. However, in these conditions
60% of drosomycin expression was specifically due to Psh-dependent SPE activation
leading to Toll signaling (Fig. 5f,g and Supplementary Fig. 3 online). This result is in
accordance with the observation that Psh, unlike most of the drosophila CLIP-domain
containing serine proteases, is activated through cleavage following an histidine residue,
which may be targeted by subtilisin-like proteases, instead of arginine or lysine residues,
canonical substrates for the trypsin-like proteases such as Easter, Grass or SPE19,28.

Discussion

We report here the generation of a null mutation in the gene encoding the serine protease
Grass. On the basis of RNA interference experiments this protease had been reported to play
arole in Toll activation following Gram-positive infection26. We now show, through the
analysis of the null mutant phenotypes, that Grass is indeed involved in activation of Toll
following both Gram-positive bacterial and fungal infections. Grass acts downstream of the
circulating pattern recognition receptors that detect Gram-positive bacterial and fungal
conserved cell wall molecules (respectively peptidoglycan and p-glucan). Our data further
suggest that the Psh protease might sense proteolytic activities elicited by both fungal and
Gram-positive bacterial infections. The Toll pathway is activated by the expression of the
fungal protease Prl (ref. 17) and, as shown here, by injection of proteases from B. subtilis or
A. oryzea. This activation was strongly reduced in a psh mutant fly. In contrast, the Toll
pathway was activated by peptidoglycans in a strictly Grass-dependent, Psh-independent
manner. Toll activation in response to live microorganisms involved both Grass and Psh
acting in parallel pathways, whereas heat-killed fungi or bacteria did not require Psh to
activate the Toll pathway. Psh appears to sense the presence of abnormal proteolytic
activities in the hemolymph. This notion is supported by the observation that a strong
overexpression of Grass in transgenic flies resulted in a partially Psh-dependent Toll
pathway activation (data not shown). This result suggests that Psh is able to sense the
artificially high activity of the Grass protease in the hemolymph in the same way it detects
pathogen-derived proteolytic activities. It implicates also that Grass is in a different
configuration when artificially overexpressed in absence of signal or when normally
activated by PRR-dependent microbial recognition. In the latter case, Grass would be
associated with other serine proteases or serine protease homologs such as Spirit, Sphinx or
Spheroid26 in a complex with PRRs directing Grass activity toward SPE. In contrast,
overexpressed Grass would be detected as abnormal proteolytic activity by Psh resulting in
downstream activation of SPE through Psh. We can correlate this finding with the
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phenotype of the necrotic mutation. Necrotic encodes a serine protease inhibitor whose
inactivation leads to the deleterious and abnormal activation of several proteolytic activities
resulting in early lethality of mutant flies22,29. One consequence of these abnormal
proteolytic activities is a constitutive Toll pathway activation. The different phenotypes
associated with the necrotic mutation are all strictly Psh dependent23. Indeed, Psh was
isolated as a genetic suppressor of the necrotic mutation.

We propose a new model for Toll activation during the immune response of drosophila. The
model proposed to date is based on two proteolytic cascades activated by circulating
receptors capable of discriminating between bacterial and fungal infections and a third
cascade required for sensing fungal proteases. Our results show that a first proteolytic
cascade, comprising Grass, is activated by microbial cell wall components binding to PRRs.
We further suggest that a second proteolytic cascade is activated by secreted proteases from
microorganisms or abnormal proteolytic activities in the hemolymph, which are sensed by
Psh in a way reminiscent of the guard system in plants. We refer to the first cascade as the
PRR-dependent extracellular pathway. The molecular mechanism of this proteolytic cascade
activation, probably involving the formation of a multiprotein complex containing PRRs is
still unknown. We refer to the second cascade as the danger signal extracellular pathway.
Both pathways are required for full activation of Toll dependent immune responses against
pathogens.

One could speculate that during evolution a proteolytic cascade system upstream of the
drosophila Toll receptor has provided a flexibility allowing appearance of new detection
mechanisms. The components of a protease cascade downstream of GNBP1 were recently
purified from Tenebrio molitor, a coleopteran insect30. However none of these components
shows a strong homology to Grass, suggesting that the proteolytic cascades involved in
immune defenses are subjected to divergent evolution. Psh may have evolved secondarily to
add a new level of defense by sensing the activity of invading microorganisms. We suspect
that the detection of bacteria and fungi was first based on specific recognition of molecular
patterns. In the “arms race' between host and pathogens, and the probable emergence of
escape mechanisms in pathogens masking their cell wall components or hampering
detection, Psh provided a way of sensing microorganisms indirectly by their activity. Being
aware of proteolytic activities allows the detection of microorganisms since many bacteria
and fungi excrete proteases during the invasion process. The proteases they secrete, such as
Pr1, display early signs of infection to the host and their sensing by Psh enables a rapid
response against invaders. Detection of microbial activity appears to be more flexible than
recognition of conserved molecular patterns during host-pathogen interaction. Indeed, the
observation that psh shows the highest polymorphism between drosophila species31
demonstrates that psh is under strong selection.

Several virulence factors of E. faecalis are proteases that probably target Psh as heat-killed
bacteria do not require Psh for Toll pathway activation. E. faecalis is not a natural
drosophila pathogen, as it has to be artificially introduced into the flies. Identification of
proteases from Gram-positive entomopathogenic bacteria is crucial to the understanding of
host-pathogen interaction. Gram-negative bacteria and bacilli strongly engage the IMD
pathway but also moderately and transiently activate the Toll pathway. The possibility that
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some proteases secreted by Gram-negative bacteria could activate the Toll pathway via Psh
is still open.

Pathogen sensing by a dual system comprising a first branch that recognizes molecules
common to many classes of microbes (PAMPs) and a second branch that responds to
virulence factors, either directly or indirectly through their effects on host targets (danger
signal) is well described in the plant immune system2. Here we demonstrate that a similar
dual system is at work in drosophila. Mammalian cells utilize pattern recognition receptors,
such as extracellular sensing Toll-like receptors (TLRs) and cytosolic sensing Nod-like
receptors (NLRs) families, to detect microorganisms. It has been suggested that danger
signals such as virulence factors or endogenous proteins released by damaged cells may also
be detected directly by TLRs or NLRs32,33. In addition some pathogens secrete proteases
enabling them to degrade adherent junctions and penetrate the epithelial barrier. It was
recently shown that some bacterial proteases are able to cleave protease-activated receptor 2
(PAR?2) leading to secretion of antimicrobial peptides and inflammatory cytokines in
epithelial cells (see 34 for review). PARs are G-protein coupled transmembrane receptors
that are activated by cleavage of their own N-terminal domain, which acts as a tethered
ligand. PAR activation by endogenous proteases of the thrombin and trypsin families leads
to inflammatory responses via NF-xB, AP1 and ¢c/EBP-f transcription factors. PAR
cleavage by injury-activated thrombin or bacterial proteases appears to be a danger signal
sensing mechanism very similar to Psh-dependent Toll pathway activation in flies. These
results demonstrate that as in plants, danger signal sensing works together with PAMP
detection in animals. Analysis of a dual system encompassing PARs or other yet
unidentified sensors in parallel to PRRs, will undoubtly shed a new light on our picture of
microbial sensing in mammals.

The following fly stocks have been previously described: Psh*, GNBP10siris 15,
GNBP3Hades 17 AS psh?3, UAS-PGRP-SAL6, UAS GNBP11%, UAS GNBP3Y7, UASPr1l7,
0720, UAS-aSPE?4. Df(3R)mbc31, Df(3R)mbc30, XP11068, heat shock and Actin Gal4
drivers were from Bloomington stock center. The original XP11068 Bloomington stock
carried a homozygous lethal unknown mutation, and we constructed a homozygous viable
line by recombination with w1198 flies. The grass™eade mutation was subsequently created
by imprecise excision of the XP11068 element from the recombinant line. SPEPaSteUr mytant
was isolated by EMS-induced mutagenesis.

RH61984 and GH28857 were cDNA clones from the BDGP EST project that matched the
CG5896-grass gene and the CG16705-SPE gene respectively. For the inactive version of the
CG16705-SPE encoded protease, the catalytic serine (Ser 346) was replaced by a glycine
using PCR-directed mutagenesis, with the following oligonucleotide where the modified
codon is indicated in bold: 5-CATGCGGTGGCGATGGTGGCGGTCCCCTTAT-3'". The
PCR products were cloned into pUAST predigested with the Bgl 11 and Xho | enzymes35.
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Infections, RNA hybridization and survival analysis

Bacterial and fungal strains E. faecalis, M. luteus, Escherichia coli, Agrobacterium
tumefaciens, Candida albicans, B. bassiana have been previously described17,36. For heat
killing, bacterial cultures (ODggg = 0,1) were heated twice at 95 °C for 20 min separated by
20 min at 4 °C. Killing was controlled by plating 100 I of the culture on LB agar plates.

Infections by pricking with a tungsten needle, RNA hybridization and survival tests were
performed as previously decribed23. Each individual experiment was performed on a
sample of 12 males and 12 females.

Proteases injections: 18,3nl of a dilution of 1 in 2000 of a commercial solution of proteases
from B. subtilis (Sigma-Aldrich, product number P5985, more than 16U/g) or A. oryzea
(Sigma-Aldrich, product number P6110, more than 500U/g) in PBS was injected into the fly
body cavity. 1 in 2000 dilutions were chosen for the induction of drosomycin with a survival
rate after 24 h of more than 80%. Higher concentrations were lethal for the flies and lower
did not induce drosomycin expression.

Peptidoglycan injection: 9.2 nl of a suspension at 5 mg/ml of sonicated peptidoglycan from
M. luteus (Sigma-Aldrich) or E. faecalis (a generous gift from L. Gutmann, Inserm U872
Paris) were injected in the fly body cavity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Grassisinvolved in sensing both fungal and Gram-positive bacterial infections
(a) Quantification of RNA hybridization analysis of drosomycin (drs) gene expression 24 h

after infection with the Gram-positive bacterium M. luteus. Ribosomal protein 49 (Rp49)
messenger was used for normalization. drs mRNA expression (drs/Rp49) in wild-type (WT)
flies was set to 100 as a control and values obtained with mutant flies were expressed as
percentage of this value. Spaetzle (spz) mutant flies were used as Toll pathway mutant
control. Each bar represents the mean of 4 independent experiments, error bars are SD. drs
expression was reduced in grasstérrade mutant flies (hrd) (P = 1.3 x 10°9). (b) Survival of
adult flies infected with E. faecalis. This result is representative of three independent
experiments. (¢) Quantification of RNA hybridization analysis of drs gene expression 48 h
after infection with the fungus B. bassiana. Each bar represents the mean of 6 independent
experiments, error bars are SD. drs expression is reduced in grass-erade mytant flies (hrd)
(P =0.001). (d) Survival of adult flies infected with B. bassiana. This result is representative
of three independent experiments.
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Figure 2. Isolation of the Spaetzle Processing Enzyme (SPE) mutant Pasteur
(a) Representative RNA hybridization analysis of the SPE gene expression in wild-type

(WT), SPEPasteUr homozygous (pstr) and SPEPasteUr gver Df(3R) mbcR1 (pstr/Df1) or Df(3R)
mbc30 (pstr/Df2) hemizygous mutant flies.

(b) Survival of adult flies infected by B. bassiana. Genotypes are as in (a).

(c,d) Quantification of RNA hybridization analysis of drosomycin (drs) gene expression, 48
and 24 hours after infection with (c) the fungus B. bassiana and (d) the Gram-positive
bacterium M. luteus. Rp49 messenger was used for normalization. drs MRNA expression
(dr/Rp49) in wild-type (WT) flies was set to 100 as a control and values obtained with
mutant flies were expressed as percentage of this value. Each bar represents the mean of 3
independent experiments, error bars are SD. (c) drsexpression is reduced in both SPEPasteur
hemizygous mutant flies (P = 0.003 and P = 0,014). (d) drsexpression is reduced in all
combinations of SPEPastUr mytants (P =2 x 104, P=2 x 10 and P = 3 x 10°9).

(e,f) activated SPE (SPEa) or a catalytically inactive form of this gene (SPEa*) was
expressed in SPEPasteUr mutant flies using the UAS-GAL4 system under the control of an
Actin-GAL4 driver. (€) Representative RNA hybridization analysis of drs gene expression
24 hours after infection with M. luteus. (f) Survival of adult flies infected by B. bassiana.
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Figure 3. Grass acts downstream of the PRRs
Several signal modifiers of the Toll pathway, grass, PGRP-SA and GNBP1, GNBP3, psh or

Prl, were overexpressed in adult flies using the UAS-GAL4 system under the control of a
heat-shock GAL4 driver. drsgene expression was measured by RNA hybridization in WT,
SPEPasteur (pstr) or grass-errade (hrd) mutant background.
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Figure 4. Grass and Psh definetwo parallel pathwaysthat activate Toll cooper atively
(a-f) Toll pathway activation was monitored by RNA hybridization analysis of drs

messenger expression. Rp49 messenger was used as loading control and for normalization of
drosomycin (drs) expression. drs mRNA abundance (drs/Rp49) in wild-type (WT) flies was
set to 100 as a control and values obtained with mutant flies were expressed as percentage of
this value. RNA hybridizations are representative of 3 independent experiments and
histograms represent the mean of these results. Error bars are SD. (a,b) drs expression is
reduced in grass™éade (hrd) and psh (P = 0.002 and P = 9 x 104 respectively) 36 h after
infection by the fungus B. bassiana. drs expression is reduced in psh, hrd double mutant
flies compared to both single mutants (P = 7 x 104 and P = 0.003 respectively) and is
similar to the expression in spz mutants (P = 0.9). drsexpression is not significantly
different in GNBP3Hades hrd (GNBP3; hrd) double mutants compared to hrd single mutants
(P =0.65). (c) Survival curves of adult flies infected with B. bassiana. Results are
representative of 3 independent experiments.

(d,e) drsexpression 24 hours after infection by the Gram-positive bacterium M. luteus is
significantly reduced in psh, hrd double mutant compared to hrd single mutant flies (p=
0.003) and is similar to that detected in spz mutants (P = 0.45). drsexpression is
significantly reduced in psh mutants (P = 0.002).

(f,g) drsexpression 24 hours after infection by the Gram-positive bacterium E. faecalisis
significantly reduced in psh, hrd double mutant flies (P = 1.5 10°7) and only slightly reduced
in hrd, psh or GNBP1°5i"s (GNBP1) single mutant flies (P = 0.18, P = 0.16 and P = 0.08
espectively). drsexpression in psh, hrd double mutant is similar to that in spz mutants (P =
0.12) and not significantly different in GNBP195I"S hrd (GNBP1; hrd) double mutant
compared to hrd single mutant (P = 0.6).

(h) Survival curves of adult flies infected with E. faecalis. Results are representative of 3
independent experiments.
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Figure 5. Psh isactivated by bacterial proteolytic activitiesin the hemolymph
Toll pathway activation was monitored in adult flies by RNA hybridization analysis of drs

messenger expression. Rp49 messenger was used as loading control and for normalization of
drsexpression. drs mRNA abundance (drs/Rp49) in wild-type (WT) flies was set to 100 as a
control and values obtained with mutant flies were expressed as percentage of this value.
This result is representative of 3 independent experiments and histograms represent the
mean of these results. Error bars are SD.

(a,b) drsexpression 24 hours after injection of E. faecalis peptidoglycan is not significantly
affected in psh mutant flies (P = 0.24) but is reduced in grassemade (hrd) (P = 2.3 x 10°6) or
psh, hrd double mutant flies (P = 0.009) at a very comparable level (P = 0.45).

(c,d) drsexpression 24 hours after injection of heat-killed E. faecalis is not significantly
affected in psh mutant flies (P = 0.05) but is highly reduced in hrd single (P = 1.6 x 10°°) or
psh, hrd double mutant flies (P = 6 x 10-°) at a very comparable level (P = 0.45).

(e) drsexpression 24 hours after infection of WT flies with living or heat-killed E. faecalis is
significantly reduced in flies challenged with dead bacteria (P = 2.7 x 10°9).

(f,g) drsexpression 24 hours after injection of bacterial subtilisin is not affected in hrd
mutant (P = 0.8) but is highly reduced in psh mutant flies (P = 1,9 x 10°8). The reduction in
drsexpression observed in psh is identical to that observed in the hemizygous SPEFasteur
mutant (pstr/Df1) (P = 0.58) and is not further enhanced in psh, hrd double mutant flies (P =
0.1).
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