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The Toll pathway mediates Drosophila resilience to
Aspergillus mycotoxins through specific Bomanins
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Abstract

Host defense against infections encompasses both resistance,
which targets microorganisms for neutralization or elimination,
and resilience/disease tolerance, which allows the host to with-
stand/tolerate pathogens and repair damages. In Drosophila, the
Toll signaling pathway is thought to mediate resistance against
fungal infections by regulating the secretion of antimicrobial pep-
tides, potentially including Bomanins. We find that Aspergillus
fumigatus kills Drosophila Toll pathway mutants without invasion
because its dissemination is blocked by melanization, suggesting a
role for Toll in host defense distinct from resistance. We report
that mutants affecting the Toll pathway or the 55C Bomanin locus
are susceptible to the injection of two Aspergillus mycotoxins,
restrictocin and verruculogen. The vulnerability of 55C deletion
mutants to these mycotoxins is rescued by the overexpression of
Bomanins specific to each challenge. Mechanistically, flies in which
BomS6 is expressed in the nervous system exhibit an enhanced
recovery from the tremors induced by injected verruculogen and
display improved survival. Thus, innate immunity also protects the
host against the action of microbial toxins through secreted pep-
tides and thereby increases its resilience to infection.
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Introduction

The outcome of an infection depends on the interactions between a host

and a pathogen with its armory of multifarious virulence factors. In the

case of fungal pathogens, several hundred potential virulence factors are

known to be secreted (Gao et al, 2011; Lebrigand et al, 2016). The host

confronts the invading microorganism through the multiple arms of its

immune system. There are also varied strategies that counteract the

effect of toxins and more generally withstand and repair damages

inflicted directly by the pathogen or indirectly by the host through its

own immune response (Medzhitov et al, 2012; Ferrandon, 2013; Soares

et al, 2017). Fungal infections represent a widespread major health

threat worldwide affecting more than 150 million patients and cause

directly or indirectly at least one and a half million deaths each year

(Bongomin et al, 2017; Rodrigues & Nosanchuk, 2020). Our current

understanding of fungal infections relies on the study of the host’s innate

and adaptive immune responses and in parallel on investigations of fun-

gal virulence factors (Scharf et al, 2014; van de Veerdonk et al, 2017).

Aspergillus fumigatus can synthesize and secrete a vast array of toxins

and secondary metabolites, the in vivo functions of which are just start-

ing to be deciphered (Frisvad et al, 2009; Macheleidt et al, 2016; Raffa &

Keller, 2019).Whereas some fungal virulence factors allowA. fumigatus

to elude detection by the immune system, a fewmycotoxins such as glio-

toxin or fumagillin are known to interfere with immune signaling and

help neutralize immune cell functions (Cramer et al, 2006; Kupfahl

et al, 2006; Konig et al, 2019). However, it is currently poorly known

whether the innate immune system is able to detect and counteract the

actions ofmycotoxins through specific effectors.

Drosophila melanogaster represents a genetically amenable model

system that is well-suited to study infections and innate immunity as

there is no vertebrate-like adaptive immunity. Its innate immune sys-

tem comprises several arms: a cellular response mediated by plasmato-

cytes in the adult, melanization, which depends on the cleavage of pro-

phenol oxidases by Hayan, and the humoral systemic immune
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response (Lemaitre & Hoffmann, 2007; Liegeois & Ferrandon, 2022). A

landmark study published 25 years ago established the central role of

the Toll pathway in mediating the humoral immune response against

fungal infections, as represented by A. fumigatus (Lemaitre et al,

1996). This observation has since been extended to a variety of other

filamentous fungi or pathogenic yeast infections and also to several

Gram-positive bacterial infections. The current paradigm is that upon

sensing infections, a MyD88 adaptor-dependent intracellular signaling

pathway gets activated by the binding of the processed Sp€atzle cyto-

kine to the Toll receptor and stimulating the transcription of effector

genes (such as antimicrobial peptides (AMPs)) that mediate its role in

host defense. Genes encoding antifungal peptides such as Drosomycin,

Metchnikowin, and Daisho are Toll-regulated AMPs active on filamen-

tous fungi (Fehlbaum et al, 1995; Levashina et al, 1995; Cohen

et al, 2020). However, in contrast to the other NF-jB signaling pathway

that mediates host defense against Gram-negative bacteria, Immune

deficiency (IMD), it is less clear whether Toll-dependent AMPs provide

the bulk of the protection against Gram-positive or fungal infections.

Indeed, the deletion of a locus encoding ten Toll-dependent secreted

peptides at the 55C locus known as Bomanins largely phenocopies the

Toll mutant phenotype (Uttenweiler-Joseph et al, 1998; Clemmons

et al, 2015). This suggests that these peptides are somehow involved in

mediating the defenses resulting from Toll pathway activation, which

regulates the expression of more than 150 immune-responsive genes

(De Gregorio et al, 2002). A majority of Bomanins at the 55C locus are

short (BomS), the secreted form of which essentially contains a single

domain characteristic of this family of peptides. Other members

include a tail after the Bomanin domain (BomT) whereas bicipital

members are characterized by the inclusion of two domains separated

by a linker domain (BomBc). Although a recent study suggests that

some BomS are likely active against Candida glabrata and can function

somewhat redundantly (Lindsay et al, 2018), the exact function of

most Bomanins in host defense remains uncertain.

How exactly Drosophila host defense confronts A. fumigatus and

fungal virulence factors in general remains unknown despite our

knowledge of the generic role of the Toll pathway in antifungal

defense. Here, we revisit A. fumigatus infections obtained by inject-

ing a limited number of conidia into the thorax and find that the fun-

gus is unable to invade flies, including Toll pathway MyD88

mutants, due to melanization, a distinct host defense, which is medi-

ated by the Hayan protease and the PPO2 phenol oxidase. Our data

suggest that Toll pathway immuno-deficient flies succumb to A. fumi-

gatus secreted toxins, some of which target the nervous system. We

report here that Toll mediates resilience to particular mycotoxins

through specific Bomanins that do not function as classical AMPs in

this setting but neutralize the effects of these fungal virulence fac-

tors. Our data illustrate that evolution has selected a specialized

defense partially mediated by secreted peptides that allow the host to

elude or counteract the action or effects of the attack by mycotoxins.

Results

Defense against A. fumigatus depends on the Toll pathway
independently of its role in controlling AMP expression

Homozygous or hemizygous MyD88 but not wild-type flies were

highly sensitive to an A. fumigatus challenge with various strains

and succumbed to as few as five injected conidia (Figs 1A and

EV1A–C). Mutations in the Drosophila Toll pathway genes sp€atzle

(spz) and Toll (Tl) led to an A. fumigatus susceptibility phenotype

similar to that of MyD88 (Fig EV1D and E).

Unexpectedly and in contrast to other relevant microbial infec-

tions in Toll pathway mutants (Alarco et al, 2004; Apidianakis

et al, 2004; Quintin et al, 2013; Duneau et al, 2017), the fungal bur-

den did not reach values higher than 200–300 colony-forming units

(cfus) in MyD88 flies challenged with 50 conidia (Fig 1B) or even

upon the injection of 5,000 conidia (Fig EV1F). The lack of growth

of A. fumigatus in MyD88 flies was confirmed by measuring the fun-

gal load upon death (FLUD; Fig EV1G). Monitoring a GFP-

expressing A. fumigatus strain revealed the formation of mycelia

only next to the injection site of 50 conidia in both wild-type and

MyD88 flies (Figs 1C and D, and EV1H). Puzzlingly, the injection of

a higher number of conidia led to the formation of fewer hyphae

(Fig EV1I). To exclude the possibility that death might be caused by

another microorganism, possibly deriving from the microbiota, we

confirmed the sensitivity of MyD88 mutant flies to A. fumigatus

challenge on antibiotics-treated flies and on axenic flies (Fig EV1J–

L). We conclude that MyD88 flies succumb to a low A. fumigatus

burden (lower than 200 A. fumigatus cfus at death; Fig EV1G).

A septic injury with the Gram-positive bacterium Micrococcus

luteus induces the expression of Drosomycin and all 55C Bomanin

genes, BomS4-excepted (Fig EV2A and B). In contrast, the injection

of even high doses of live or killed conidia did not induce the

expression of Drosomycin steady-state transcripts measured by con-

ventional RT–qPCR (Fig 1E). Only a mild induction of Drosomycin

and the small secreted peptide-encoding gene BomS1 were detected

using digital PCR (RT–dPCR) in wild-type flies challenged with

5,000 conidia (Fig EV2C and D), which was confirmed by mass

spectrometry detection of the induction of some BomS peptides

but not Drosomycin in collected hemolymph (Fig EV2E and F,

Appendix Fig S1). Aspergillus fumigatus infection thus induces

weakly at the transcriptional level the expression of classical Toll

pathway activation read-outs such as BomS1 or Drosomycin. Sur-

prisingly, only the short Bomanins and one Daisho peptide (DIM4)

were reliably detected in the hemolymph via MALDI-TOF mass

spectrometry. Their levels in the hemolymph were rather indepen-

dent of the size of the inoculum (Fig EV2G), in keeping with the rel-

atively stable fungal load measured (Fig EV1F). The expression of

these peptides in the hemolymph tended to actually decrease upon

injection of an inoculum > 1,000 conidia, possibly correlating

with the decreased formation of hyphae and likely higher levels

of gliotoxin.

Thus, the SPZ/Toll/MyD88 cassette is required for host defense

against A. fumigatus infections, even though this pathogen only

mildly stimulates the Toll pathway. Strikingly, the major read-out of

the Toll pathway Drosomycin steady-state transcript levels and its

encoded peptide, are only weakly induced.

Drosophila melanization curbs A. fumigatus invasion

As melanization is a host defense of insects effective against fungal

infections, we tested Hayan mutant flies defective for this arm of

innate immunity (Nam et al, 2012). These mutant flies were sensi-

tive to A. fumigatus infection but less susceptible than MyD88

mutant flies (Fig 1F). In contrast to MyD88, the fungal burden was
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increased in these mutants (Fig 1G and H). Further, the melaniza-

tion response was dependent on Prophenoloxidase 2 (PPO2) but not

PPO1 nor on the Sp7 protease (Fig EV3A–D). Thus, in contrast to a

previous study that demonstrated a role for PPO1 and Sp7 in the

host defense against low inocula of Enterococcus faecalis (Dudzic

et al, 2019), it appears that a relevant melanization response

downstream of Hayan can be mediated through PPO2, which like

PPO1 is cleaved by Hayan (Nam et al, 2012). Interestingly, A. fumi-

gatus disseminated throughout the body in Hayan mutants but was

restricted to the thorax in MyD88 flies (Fig EV3E). In keeping with

these results, the fungus erupted in cadavers from all three tagmata,

including the legs, of Hayan mutants (Fig 1I). In contrast, the fungus
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only broke through the cuticle in the thorax where it had been

injected in MyD88, Toll or spz mutants (Figs 1J and EV3F). Of note,

the fungus did not erupt from infected wild-type flies killed mechan-

ically. We conclude that melanization limits the proliferation and

the dissemination of A. fumigatus injected into wild-type flies yet

does not eradicate it at the injection site, where a melanization plug

forms.

We also tested the contribution of the cellular immune response

either by challenging eater mutant flies lacking a major phagocytosis

receptor, presaturating the phagocytic apparatus by injection of

latex beads, or by genetically ablating hemocytes. In each case, no

enhanced sensitivity to A. fumigatus infection was observed

(Appendix Fig S2A–C).

A. fumigatus secondary metabolism is required for its virulence
in Drosophila

The finding that A. fumigatus killed MyD88 immuno-deficient flies

with a low fungal burden and limited dissemination in conjunction

with the observation of the modest induction of the Toll pathway

suggested that Toll pathway mutants could be sensitive to some

of the many diffusible mycotoxins known to be secreted by this fun-

gus (Frisvad et al, 2009). We first tested this hypothesis using an

A. fumigatus mutant strain lacking the phosphopantetheinyl trans-

ferase (pptA) gene required for the biosynthesis of all secondary

metabolites, including most mycotoxins (Johns et al, 2017). This

A. fumigatus mutant strain was not virulent when its conidia were

injected into MyD88 flies (Fig 2A); its fungal burden was somewhat

reduced after 48 h (Fig 2B). Importantly, the DpptA mutant man-

aged to form a limited mycelium at the injection site (Fig 2C and D).

These findings indicated that one or several mycotoxins are respon-

sible for the observed phenotypes. However, gliotoxin was not

required to kill MyD88 mutant flies as a gliotoxin deletion mutant,

DgliP, was still as virulent as wild-type A. fumigatus (Fig 2E). As

expected from the analysis of the gliotoxin mutant strain, the injec-

tion of commercially-available gliotoxin killed wild-type and MyD88

flies at a similar rate, but only when injected at sufficiently high

concentrations (Fig 2F). By contrast, other antimicrobial compounds

secreted by A. fumigatus (Raffa & Keller, 2019), namely fumagillin

and helvolic acid, did not kill wild-type or MyD88 flies at the tested

concentrations (Fig 2G and H).

The Toll pathway is required in the host defense against some
A. fumigatus tremorgenic mycotoxins

The ftm gene cluster of A. fumigatus is involved in the biosynthesis

of secondary metabolites belonging to the tremorgenic toxins such

as the fumitremorgins and verruculogen. The ftmA gene encodes

the first enzyme of this biosynthetic pathway (Kato et al, 2013). As

shown in Fig 3A, a DftmA mutant was slightly but reproducibly less

virulent than the DakuB genetic background control strain, which is

deficient for the nonhomologous end-joining DNA repair pathway.

Whereas MyD88 and wild-type flies behaved similarly after the

injection of either low or high doses of verruculogen, MyD88 flies

were more sensitive than wild-type to this toxin injected at a 1 or

5 mg/ml concentration (or introduced as a powder thereby bypass-

ing the need for dissolution in a DMSO-containing solvent), in con-

ventional or microbe-free conditions (Figs 3B–D and EV4A). Toll

and spz mutant flies also succumbed to injected verruculogen

(Fig EV4B and C). MyD88 flies were also sensitive to fumitremorgin

C injected at concentrations greater than or equal to 1 mg/ml

(Fig 3E).

Most wild-type and MyD88 flies injected with verruculogen

exhibited seizures as early as half an hour after injection and by 3 h

all flies suffered from tremors (Fig 3F and Movies EV1–EV4). Inter-

estingly, wild-type flies started recovering from seizures after verru-

culogen injection from 15 h onward; all surviving flies had

recovered after about a day whereas MyD88 flies never recovered

(Fig EV4D). Of note, when challenging directly with verruculogen

powder, MyD88 flies did recover, but slower, likely because in this

mode a lower effective dose of the mycotoxin is delivered

(Fig EV4E). Upon closer inspection, we found that MyD88, but not

wild-type flies, exhibited tremors after 2 days of A. fumigatus infec-

tion (Movie EV5). The Toll pathway is constitutively activated in

Toll10B flies. As expected, Toll10B flies survived verruculogen injec-

tion like wild-type flies (Fig 3G). Remarkably, about 50% of these

flies did not exhibit tremors at 3 h postinjection of verruculogen

(Fig 3H). These data indicate that wild-type flies undergo the

tremorgenic action of verruculogen and, in contrast to MyD88 flies,

are able to overcome the effects of the toxin in a resilience process

that involves spz, Toll, and MyD88. Melanization and hemocytes

did not appear to be involved in resilience to verruculogen action

(Fig EV4F–H).

◀ Figure 1. Toll pathway mutants succumb to Aspergillus fumigatus infection even though it is not required to limit the proliferation and dissemination of the
pathogen, an immune function mediated by melanization.

A Survival curves of MyD88 flies injected with different doses of A. fumigatus conidia (c/f: conidia injected per fly; error bars represent mean � SD of the survival of
biological triplicates of 20 flies each).

B Fungal loads of single MyD88 mutant and wild-type flies (50 conidia injected per fly).
C, D GFP-labeled A. fumigatus (50 conidia per fly) injected in wild-type (C) or MyD88 mutant (D) flies form hyphae in the thorax of the flies (arrows). Scale bars 50 lm.
E Expression level of Drosomycin induced by different doses of injected A. fumigatus conidia measured by RT–qPCR; M. luteus (OD = 10) represents the positive

control (pooled data of n = 3 experiments, biological replicates).
F–H Hayan flies are susceptible to A. fumigatus. Survival (F), time course of fungal loads of single Hayan mutant flies (500 conidia per fly) (G), and fungal load upon

death (500 conidia per fly) (H) of Hayan mutant flies; Hayan 0 versus 120 h, (error bars represent mean � SD of the survival of biological triplicates of 20 flies
each).

I, J A. fumigatus hyphae extrusion (arrows) from Hayan (I) and MyD88 (J) mutant cadavers; scanning electron micrographs. Scale bars 750 lm.

Data information: In (B, E, G, H), the middle bar of box plots represents the median and the upper and lower limits of boxes indicate, respectively, the first and third
quartiles; the whiskers define the minima and maxima; data were analyzed using the Mann–Whitney statistical test. Survival curves were analyzed using the log-rank
test. **P = 0.004; ****P < 0.0001, and NS: not significant.
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The Toll pathway is required in the host defense against
a ribotoxin

We next tested the contribution of another mycotoxin, restrictocin,

a ribotoxin protein secreted by A. fumigatus and other pathogenic

fungi. Restrictocin cleaves 28S ribosomal RNA and thereby inhibits

host cell translation (Fando et al, 1985; Lamy et al, 1991; Nayak

et al, 2001). Injection of A. fumigatus Daspf1 conidia, which lack

the restrictocin biosynthesis locus, resulted in a modest but repro-

ducible reduction in virulence as compared to the DakuB genetic

background control strain when injected into MyD88 mutants

(Fig 4A). Strikingly, the injection of restrictocin killed MyD88 but

not wild-type flies in untreated, antibiotics-treated or axenic flies

(Fig 4B–D). Whereas the injection of restrictocin led to the demise

A B

C D
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G H

Figure 2.
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of spz and Toll mutant flies, it did not impact flies deficient for either

melanization or the cellular immune response (Fig EV4I–M).

The cleavage by restrictocin of the 28S RNA between G4325 and

A4326 yields a fragment of about 500 nucleotides known as the a-
sarcin fragment (Gluck et al, 1994). When we analyzed total RNA

extracted from MyD88 restrictocin-injected flies, we observed a frag-

ment of the expected size, which was not detected in PBS-injected

flies. The a-sarcin peak was also detected upon the injection of

restrictocin in wild-type flies. The cleavage of the 28S RNA was,

however, much less pronounced in wild-type flies as compared to

MyD88 (Fig 4E and F). These observations suggest that the MyD88-

mediated response is able to counteract restrictocin in vivo prior to

its action on rRNA. In agreement with these results, the GFP fluores-

cence emitted from a transgene-induced ubiquitously at the time of

the challenge was reduced 42 h after restrictocin injection. In addi-

tion, GFP fluorescence was lower upon A. fumigatus challenge than

upon a mock infection (Fig 4G). Taken together, these data suggest

that restrictocin is able to inhibit translation to a detectable degree

in vivo, likely through the cleavage of the ribosomal 28S a-sarcin/
ricin loop as described in vitro.

We therefore checked in a rabbit reticulocyte translation

assay that restrictocin is blocking translation in vitro (Fig 4H), as

previously reported (Nayak et al, 2001). This observation was

extended to Drosophila S2 cell extracts. Since the Toll pathway

cannot be induced in regular S2 cells, we used a stable line that

expresses a chimeric Toll receptor (ERTL) that can be activated by

adding Epidermal Growth Factor (EGF) to the growth medium

(Sun et al, 2004). In extracts from noninduced cells, eGFP in vitro

translation was inhibited by the addition of restrictocin in a dose-

dependent manner (Appendix Fig S3A and B). Even though the

Toll pathway was indeed activated by the addition of EGF, transla-

tion with an extract made from induced ERTL-S2 cells was never-

theless inhibited by the addition of restrictocin almost as

efficiently as with an extract made from noninduced ERTL-S2 cells

(Fig 4I and J). Thus, the Toll pathway may not act at the intracel-

lular level but possibly through secreted effectors as detailed fur-

ther below.

The Sp€atzle/Toll/MyD88 cassette is thus required for host

defense against both verruculogen, a secondary metabolite, and

restrictocin, a protein ribotoxin.

Bomanins mediate resilience to mycotoxins

The Toll pathway regulates the expression of at least 150 genes,

including some Bomanins initially identified as Drosophila immune-

induced molecules (Uttenweiler-Joseph et al, 1998; De Gregorio

et al, 2002). Strikingly, the deletion of the 55C locus (Fig EV2A) that

spans 10 Bomanin genes yields a phenotype as strong as Toll path-

way mutants in several infection models (Clemmons et al, 2015). In

the case of A. fumigatus, we found the BomD55C deletion mutant to

be only somewhat less susceptible to this infection than MyD88 flies

(Fig 5A). The fungal burden remained low during and after the

infection (Fig 5B, Appendix Fig S4A). Interestingly, the BomD55C

mutant was also sensitive to the injection of verruculogen and

restrictocin (Fig 5C and D; green curve). Only 25% of BomD55C flies

versus more than 50% for isogenized wild-type survived verruculo-

gen injection after day 1. In the case of restrictocin, BomD55C flies

succumbed to this challenge, which was not the case for control

flies. To exclude the possibility of a nonspecific sensitivity of MyD88

or of BomD55C flies to stress, we submitted these mutant flies and

their isogenized controls to a variety of stresses such as heat shock

at 37°C or 29°C or the injection of salt solution or H2O2

(Appendix Fig S4B–E). The injection of 4.6 nl of 8% NaCl solution

or of 2% H2O2 did not reveal a differential susceptibility of the

immune-deficient flies to these challenges. In contrast, we did

observe a mild susceptibility of MyD88 but not of BomD55C flies to a

continuous exposure to 37°C. Similar results were obtained for an

exposure to 29°C with MyD88 flies displaying an enhanced sensitiv-

ity but only after 12–15 days, that is, much later than the usual time

frame of our experiments (Figs 1A, 3B and 4B).

We attempted to identify the relevant 55C cluster genes involved

in host defense against injected mycotoxins using a genetic rescue

strategy in which we overexpressed single 55C locus Bomanin genes

in the background of the BomD55C deficiency. Overexpression of

either BomBc1, BomS3, or BomS6 provided a significant degree of

protection (comparable to wild-type flies) against restrictocin

whereas BomS6 and, to a variable extent, BomS1 protected BomD55C

mutant flies from verruculogen (Fig 5C and D). Of note, we still

observed the induction of tremors in verruculogen-injected rescue

flies.

To determine whether BomS3 interacts with restrictocin in vitro,

we tested whether the preincubation of restrictocin with a BomS3

synthetic peptide would decrease the inhibition of translation in

ERTL-S2 cells. As shown in Appendix Fig S3C and D, it was as inef-

ficient as control synthetic BomS1 peptide in blocking the inhibition

of translation mediated by restrictocin. Thus, BomS3 is unlikely to

act directly and independently against restrictocin and might act

extracellularly.

As monitored by RT–dPCR, the expression of BomBc1, BomS1,

and especially BomS3 was induced by an A. fumigatus challenge

◀ Figure 2. Secondary metabolism is critical for the virulence of Aspergillus fumigatus in Drosophila MyD88 immuno-deficient flies.

A Survival of MyD88 flies injected with DpptA and wild-type (Af) A. fumigatus conidia (error bars represent mean � SD of the survival of biological triplicates of 20
flies each).

B Fungal loads of single flies after the injection of 500 DpptA conidia.
C, D Hyphae of DpptA A. fumigatus observed in the thorax of wild-type and MyD88 flies (arrow) after Uvitex-B negative staining, air sacs and tracheae are stained by

Uvitex-B (arrowheads). Scale bars 50 lm.
E Dose response of MyD88 flies after DgliP (gliotoxin) mutant or wild-type [DakuB] A. fumigatus infection; error bars represent mean � SD of the survival of biological

triplicates of 20 flies each; wild-type flies are used as a control for the dose of 250 conidia.
F–H Dose response of MyD88 and wild-type flies after gliotoxin (F), fumagillin (G), and helvolic acid (H) injection at the indicated concentrations (20 flies per condition).

Data Information: In (B), the middle bar of box plots represents the median and the upper and lower limits of boxes indicate, respectively, the first and third quartiles;
the whiskers define the minima and maxima; data were analyzed using the Mann–Whitney test. Survival curves were analyzed using the log-rank test. ****P < 0.0001,
and NS: not significant.
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(Figs 5E and F, and EV2D). Some other Bom genes located in 55C

also exhibited a weak nonsignificant induction (Appendix Fig S5).

As the injection of vehicle alone induced a significant response of

some 55C locus genes, it was not possible to determine whether ver-

ruculogen is also able to induce their expression in this experimen-

tal series. We did find that the expressions of BomBc1, BomS3, and

BomS4 were induced to a low level by the injection of restrictocin

(Fig 5E and F, Appendix Fig S5C), which was not the case for other

Bomanin genes (Appendix Fig S5A, B and D–H).

BomS6 can protect flies from the toxic effects of verruculogen
when expressed in the brain

That the ubiquitous overexpression of Tl10B protects 50% of wild-

type flies from the tremorgenic effects of verruculogen provided a

convenient method to investigate which tissues mediate this effect.

When we expressed the Tl10B transgene in neurons, there was also

a dominant protection of 50% of the flies from the tremors mea-

sured 3 h after the injection of verruculogen, an effect similar to its

A B

C D

E F

G H

Figure 3.

� 2022 The Authors EMBO reports 24: e56036 | 2023 7 of 19

Rui Xu et al EMBO reports



ubiquitous expression (Figs 3H and 6A). We have shown above

that 40% of flies in which Tl10B was expressed ubiquitously suc-

cumbed to verruculogen injection, like wild-type flies (Fig 3G). In

contrast, full protection was conferred to flies in which Tl10B was

expressed only in neurons (Fig 6B), which survived much better

than wild-type flies. Similar observations were made when Tl10B

was expressed in glial cells, except that the degree of protection

was weaker. This may reflect a side-effect of the overexpression

strategy with a gene, the product of which is secreted: a cell type

located in the vicinity of the physiologically relevant target cell type

may partially achieve a biological activity (Fig 6C and D). We next

tested the ectopic expression in a wild-type background of BomS6,

which is the only peptide gene we found to reliably rescue the sen-

sitivity phenotype of BomD55C flies in survival experiments after a

verruculogen challenge. When BomS6 was ectopically expressed in

the nervous system, all of the flies displayed tremors 3 h after

injection and there was no enhanced protection of this phenotype

(Fig EV5A and B). However, when we measured the time it took

for those flies to recover from tremors, we did find that they recov-

ered faster, at a pace similar to that obtained by its ubiquitous

ectopic expression (Fig 6E and F). Interestingly, flies in which

BomS6 was expressed in neurons or ubiquitously were fully pro-

tected against the noxious effects of verruculogen in survival exper-

iments (Fig 6G). When BomS6 was expressed in glial cells, the

improved recovery from verruculogen challenge was nearly signifi-

cant (Fig 6H, P = 0.058) and flies did survive significantly better

than wild-type flies but nevertheless were less protected than when

BomS6 was expressed in neurons (Fig 6I). When we tried to repeat

the experiment by ectopically expressing BomS4, no protection was

conferred to those flies suggesting a degree of specificity of the

BomS genes (Fig EV5C and D).

To determine whether Bomanins can be induced by mycotoxins,

we monitored their expression by dRT–PCR on head samples after

verruculogen powder challenge or restrictocin injection. Strikingly,

we found that only the expression of BomS6 and BomS4 was

increased by the verruculogen powder challenge (Fig 6J and K,

Appendix Fig S6A–H). Unexpectedly, these two genes were also the

only ones to be induced in the head by the injection of restrictocin

(Fig 6L and M). In contrast, all 55C Bomanin genes were induced in

the head after the injection of 500 A. fumigatus conidia, except for

BomS3 and BomS4 (Fig 6L and M, Appendix Fig S7A–H). Of note,

Drosomycin expression was induced in the head after an A. fumigatus

challenge but not by restrictocin or verruculogen (Appendix Figs S6I

and S7I). Thus, only two Bomanin genes are induced in the head in

response to restrictocin or verruculogen injection.

Discussion

Here, we observed that A. fumigatus remains confined to its injec-

tion site in both wild-type and Toll pathway mutant flies due to the

restriction of fungal dissemination by melanization, not annihila-

tion. Thus, this rare occurrence of a localized infection together with

the analysis of mycotoxin mutants of A. fumigatus confirms the fun-

damental role of mycotoxins in the virulence of A. fumigatus and

reveals an unanticipated role for the Toll pathway in the protection

against various secreted poisonous molecules. In the course of evo-

lution, host defense effectors able to effectively neutralize the action

or effects of mycotoxins have been selected independently of classi-

cal xenobiotic detoxification pathways that protect the host through

modification and elimination of the compounds.

Toll pathway mutants succumb directly to A. fumigatus or
mycotoxin challenge

The microbiota plays an important role in various aspects of the biol-

ogy of Drosophila (Lesperance & Broderick, 2020). Besides, bacteria,

viruses may also participate in killing Toll pathway mutants as has

been shown to be the case for ingested Drosophila C virus (Ferreira

et al, 2014). As we did observe a significant lethality in some of our

control experiments with the injection of PBS, especially on MyD88

mutants, it was important to exclude the possibility of the microbiota

playing a role in the observed susceptibility phenotypes by using

either antibiotics treatment or axenic flies, which still succumbed to

our experimental challenges; these experiments showed that the

death of Toll pathway mutant flies is caused by the treatment and

not an auxiliary infection. Of note, the antibiotics treatment was as

effective as using axenic flies in suppressing the lethality observed

sometimes in PBS-injected flies, which suggests that some bacteria

escape from the digestive tract upon injury of the exoskeleton.

Induction of the expression of specific Bomanin genes upon
mycotoxin challenge

The induction of Drosomycin transcripts by injected A. fumigatus

conidia appears at best to be very mild as compared to that

◀ Figure 3. The Toll pathway mediates Drosophila resilience to Aspergillus fumigatus tremorgenic secondary metabolites of the fumitremorgin/verruculogen
biosynthesis pathway.

A, B Survival of MyD88 or wild-type flies after injection of 250 conidia of DftmA (verruculogen and fumitremorgins biosynthesis pathway mutant) or wild-type [DakuB]
A. fumigatus (A) or verruculogen (V) (B) (20 flies per condition); DakuB versus DftmA, **P = 0.002 (A); wt vs. MyD88 (1 mg/ml verruculogen, *P = 0.015; 5 mg/ml,
**P = 0.008 (B)).

C, D Survival of MyD88 mutant flies after verruculogen powder challenge (C), and axenic MyD88 mutant flies after verruculogen solution injection (D); wt V versus 55C
V, *P = 0.02, versus MyD88 V, **P = 0.002 for verruculogen powder challenge (20 flies per condition).

E Survival of MyD88 mutant flies after fumitremorgin C injection at different concentrations (20 flies per condition).
F Each dot corresponds to the tremor rate measured in a batch of 20 wild-type or MyD88 flies 3 h after verruculogen injection (biological replicates).
G Ubi-Gal4 > UAS-Toll10B flies survive like wild-type flies to verruculogen injection (20 flies per condition).
H Rate of Ubi-Gal4 > UAS-Toll10B flies exhibiting tremors 3 h after injection of verruculogen in batches of 20 flies, each dot representing one batch; **P = 0.002 (pooled

data of n = 3 experiments, biological replicates).

Data Information: In (F, H), the middle bar of box plots represents the median and the upper and lower limits of boxes indicate, respectively, the first and third quartiles;
the whiskers define the minima and maxima, and data were analyzed using the Mann–Whitney test. Survival curves were analyzed using the log-rank test.
****P < 0.0001, and NS: not significant. Except indicated otherwise (B), the concentration of injected verruculogen was 1 mg/ml.
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induced by the monomorphic yeasts C. glabrata or Saccharomyces

cerevisiae that were easily detected by regular RT–qPCR (Quintin

et al, 2013). This may be linked to the masking of ß-(1-3) glucans

by hydrophobin proteins or melanin on the conidial cell wall (van

de Veerdonk et al, 2017; Blango et al, 2019). The secretion of inhi-

bitors of NF-jB signaling such as gliotoxin may also be at work

(Pahl et al, 1996). It is, however, perplexing that secreted short

Bomanins but not Drosomycin were detected by mass spectrome-

try in the hemolymph even though this peptide is massively pro-

duced during the systemic immune response to injected bacteria,

at an estimated concentration of 0.3 lM (Uttenweiler-Joseph

et al, 1998).

We find that the injection of restrictocin in flies leads to a mod-

est yet significant induction of only a subset of Bomanins, BomBc1,

BomS3, and BomS4 (Fig 5E and F, Appendix Fig S5C). In contrast,

all of them but BomS4—which has the lowest basal expression—

are induced by a systemic immune challenge by M. luteus

(Fig EV2B). Only BomS4 and BomS6 were induced in the head after

the injection of verruculogen (Fig 6J and K, Appendix Fig S6A–H).

This differential expression of Bomanin genes upon mycotoxin

injection, especially that of BomS4 that is not induced in the sys-

temic immune response, suggests that the observed induction is

not due to peptidoglycan contaminating the mycotoxin preparations

as it would have induced almost all Bomanins. Of note, we have

likely employed higher concentrations of mycotoxins than actually

released during infection. Indeed, whereas BomS4 is induced in

heads by verruculogen powder challenge, it is not induced there

after A. fumigatus infection. Taken together, these data then

suggest that a process akin to the immune surveillance of core cel-

lular processes first described in Caenorhabditis elegans may also

exist in Drosophila. For instance, toxins that affect the translation

machinery lead to the induction of varied host defenses, a situation

similar to that encountered with restrictocin that indirectly inhibits

translation by targeting the ribosomal 28S RNA (Dunbar

et al, 2012; McEwan et al, 2012; Melo & Ruvkun, 2012). We con-

clude that restrictocin and verruculogen induce a response limited

to two BomS genes in the head, which is distinct from that

induced in the framework of the Toll-dependent systemic immune

response.

Functions and specificity of Bomanins encoded at the 55C locus

The current paradigm for insect immune-induced secreted peptides

is that they primarily represent AMPs (Hanson & Lemaitre, 2020;

Lazzaro et al, 2020; Lin et al, 2020). This has been checked experi-

mentally by the deletion of multiple AMP genes loci; the deletion of

AMP genes regulated mostly by the IMD pathway phenocopied the

susceptibility to Gram-negative bacteria of IMD pathway mutants

(Hanson et al, 2019). This was, however, less clear as regards

the deletion of AMP genes regulated by the Toll pathway. It appears

that 55C locus Bomanin genes play a predominant role in the host de-

fense against Gram-positive bacteria, yeasts, and fungi (Clemmons

et al, 2015; Hanson et al, 2019). It is clear that some of these genes

are required in the resistance against E. faecalis, suggesting that

some Bomanins may function as AMPs (Clemmons et al, 2015).

BomD55C deficiency flies are susceptible to C. glabrata infection and

this susceptibility was rescued by overexpressing BomS genes such

as BomS3 (Lindsay et al, 2018). However, no C. glabrata killing

activity of synthetic Bom peptides could be found in in vitro assays

(Lindsay et al, 2018), even though hemolymph collected from wild-

type but not mutant flies was fungicidal. The lack of fungicidal activ-

ity in the hemolymph of BomD55C flies was partially restored in the

hemolymph of BomD55C mutant flies overexpressing BomS5, suggest-

ing that at least this peptide may have some candicidal activity when

combined with other Toll-dependent gene product(s) (Lindsay

et al, 2018). While that study suggested that BomS peptides are inter-

changeable against C. glabrata provided they are expressed at suffi-

ciently high levels, we report here that the BomS peptides appear to

be much more specific with respect to the activity against mycotoxin

action. Indeed, in the setting of the BomD55C deficiency, only overex-

pressed BomS6 or BomS1 show some activity against verruculogen,

whereas the forced expression of BomS6, BomS3, or BomBc1

appears to be able to counteract restrictocin. An antimicrobial role

has been proposed for BomS3 against C. glabrata by Lindsay

et al (2018). It cannot be, however, formally excluded that BomS3

might also act against an unidentified C. glabrata secreted toxin. In

this respect, it has recently been reported that C. glabrata is able to

invade the brain (Benmimoun et al, 2020) where we suspect that the

activation of the Toll pathway signaling is also taking place.

◀ Figure 4. Restrictocin functions as a ribotoxin in vitro and in vivo and affects MyD88 mutant and not wild-type flies.

A Survival of MyD88 or wild-type flies to 250 injected Daspf1 (restrictocin mutant) or wild-type [DakuB] A. fumigatus conidia (20 flies per condition); MyD88: Daspf1
versus DakuB (***P = 0.0007).

B Survival of MyD88 flies after the injection of different concentrations of restrictocin (R) (20 flies per condition).
C, D Survival of antibiotics-treated (C) and axenic (D) MyD88 mutant flies after restrictocin injection (20 flies per condition).
E, F Ribosomal RNA cleavage measurement after restrictocin or PBS injection in wild-type (E) and MyD88 (F) flies; the arrowheads show the position of the 28S RNA-

derived a-sarcin fragments whereas arrows on the right show its electrophoretic band position.
G Fluorescence (arbitrary units) emitted by transgenic pUbi-Gal4-Gal80ts > UAS-GFP whole flies induced at the same time as the challenge and measured at the indi-

cated time points; PBST versus Af: **P = 0.002 (pooled data of n = 3 experiments, biological replicates).
H SDS–PAGE analysis of 35S-labeled translated proteins produced in a rabbit reticulocytes lysate from a m7G-capped reporter RNA containing the 50UTR of b-globin

followed by the Renilla luciferase coding sequence (arrow), in the presence of increasing concentrations (0.125–25 nM) of restrictocin.
I, J Fluorescence analysis from in vitro translated eGFP from an IGR (CrPV)-driven reporter in noninduced (blue) and Toll-induced (red) ERTL lysates: translation kinetics

of in vitro synthesized eGFP in the presence of 1 nM restrictocin showing fluorescence values normalized to untreated translation reactions (I) and a histogram rep-
resenting the end-point fluorescence quantification of I (J).

Data Information: In (G), the middle bar of box plots represents the median and the upper and lower limits of boxes indicate, respectively, the first and third quartiles;
the whiskers define the minima and maxima; data were analyzed using the Kruskal–Wallis test and Dunn’s post hoc test. In (I), error bars represent mean � SEM (n = 3,
technical replicates); in (J), error bars represent mean � SEM (n = 3, technical replicates). Survival curves were analyzed using the log-rank test. ****P < 0.0001, and NS:
not significant.
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With respect to host defense against restrictocin, our partial res-

cue data of the BomD55C susceptibility phenotype by three 55C

Bomanins, including one encoding a bicipital Bomanin might be

accounted for by some form of redundancy. We cannot, however,

exclude that these Bomanins provide a degree of protection through

separate mechanisms, especially since the two Bomanin domains of

Bc1 are rather divergent when compared to the high degree of

conservation exhibited by BomS domains (Clemmons et al, 2015).

Yet, BomS6 is the sole 55C Bomanin providing protection against

both restrictocin and verruculogen. BomS6 contains a lysine residue

at position 10 of its Bomanin domain, like BomS2 but unlike BomS4

that contains a valine whereas other BomS peptides have an argi-

nine at this position. The other difference is an isoleucine instead of

valine at position 14 of the Bomanin domain. Thus, these

A B

C D

E F

Figure 5. Distinct Bomanins mediate resilience to specific Aspergillus fumigatus mycotoxins.

A, B Survival (A) and fungal load (B) of BomD55C (55C) deficient flies compared with wild-type and MyD88 flies after injection of 250 conidia (error bars represent
mean � SD of the survival of biological triplicates of 20 flies each); ****P < 0.0001. (B) The fungal burden does not increase in BomD55C-deficient flies; wt 0 versus
48 h, **P = 0.001; 55C 0 versus 48 h, **P = 0.007; pooled data of n = 3 experiments, biological replicates.

C, D Rescue of the sensitivity of BomD55C flies to verruculogen (C) or to restrictocin (D) by the transgenic expression of individual 55C locus genes (caption in D also
applies to (C)). 55C flies versus BomS1, *P = 0.0495, versus BomS6 *P = 0.011 for verruculogen assay (C); 55C flies versus BomBc1 or BomS3, ****P < 0.0001, 55C flies
versus BomS6, **P = 0.0028 for restrictocin assay (D) (20 flies per condition).

E, F Expression levels of BomBc1, and BomS3 measured by RT–digital PCR 48 h after challenge; BomBc1 PBST versus Af, *P = 0.015, PBST versus restrictocin (R),
*P = 0.015; BomS3: PBST versus Af, *P = 0.02, PBST versus R, *P = 0.03 (pooled data of n = 3 experiments, biological replicates).

Data Information: In (B, E, F), the middle bar of box plots represents the median and the upper and lower limits of boxes indicate, respectively, the first and third
quartiles; the whiskers define the minima and maxima; data were analyzed using the Mann–Whitney statistical test. Survival curves were analyzed using the log-rank
test.
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biochemical differences along the capacity to be induced in the

heads by A. fumigatus and verruculogen account for the unique

function of BomS6 among Bomanins.

Whereas we propose here a specific function for some Boma-

nins in counteracting the effects of restrictocin or verruculogen,

we cannot formally exclude an AMP function in other contexts.

Indeed, it has previously been reported that mammalian alpha-

defensin AMPs are also able to directly neutralize secreted bacte-

rial virulence factors such as pore-forming toxins or enzymes that

need to penetrate inside eukaryotic cells to act on their intracellu-

lar target (Kudryashova et al, 2014 and references therein). These

proteins are inherently thermodynamically unstable as they need

to change their conformations to insert or go through the mam-

malian cell plasma membrane. The amphipathic properties of

alpha-defensins allow them to destructure these secreted virulence

factors through hydrophobic interactions and thereby inactivate

them (Kudryashova et al, 2014). Such a mechanism might be at

play as regards a potential interaction of Bomanins with restric-

tocin, which does cross the plasma membrane. Indeed, the N-

terminal part of mature BomS6 appears to be rather hydrophobic

(38% of residues are hydrophobic) and uncharged. As regards ver-

ruculogen, it acts through hydrophobic interactions with one of its

molecular targets (see further below), and possibly, BomS6 might

also directly interact with verruculogen through hydrophobic inter-

actions, although other BomS peptides (e.g., BomS3) exhibit simi-

lar or higher hydrophobicity.

The mechanism of action of restrictocin in inhibiting translation

is well established and it crosses the plasma membrane of insects

easily. Thus, it may act ubiquitously on all cell types and organs of

the host. Wild-type flies tolerate exposure to a relatively large range

of restrictocin concentrations whereas MyD88 flies succumb faster

to a high dose of 10 mg/ml (Fig 4B); the Toll-dependent response to

A. fumigatus is not dose-dependent (Fig EV2G). Toll in wild-type

flies blocks to a large extent the action of restrictocin since it pre-

vents the cleavage of 28S rRNA (Fig 4E and F). BomS3, however,

does not appear to directly bind to restrictocin (Appendix Fig S3C

and D). Taken together, these observations suggest an indirect mode

of action of Bomanins, at least for BomS3 and BomS6.

Our understanding of the action(s) of verruculogen on the ner-

vous system is less clear as multiple effects are reported in the litera-

ture. These include increased spontaneous release of glutamate and

aspartate from cerebrocortical synaptosomes (Hotujac et al, 1976;

Norris et al, 1980), inhibition of the GABAA receptor (Gant

et al, 1987) or inhibition of calcium-activated K+ channels (Knaus

et al, 1994) such as Drosophila Slowpoke, for which a detailed struc-

tural understanding of its interaction with verruculogen is available

(Raisch et al, 2021). In contrast to the effect of restrictocin, verrucu-

logen induces tremors also in wild-type flies, but unlike MyD88 flies,

these are able to reverse this effect, a situation also observed in cat-

tle (Norris et al, 1980; Gant et al, 1987). The constitutive activation

of the Toll pathway neutralizes to a significant extent the tremor-

genic effects of injected verruculogen early on. Interestingly, BomS6

appears to function somewhat differently when overexpressed in

the nervous system of wild-type flies. It does not prevent the initial

tremors induced by verruculogen but allows the host to recover

more rapidly, which suggests that two distinct processes are at play.

Thus, Tl10B may function through an effector that is distinct from

BomS6 in the early protection against tremors; alternatively, this

other effector may act in concert with BomS6. Future studies should

determine whether the actions of Bomanins are direct or indirect,

the latter being more likely given the different targets of restrictocin,

verruculogen, and fumitremorgins. One may wonder whether

Bomanins might alter the permeability of the plasma membrane for

instance. The recent finding of a role for another Toll pathway effec-

tor, BaramicinA, in glial cells against a neurotoxin opened the possi-

bility of an indirect role of BaraA in regulating the permeability of

the Blood–Brain-Barrier (preprint: Huang et al, 2022).

Perspectives

Our work presented here and in a concurring study suggests that

host defense has evolved to select mechanisms not only to directly

fight off invading microorganisms such as AMPs but also to protect

the host against the toxins they secrete (preprint: Huang

et al, 2022). The identification of specific effectors of Drosophila

innate immune signaling pathways evolved to counteract toxins is

an important addition to our emerging understanding of host strate-

gies implemented to cope with such microbial weapons, e.g., pore-

forming toxins, fungal toxins in the gut, alpha-defensins (Kudrya-

shova et al, 2014; Greaney et al, 2015; Lee et al, 2016; Chikina

et al, 2020). It will be interesting to determine whether innate

immunity also protects at least to some extent against mycotoxins

that contaminate the food that present a major health threat for ani-

mals and humans (Brown et al, 2021).

◀ Figure 6. Bomanin S6 mediates resilience to verruculogen in the nervous system of Drosophila.

A, B Tremor rate (A) and survival (B) of flies (20 flies per condition) overexpressing Tl[10B] in neurons compared with wild-type after injection of verruculogen. (A) Each
dot corresponds to the tremor rate measured in a batch of 20 flies; tremor rate wt versus elav > UAS-Toll10B, **P = 0.002.

C, D Tremor rate (C) and survival (D) of flies (20 flies per condition) overexpressing Tl[10B] in glia compared with wild-type after injection of verruculogen. (C) Each dot
corresponds to the tremor rate measured in a batch of 20 flies; tremor rate wt versus repo > UAS-Toll10B, **P = 0.002. (D) Survival wt V versus repo > UAS-Toll10B V,
**P = 0.005.

E–G Recovery time from tremor (E, F) and survival (G) of single flies overexpressing BomS6 ubiquitously (E, G) or in neurons (F, G) (biological replicates) compared with
wild-type after injection of verruculogen; in (G) the inset represents the survival of vehicle control groups.

H, I Recovery time from tremor (H) and survival (I) of single flies overexpressing BomS6 in glia (pooled data from n = 3 experiments, biological replicates) compared
with wild-type after injection of verruculogen; in (I) the inset represents the survival of vehicle control groups. Recovery time (H) repo > mCherry versus
repo > BomS6, P = 0.058, survival (I) repo > mCherry V versus repo > BomS6 V, *P = 0.016.

J–M Expression of BomS4 (J) and BomS6 (K) in the head after verruculogen powder challenge, and BomS4 (L) and BomS6 (M) in the head after A. fumigatus (Af),
restrictocin or M. luteus injection (pooled data from n = 3 experiments, biological replicates).

Data Information: In (A, C, E, F, H, J–M), the middle bar of box plots represents the median and the upper and lower limits of boxes indicate, respectively, the first and
third quartiles; the whiskers define the minima and maxima; data were analyzed using the Mann–Whitney statistical test. Survival curves were analyzed using the log-
rank test. *P < 0.05, **P < 0.01, ****P < 0.0001, and NS: not significant. In this figure, the concentration of injected verruculogen or restrictocin was 1 mg/ml.
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Aspergillosis causes acute or chronic infections in an esti-

mated 14 million patients (Kosmidis & Denning, 2015; Gago

et al, 2019). Chronic infections represent major threats to the

survival of patients with comorbidities. It will therefore be

important to establish whether mammalian antifungal innate

immune response pathways also contribute to resilience against

mycotoxins as is the case for the Toll pathway in flies. Finally,

our findings open the possibility of the existence of host defenses

that protect immunocompetent animals or humans against some

mycotoxins but leave individuals deficient for these defenses sus-

ceptible to disease.

Materials and Methods

Microbial strains

Aspergillus fumigatus was cultured on potato dextrose agar (PDA)

medium supplemented with 0.1 g/l chloramphenicol in an incubator

at 29°C. Conidia were harvested after 4–7 days of culture. The coni-

dial suspension was purified by filtration on cheese cloth to elimi-

nate hyphae and other impurities. The standard wild-type

A. fumigatus CEA17DakuBKu80 (CEA17) is a kind gift from Drs.

Anne Beauvais and Jean-Paul Latge (Institut Pasteur, Paris) and is

also the genetic background control for DgliP. Other wild-type

strains include D141 (background for D141-GFP), Af293,

ATCC46645, A1160 (background for DpptA), GFP-labeled strain

(D141-GFP). DpptA (secondary metabolites free mutant) and DgliP
(gliotoxin-free mutant) have been previously described (Hillmann

et al, 2015; Johns et al, 2017).

For targeted deletion of ftmA (AFUB_086360) and aspf1

(AFUB_050860) gene replacement cassettes were generated by

three-fragment-based PCR as described previously (Szewczyk

et al, 2006). In brief, deletion constructs were generated by amplify-

ing around 1 kb up- and downstream sequences of the respective

gene and insertion of the pyrithiamine resistance cassette (Kubodera

et al, 2000) by fusion PCR. Protoplasts of CEA17DakuBKu80 A. fumi-

gatus strain (da Silva Ferreira et al, 2006) were transformed with

purified PCR products. Transformants were selected for resistance

to pyrithiamine. Homologous recombination and integration of the

deletion cassette were validated by PCR. Phusion Flash High-

Fidelity Master Mix (Thermo Scientific, Germany) was used for all

reactions. A. fumigatus was cultivated in Aspergillus minimal

medium (Jahn et al, 1997). Media were supplemented with 0.1 mg/l

pyrithiamine (Merck, Germany) when required.

The sequence of primers is found in Appendix Table S1.

Micrococcus luteus CGMCC#1.2299 was cultured in Tryptic soy

broth (TSB), and E. faecalis CGMCC#1.2135 was cultured in Luria-

Bertani (LB) at 37°C for 24 h. The bacteria were then washed in PBS

thrice and resuspended.

Fly strains

Fly lines were raised on food at 25°C with 65% humidity. For 25 l

of fly food medium, 1.2 kg cornmeal (Prim�eal), 1.2 kg glucose

(Tereos Syral), 1.5 kg yeast (Bio Springer), 90 g nipagin (VWR

Chemicals) were diluted into 350 ml ethanol (Sigma-Aldrich), 120 g

agar-agar (Sobigel) and water qsp were used.

wA5001 flies were used as wild-type control unless otherwise indi-

cated. Canton-S (BDSC64349), w1118 (VDRC60000), and y1w1 were

used as further wild-type controls as needed. The following mutant

lines were used: MyD88c03881, Df (2R)3591, Hayan34, w, P{ry, Dipt-

LacZ}, P{w+, drs-GFP}; spzrm7, spzu5, Toll632. The following strains

Df(3R)Tl-I, e1/TM3, Ser1 (BDSC1911), eater1, SP7, PPO1D, and PPO2D

were kind gifts from Dr. Bruno Lemaitre; eaterD mutants were

obtained by crossing the two deficiency lines Df(3R)Tl-I, e1/TM3,

Ser1 (BDSC1911) and Df(3R)D605/TM3, Sb1 Ser1 (BDSC823). spz and

Tl mutants used in this study were either transheterozygous or hem-

izygous mutants crossed at 25°C. phmlD-Gal4 > UAS-eGFP is a

reporter line for hemocytes, w, P{UAS-rpr.C}, P{UAS-hid} flies (a

kind gift of Akira Goto) were crossed to the phmlD-Gal4 > UAS-eGFP

line at 29°C to ablate hemocytes during development. UAS-Toll10B

flies were crossed to a w; pUbi-Gal4, pTub-Gal80ts (BDSC30140) or

to elav-Gal4 or repo-Gal4 driver lines at 25°C; hatched adults were

placed at 29°C for 5 days to activate the Toll pathway.

The BomD55C deficiency was a kind gift of Steven Wasserman that

was further isogenized in the wA5001 background. The transgenic

lines expressing single Bom genes of the 55C locus under the pUAS-

hsp70 promoter control were generated as described (list of primers

in Appendix Table S1) and checked by sequencing. The transgenic

flies were crossed to a w; pUbi-Gal4, pTub-Gal80ts driver line, in a

homozygous BomD55C mutant or wA5001 background. The expression

of the transgenes was checked by RT–qPCR and mass spectrometry

analysis on collected hemolymph of single flies as required.

Preparation of toxin or chemical stress solutions

Restrictocin (Sigma) was resuspended in phosphate buffer saline

(PBS) pH = 7.2, gliotoxin (Abcam), helvolic acid (Abcam), fumag-

illin (Abcam), verruculogen (Abcam), fumitremorgin C (Sigma),

were dissolved at 10 mg/ml in Dimethyl sulfoxide (DMSO; Molecu-

lar biology grade, Sigma) as stock solutions and stored at �20°C. A

working concentration of 1 mg/ml in DMSO was used for injections

of 4.6 nl of all toxin solutions unless otherwise indicated. Toxin

solutions were thawed on ice for 1 h prior to use. As multiple

freeze/thaw cycles reduce the potency of the toxins, care was taken

not to use an aliquot more than five times and aliquots were not

stored for more than 1 month. NaCl (Sigma) and 3% H2O2 solutions

in PBS pH 7.2 were prepared freshly for each injection.

Axenic flies

To obtain axenic flies, eggs were collected, washed with water, and

then 70% ethanol prior to dechorionation of eggs in a solution of

50% bleach until the chorion disappeared. Eggs were transferred into

sterile vials containing media and a mix of antibiotics: ampicillin,

chloramphenicol, erythromycin, and tetracycline. Once emerged,

adult flies were crushed and tested on LB-, Brain-Heart infusion

Broth-, MRS, and yeast peptone dextrose agar plates to observe any

contamination by bacteria or fungi. Of note, no anaerobic microor-

ganisms have been detected in the Drosophilamicrobiota.

Flies treated with antibiotics were fed on food containing ampi-

cillin, tetracycline, chloramphenicol, erythromycin, and kanamycin

at 50 lg/ml final concentration each. Females were collected after

two generations on fly food with antibiotics and checked for sterility

by plating.
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A. fumigatus infections and injection of toxins or chemical
stress solutions

ForA. fumigatus infections, sporeswere prepared freshly for each infec-

tion. Unless otherwise stated, spores were injected into the thorax (me-

sopleuron) of adult flies, usually at a concentration of 250–500 spores

in 4.6 nl PBS containing 0.01%Tween20 (PBST) unless indicated other-

wise, using a microcapillary connected to a Nanoject II Auto-Nanoliter

Injector (Drummond). The same volume of PBS-0.01% Tween20

(PBST) was injected for control experiments. All experiments were per-

formed at 29°C unless otherwise indicated. Prior to all infection experi-

ments, the flies were incubated in tubes containing only 100 mM

sucrose solution for 2 days to eliminate traces of antifungal preserva-

tives added to the regular food. Toxins were injected as forA. fumigatus

injection, except that a toxin or a chemical stress solution was used

instead of a spore suspension. As noted, verruculogen powder was

directly introduced into flies as follows: the ethanol-cleaned needles

were not filled but just dipped into the powder and then used to prick

the flies. The procedure was reiterated for each fly. Whereas the

injected quantity is not determined with accuracy, it nevertheless

yielded reproducible results, which were, however, weaker than when

injecting verruculogen initially dissolved into DMSO. Flieswere kept on

regular foodwithout preservatives after injection.

Saturation of phagocytosis

Latex bead injection was performed as previously described (Nehme

et al, 2011; Quintin et al, 2013). The injected flies were placed on

100 mM sucrose solution for 48 h prior to injections.

Survival tests

Survival tests were usually performed using 5–7-day old flies. Twenty

flies per vial in biological triplicates were maintained at 25°C. The

transgenic overexpression flies were transferred from 18 to 29°C for

7 days before the challenge to allow the expression of Gal4, which is

repressed by the Gal80ts repressor at 18°C. Surviving flies were

counted every day. Each experiment shown is representative of at

least three independent experiments unless indicated otherwise. For

the heat stress experiments, flies were placed either at 29 or 37°C.

Quantification of the fungal load

The fungal burden was determined using single adult flies per con-

dition. Single flies were transferred into arrays of 8 tubes (Starstedt)

containing two 1.4-mm ceramic beads (Dominique Dutcher) in

100 ll PBS-0.01% Tween20. Single flies were homogenized by

shaking using a mixer mill 300 or 400 (F. Kurt Retsch GmbH & Co.

KG) at a frequency of 30/min twice for 30 s and plated on potato

dextrose agar (PDA) plates supplemented with antibiotics. After

that, the plates were enclosed with ParafilmTM and cultured at 29°C

with 65% humidity. Colony-forming units were counted after 48 h.

FLUD was performed as described (Duneau et al, 2017).

Monitoring of A. fumigatus infection in vivo

Flies were sacrificed and dissected in 8-well diagnostic microscope

slides (Thermo Scientific; Carl Zeiss). was used for negative staining

of DpptA’s hyphae, by adding to each well 5 ll Uvitex-2B for 30 s at

room temperature. Flies injected by D141-GFP or DpptA were dis-

sected and observed under an epifluorescent Zeiss axioscope micro-

scope (Carl Zeiss) each hour after the injection.

Preparation UV-killed A. fumigatus

The conidial suspension at about 1010 conidia/ml was plated on

dried potato dextrose agar (PDA) supplemented with 0.1 g/l chlo-

ramphenicol plates and exposed twice for 3 h to the UV-light of a

microbiology safety hood. Plates were cultured at 29°C with 65%

humidity, after 48 h to check for the absence of colonies. The dead

conidia were resuspended and counted prior to injection.

Scanning electron microscope

Whole flies were incubated in 1 ml of a solution of 0.1 M phosphate

buffer pH 7.2, glutaraldehyde 2.5%, and paraformaldehyde 2.4%

final at room temperature for at least 1 h. The flies were embedded

in resin prior to observation with a scanning electron microscope

(Hitachi S 800).

Drosomycin and Bomanins expression measurement

Expression of Drosomycin and Bom genes was measured by RT–

qPCR and RT–digital PCR as described previously (Gottar

et al, 2006; Madic et al, 2016). With respect to digital PCR, the

results (# copies/ll) are normalized by the counts of the Rpl32 refer-

ence gene from the same reverse-transcribed sample, as also done

for regular RT–qPCR. The sequences of primers are shown in

Appendix Table S1.

Restrictocin-mediated inhibition of translation

28S RNA a-sarcin fragment
Total RNA of restrictocin or PBS-injected flies was extracted using

Trizol reagent on samples of 2–3 flies. Samples were loaded in the

RNA 6000 Nano chip (Agilent RNA 6000 Nano, 2100 electrophoresis

Bioanalyzer) to detect the peak corresponding to the a-sarcin frag-

ment.

Level of protein synthesis inhibition in vivo
The level of inhibition of protein by injected restrictocin or the infec-

tion by A. fumigatus in vivo was assessed by measuring GFP fluo-

rescence in single fly extracts. w; pUbi-Gal4, ptub-Gal80ts were

crossed to w; UAS-GFP flies at 18°C. The progeny from the cross

was kept at 18°C until A. fumigatus or restrictocin injection; the flies

were then placed at 29°C thereafter and analyzed at the indicated

times. Each fly was homogenized in 200 ll PBS solution prior to

measuring the GFP fluorescence using a Varioskan 2000 fluorometer

(Thermo Fisher Scientific).

Preparation of in vitro translation extracts from noninduced and
Toll-induced ERTL cells
ERTL cells were grown for 5 days at 25°C in 25 ml of culture

medium. For the Toll-induced ERTL cells, the culture medium was

supplemented with 2.5 lg/ml recombinant mouse EGF (Sigma-

Aldrich) 16 h before harvesting.
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After harvesting, cells were washed two times in cold 40 mM

HEPES–KOH pH 8, 100 mM potassium acetate, 1 mM magnesium

acetate, and 1 mM DTT solution, and resuspended at a concentration

of 109 cells/ml in the same buffer supplemented with 1X HaltTM

Protease Inhibitor Cocktail EDTA-free (Thermo ScientificTM). Cell

lysis was performed by nitrogen cavitation with a Cell Disruption

Bomb (Parr Instrument Company). The lysate was cleared by cen-

trifugations at 4°C with 10,000 g, aliquoted, frozen in liquid nitrogen,

and stored at �80°C. The induction of the Toll pathway was checked

by monitoring the transcript levels of Drosomycin by RT–qPCR.

In vitro translation assays in rabbit reticulocyte lysate and ERTL
cell lysates
In vitro translation experiments in rabbit reticulocyte lysate were

performed as previously described (Martin et al, 2011). In vitro

translation experiments in ERTL cell lysates were performed as pre-

viously described for S2-cell lysates (Gross et al, 2017). eGFP

in vitro translation was assessed by measuring fluorescence

(kex = 485 nm; kem = 520 nm) every minute for 150 min.

Quantification of tremors and the recovery

Tremor quantification was performed after the injection of 4.6 nl of

a 1 mg/ml verruculogen solution to batches of 20 wA5001 flies placed

afterward in an empty vial. Biological triplicates were analyzed for

each of the three independent experiments. The rate of tremor cases

was measured in each tube 3 h after the injection. Tremor pheno-

types are shown in videos available in the supplementary material

of this article.

The tremor recovery was measured every 30 min: the flies that

had recovered are the ones exhibiting no tremors and able to walk

upwards on the sides of an empty vial. Observations were per-

formed every 30 min and flies that had recovered (exhibiting no

tremors and able to walk upwards on the sides of the vial) were

removed. Three independent experiments were performed.

MALDI mass spectra analysis

MALDI spectra obtained from Drosophila hemolymph were acquired

and analyzed using FlexControl and Flex Analysis (Bruker Dalton-

ics) software or converted for analysis with the open-source mass

spectrometry tool mMass (http://www.mmass.org). A sandwich

sample preparation was used, which consists of deposition of (1)

0.5 ll of a saturated solution of 4HCCA in acetone, (2) 0.6 ll of acid-
ified hemolymph in 0.1 ll of trifluoroacetic acid (TFA), and (3)

0.4 ll of a saturated solution of 4HCC in a solution of acetonitrile/

0.1TFA (2:1). After a soft drying, spots were acquired in a linear

positive mode at an attenuation maintained adjusted between 50

and 60 using a Bruker Daltonics UltraflexIII-Smartbeam instrument.

Calibration of the measurements was made using the “DroCal” mix-

ture containing the synthetic peptides BomS1, BomS2, BomS3, and

BomS5 as well as a deuterated form of BomS1 (BomS1-ValD at

1,676.50 m/z with z = 1).

Quantification and statistical analysis

All statistical analyses were performed using Prism 7 or Prism 8

(GraphPad Software, San Diego, CA). The Mann–Whitney and/or

Kruskal–Wallis tests were used unless otherwise indicated. The log-

rank test was used to analyze survival experiments. When using para-

metric tests (analysis of variance (ANOVA) and t-test), a Gaussian

distribution of data was checked using either D’Agostino-Pearson

omnibus or Shapiro–Wilk normality tests. All experiments were per-

formed at least three times, unless otherwise indicated. Significance

values: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Data availability

In this study, no primary datasets have been generated or deposited

in external repositories.

Expanded View for this article is available online.
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