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Abstract

All live beings are in constant interaction with microorganisms that may be beneficial,
deleterious or commensal. Insects in particular live in close contact with microorganisms. This
is especially true for species, like the fruit fly Drosophila melanogaster that feed, lay eggs and
develop on or close to decomposing organic matter. In contrast to vertebrates, insects did not
evolve an adaptive immune system to combat pathogens selectively. They instead rely on
surprisingly efficient innate defense mechanisms for the control and clearance of all microbes
without any species-specific targeting. Innate immunity encompasses a wide range of
mechanisms that rely on direct pathogen recognition and elimination. In addition, metabolic
and behavioral responses also strongly affect the outcome of insect interactions with both
pathogenic and non-pathogenic bacteria. Although the Drosophila immune system has been
extensively described, little is known about the role of immune effectors in tolerating and

controlling symbiotic microbes.

For this reason, during my PhD studies, | investigated how Drosophila melanogaster immune
effectors differentially interact with mutualistic symbionts. First, | investigated the role of some
of the host antimicrobials, called antimicrobial peptides and lysozymes, in maintaining the
homeostasis of the gut microbiota. | found that both antimicrobial peptides and lysozymes can

actively regulate the gut microbiota composition and abundancy, especially during aging.

In a second part of my thesis, | got interested in Spiroplasma, a heritable symbiotic bacterium
that lives within the fly hemolymph. | characterized the role of the Drosophila iron transporter
Transferrin 1 (Tsf1) during Spiroplasma-Drosophila symbiosis. I first showed that mutant flies
for tsf1 have an impaired Spiroplasma load, due to iron relocation from the hemolymph to the
fat body, where it becomes inaccessible for Spiroplasma. Furthermore, | demonstrated that
Spiroplasma scavenges host iron only when it is bound to the protein, which points to Tsf1 and

iron transport as a control mechanism for hemolymphatic symbionts.

Collectively, my studies contribute to a better understanding of how the innate immune
effectors interact with Drosophila microbial symbionts to both regulate and maintain stable,

long-lasting, interactions.

Keywords: Drosophila melanogaster, innate immunity, immune effectors, symbiosis, iron

sequestration, gut microbiota, antimicrobial peptides, lysozymes, Transferrin.



Riassunto

Tutti gli esseri viventi sono in costante interazione con microrganismi che possono essere
definiti come benefici, deleteri o commensali. Gli insetti in particolare vivono a stretto contatto
con microrganismi. Cio € particolarmente vero per le specie come il moscerino della frutta
Drosophila melanogaster, che si nutre, depone le uova e si sviluppano sopra o nei pressi della
materia organica in decomposizione. A differenza dei vertebrati, gli insetti non hanno
sviluppato un sistema immunitario adattativo per combattere selettivamente i patogeni. Si
affidano, invece, a meccanismi di difesa innati, sorprendentemente efficienti per il controllo e
I'eliminazione di tutti i microbi senza alcun targeting specie-specifico. L'immunita innata
comprende un'ampia gamma di meccanismi che si basano sul riconoscimento e
sull'eliminazione diretti dei patogeni. Inoltre, anche le risposte metaboliche e comportamentali
influenzano fortemente l'esito delle interazioni degli insetti con batteri patogenici e non.
Sebbene il sistema immunitario di Drosophila sia stato ampiamente descritto, poco si sa sul
ruolo degli effettori della risposta immunitaria nel tollerare e controllare i microrganismi

simbionti.

Per questo motivo, nella mia tesi di dottorato, ho studiato come gli effettori della risposta
immunitaria di Drosophila melanogaster interagiscano in modo differenziale con i simbionti
mutualistici. In primo luogo, ho studiato il ruolo di alcuni antimicrobici prodotti dall’ospite,
chiamati peptidi antimicrobici e lisozimi, nel mantenimento dell'omeostasi del microbiota
intestinale. Dai nostri studi € emerso che i peptidi antimicrobici e i lisozimi possono regolare
attivamente la composizione e I'abbondanza del microbiota intestinale, specialmente durante il

processo di invecchiamento.

In una seconda parte della mia tesi, mi sono interessata a Spiroplasma, un batterio simbionte
trasmissibile che vive all'interno dell'emolinfa della moscerino e ho caratterizzato il ruolo del
ferro trasportatore di Drosophila Transferrin 1 (Tsfl) durante la simbiosi Spiroplasma-
Drosophila. Per prima cosa ho mostrato che i moscerini mutanti per Tsfl hanno una carica
batterica di Spiroplasma ridotta a causa del trasferimento del ferro dall'emolinfa all’organo fat-
body, dove diventa inaccessibile per Spiroplasma. Inoltre, ho dimostrato che Spiroplasma
acquisice il ferro dell'ospite solo quando esso ¢ legato a Tsfl. Il che indica Tsfl e il trasporto

del ferro come meccanismo di controllo per i simbionti emolinfatici.



Collettivamente, i miei studi contribuiscono a una migliore comprensione di come gli effettori
della risposta immunitaria innata interagiscano con i simbionti microbici di Drosophila per

regolare e mantenere interazioni stabili e durature.

Parole chiave: Drosophila melanogaster, immunita innata, effettori della risposta immunitaria,
simbiosi, sequestro del ferro, microbiota intestinale, peptidi antimicrobici, lisozimi,

Transferrina.
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Chapter |

Drosophila innate immunity

1. Drosophila melanogaster interaction with microbes

Drosophila melanogaster (hereafter Drosophila) has been used as a model organism for
research for over a century to study genetics. Because of its high level of gene conservation
relative to mammals, and because of the ease with which its genome can be manipulated in
pursuit of functional genetic studies, Drosophila has been widely used as an animal model. It
allowed a deeper insight into key biological mechanisms relating to metabolism, development,
neurology, diseases and immunity, among others (1-5) (Figure 1).

Drosophila lives and develops on decomposing matter throughout its life cycle. Eggs are laid
on rotting fruits, from which larvae hatch and feed on the same substrate. After a few days of
feeding, larvae undergo pupation and give rise to mature adults that will keep feeding on
decomposing matter, ingesting a complex mix of bacteria and fungi. In the wild, this translates
into a high level of exposure to infection by microbes at all life stages (6, 7), including bacteria
but also viruses, eukaryotic parasites (nematodes and parasitoid wasps), trypanosomes,
microsporidia and fungi (yeasts and filamentous fungi) (8). Each of these categories of
pathogens triggers a distinct set of overlapping immune mechanisms.

The continuous feeding of larvae on rotting material and parental feces also allows larvae to
acquire mutualistic bacterial species that can colonize their gut, establishing the so-called “gut
microbiota” (9).

Symbiosis with gut microbiota is a widespread feature in most eukaryotic taxa. Insects however
developed a more intricate interaction with bacteria species living within their host tissues,
called endosymbiotic bacteria or endosymbionts. Endosymbionts strongly affect their host
physiology, including their metabolic capabilities or their ability to fight against pathogens (2,
10). Unlike the gut microbiota, which is transmitted horizontally, endosymbionts have a vertical
transmission that entails some extent of coevolution with their host and a stronger
interdependency between the two partners (e.g. most endosymbionts cannot grow outside of
their host tissues (11). In Drosophila, only two endosymbiotic bacteria have been identified so
far: Wolbachia and Spiroplasma (12). Their peculiar lifestyle and intimacy with their host set
them apart from other microbes with regards to their interaction with the host immune system

(see below).
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Fig.1 Drosophila as a model to study physiology. In spite of its phylogenetic distance, many
organs of the fruit fly are analogous in their functions to that of mammals. This analogy is
especially important when it comes to their innate immune system. More specifically, the main
arms of immune defense are highly conserved (systemic and cellular immune response, see
below) and make Drosophila a valuable model to study their function (from Buchon et al.,
2014)

1.1 The Spiroplasma-Drosophila interaction

One of the most frequently reported endosymbiont infecting insects, along with Wolbachia, is
Spiroplasma spp (13, 14). Spiroplasma are helicoidal bacteria that belong to the Mollicutes
class, a group of wall-less bacteria. The genus is very diverse and includes insect, crustacean
and plant pathogens, commensal and endosymbiotic species (15). Spiroplasma poulsonii,
hereafter Spiroplasma, can naturally infect Drosophila melanogaster in the wild as a
facultative, vertically transmitted, endosymbiont (12) (Figure 2). Most strains cause male-
killing, a fascinating phenomenon whereby male embryos from Spiroplasma-infected mothers
die during early embryogenesis (16, 17). Recent studies showed that male-killing involves the



Spiroplasma-encoded toxin Spaid (18), that targets the X-chromosome dosage compensation
system in Drosophila. Spaid causes the breakage of the male X chromosomes during mitosis
(by a yet unknown mechanism) and therefore a massive apoptosis that ends up killing the
embryo (18, 19). Spiroplasma lives free in flies hemolymph, where it can acquire host
metabolites to sustain its growth (20). Being devoid of a cell wall, hence devoid of
peptidoglycan and other immunogenic surface motives, Spiroplasma is considered as
undetectable for the host immune system (21), although some recent studies indicated that the
Toll pathway responds mildly to Spiroplasma infection (22). Spiroplasma infections shorten
the fly lifespan, reduces fertility and causes a neurodegenerative phenotype in older flies (21,
23). The cause of this phenotypes it has not fully unraveled yet, although the involvement of
cardiolipins or a neurotoxic protein released by Spiroplasma have been proposed as putative
mechanisms (21, 24).

Although Spiroplasma infection appears deleterious for the flies, it can also provide a major
benefit, that is protection against fly natural enemies, such as parasitoid wasps and nematodes
(25-27). This protection has been linked to the secretion of toxins belonging to the Ribosome-
Inactivating Protein (RIP) family by Spiroplasma. RIPs accumulate in the hemolymph and
target parasitic wasp and nematode ribosomes, hence blocking their protein synthesis and
eventually killing them (25, 28). A second hypothesis involves the competition between
parasites and Spiroplasma for host resources, mainly lipids. Spiroplasma thus, would block the
parasitoid wasp larva growth by monopolizing these resources (29). This phenotype is a major
beneficial effect of Spiroplasma infections and studies performed on museum specimens
showed that protection against nematodes, most likely drove Spiroplasma infection prevalence
in fruit flies across North America in only a few decades (30).

10



Fig.2 Spiroplasma poulsonii : a facultative endosymbiont of Drosophila melanogaster. A)
Spiroplasma lives free in Drosophila hemolymph. The green square shows a DNA staining of
Spiroplasma in a droplet of Drosophila hemolymph and the yellow square a higher
magnification. Image courtesy of Florent Masson and Alexandre Persat. B) Scanning electron
microscopy (SEM) of Spiroplasma extracted from infected flies. Spiroplasma can be found as
one elongated body (left) or with a Y-shape upon division by longitudinal scission (right).
Modified from Ramond et al., 2016.
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2. The defense mechanisms of Drosophila

The first defense of Drosophila against pathogens is simply to avoid encountering them. These
avoidance mechanisms, termed behavioral immunity, have been discovered in several insect
species and are suspected to play a major role in reduction of infection at the population level.
Insects can, for example, move away from areas containing harmful bacteria or, in some cases,
temporarily stop eating until they find a new, non-infectious, diet (31, 32).

However, behavior cannot prevent all encounters. In such cases, the first line of Drosophila
defense is mechanical and comprises the external cuticle and the gut peritrophic matrix. Both
are chitinized structures that prevent the penetration of intruders inside the body cavity.
However, if pathogens bypass this first line of defense, flies can mount an immune response
built around cellular and humoral mechanisms (7)

The cellular response is mediated by circulating blood cells called hemocytes, which can sense
the invaders and participate directly in pathogen clearance in the hemolymph through several
mechanisms: phagocytosis, encapsulation, melanization and indirectly the production of
clotting factors.

The humoral response on the other hand, relies on the secretion of soluble immune effectors,
such as antimicrobial peptides (AMPs). Most of these immune effectors are secreted by the fat
body, an organ functionally analogous to the liver of mammals, but some are also produced in
other tissues such as microbe-exposed epithelia and hemocytes.

The production of cellular and humoral immune effectors at the whole-organism level is called

“systemic” immune response and will be extensively discussed in the next chapters.

3. The systemic antimicrobial response

One of the best-characterized parts of Drosophila immunity is the systemic antimicrobial
response, which consists mainly of the production of immune effectors by the fat body and
hemocytes (33, 34). This response takes place in the body cavity upon the direct entry of the
microbes or microbial elicitors through cuticle wounding or by enteric infections if pathogens
cross the gut epithelium. Pathogens are recognized by specific receptors called Pattern-
Recognition Receptors (PRR), which trigger the selective, pathogen-dependent activation of
two NF-kB immune pathways: Toll and Imd. The Toll signaling pathway was initially
discovered for its role in the control of dorsoventral patterning in the embryo (35) and it shares

some similarities with the mammalian interleukin-1 receptor (IL-1R)/Toll-like receptors
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(TLRs)-NF-kB pathways that were discovered thereafter. The Imd pathway is similar to the
tumor necrosis factor-receptor (TNF-R) pathway in mammals (36). Activation of the Toll or
Imd signaling cascades leads to the transcription of immune genes encoding secreted factors

that are subsequently produced and secreted in the hemolymph to fight invaders.

3.1 Microbial recognition

In both vertebrates and arthropods, microbial invasion is sensed by the recognition of specific
microbial molecules called Microbe-Associated Molecular Patterns (MAMPs) by dedicated
Pattern-Recognition Receptors (PRRs). MAMPs include various molecules such as bacterial
lipopolysaccharide (LPS), peptidoglycan (PGN), lipoteichoic acid (LTA) or fungal B-1,3-
glucans (37), although Drosophila PRRS seem to recognize essentially PGN and -1,3-glucans
(38). Genetic ablation of the genes encoding PRRs significantly impairs the capability of the
host to survive microbial infection (38-42). In Drosophila, microbial recognition is achieved
by PRRs belonging to the family of the Peptidoglycan Recognition Proteins (PGRPSs), and the
Gram-Negative Binding Proteins (GNBPs) (7, 38). PRR-coding genes are expressed in
immune-reactive tissues, including the fat body, hemocytes and the gut. The molecular binding
of MAMPs to PRRs is highly specific and allows for preferential activation of the Imd or Toll
pathway, the two main immune pathways in Drosophila.

The main MAMP determining the preferential activation of the Imd or the Toll pathway is
bacterial peptidoglycan (hereafter PGN). PGN is a glucopeptidic polymer found in almost all
bacteria. PGN from Gram-negative bacteria differs from most Gram-positive PGN by the
presence of meso-diaminopimelic acid (DAP-type) at the third position of the peptide chain
instead of an L-Lysine (Lys-type) (43). The recognition of specific forms of PGN explains the
ability of Drosophila to discriminate between different classes of bacteria, essentially Gram-
positive and Gram-negative bacteria.

The most thoroughly characterized PRRs that recognize bacterial PGN belong to the GNBP
and PGRP families. PGRPs contain a peptidoglycan-recognition domain that is highly
conserved between vertebrates and insects. The Drosophila PGRP family comprises 13 genes
that are expressed either constitutively or induced upon bacterial infections (38) (see details
below).

Some PGRPs have an amidase domain in addition to their peptidoglycan recognition domain.
Five amidase-PGRPs (PGRP-LB, -SB1, -SB2, -SC1(a/b), and -SC2) have been identified so

far; these amidases remove peptides from the glycan chains and thereby convert PGN into
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non-immunogenic fragments (44, 45). PGN degradation by these amidase-PGRPs mitigates
the immune response intensity and conserves host resources by anticipating the termination of
the immune response (46). Other PRRSs, like the Nimrod family, are required for an efficient
cellular response in Drosophila. They are expressed by the macrophage-like cells called
hemocytes, and allow these cells to recognize and properly engulf microbes or to initiate

reactions like the melanization process (see details in paragraph 4.2).

3.2 Immune signaling pathways in Drosophila melanogaster

3.2.1 The Toll pathway

Elicitation of the Toll pathway upon bacterial infections is mediated by the recognition of Lys-
type PGN by PGRP-SA and GNBP1 (Figure 2). Both PGRP-SA and GNBP1 are secreted
proteins found in the hemolymph that act upstream of the Toll pathway. Data suggest that
GNBP1 and PGRP-SA form a complex in the hemolymph. A proposed function of GNBP1 is
to hydrolyze Gram-positive PGN into small fragments optimized for binding to PGRP-SA and
stimulating the Toll pathway (40, 47, 48)

The Toll pathway in Drosophila is also triggered by fungal structural products, the B-1,3-
glucans, which are recognized by GNBP3 (49). This pathway can also be activated by the direct
recognition of fungal and bacterial protease activities through a circulating bait protein,
Persephone (Psh) (50). Microbial proteases cleave Psh, which leads to its processing by a
Drosophila Cathepsin (51). The processed Psh then activates the Toll pathway in a similar way
to that of the PGRP-SA/GNBP1 and GNBP3 pathways.

The recognition of MAMPs by the Toll pathway receptors leads to the activation of a serine
protease cascade in the hemolymph that ends with the cleavage of Spatzle, the Toll receptor
ligand (Figure 2) (52). The binding of Spétzle to the transmembrane Toll receptor activates an
intracellular signaling cascade that leads to the degradation of the inhibitor of kB (IxB) homolog
Cactus, which forms a cytoplasmic complex with the two NF-kB-like transcription factors Dif
and Dorsal (53, 54). The degradation of Cactus leads to the nuclear translocation of Dorsal and
Dif and subsequent induction of genes coding for immune effectors, notably the Bomanins and

Drosomycin.
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3.2.2 The Imd pathway
Activation of the Imd pathway begins with the recognition of DAP-type PGN by PGRP-LC on

the cell membrane triggering the recruitment of the intracellular Imd adaptor, which initiates a
complex signaling cascade ending with the activation of the NF-«kB-like transcription factor
Relish (Figure 2) (55). Relish needs to be phosphorylated by the IkB kinase (KK and IKKYy)
and cleaved by the caspase Dredd in order to translocate to the nucleus (53), where it regulates
the transcription of many immune genes, notably those coding for the AMPs Diptericin,
Cecropin Attacin, Drosocin and Defensin.

The main receptors that activate the Imd pathway are PGRP-LC and PGRP-LE, which sense
DAP-type PGN (56-59). PGRP-LC is a transmembrane protein that binds to extracellular PGN
(56, 60), while PGRP-LE is located in the cytoplasm and instead detects intracellular pathogens
(57, 61), although an extracellular cleaved form has also been identified (58). PGRP-LC and to
a lesser extent PGRP-LE regulate the activation of the Imd pathway in the fat body upon
systemic infection. PGRP-LE also plays a predominant role in regulating the local immune
response in the midgut (62, 63). Another secreted PGRP, PGRP-SD, can promote the activation
of the Imd pathway upstream of PGRP-LC by binding to peptidoglycan to promote its
relocalisation to PGRP-LC (39).

15
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Fig.3 The Toll and Imd pathways. The activation of the Toll and Imd pathways is triggered
by the recognition and binding of microbial cell wall components (peptidoglycan) to
peptidoglycan recognition proteins (PGRPS). This process activates the transcription and
production of antimicrobial peptides that are secreted into the hemolymph and can actively
target and kill pathogens. PGRP-LC and PGRP-LE recognize diaminopimelic acid (DAP)-
type peptidoglycan from Gram-negative bacteria and certain Gram-positive bacteria, and
activate the Imd pathway. PGRP-SA and GNBP1 recognize the lysine-type peptidoglycan of
Gram-positive bacteria, and GNBP3 recognizes the p-glucans of yeasts and fungi to activate

Toll signalling (From Buchon et al., 2014).
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3.2.3 Other immune pathways

Two other pathways are involved in the systemic immune response: the JUN N-terminal kinase
(JNK) and JAK/STAT pathways. The JNK pathway has been linked to the stress response,
wound healing, cell migration, apoptosis, and immune response in both insects and mammals
(64—70). It is not activated by microbial products but rather by host factors such as the binding
of the TNF-receptor homolog Grindelwald with its ligand Eiger or by Reactive Oxygen Species
(ROS). The JNK pathway is also activated down-stream of the Imd pathway at the level of the
MAPKKK TAK1 (68, 71, 72). The current model states that Imd signaling bifurcates
downstream of TAK1, activating both the JNK kinase Basket and IKK signaling (73). The INK
pathway has been implicated in regulating transcription of AMP coding genes, although its
precise role is unclear (73-75).

The JAK/STAT pathway was originally identified through its role in embryonic segmentation
in Drosophila (76). The four main components of this pathway are the ligands Unpaired (Upd1,
Upd2, Upd3), the receptor Domeless (Dome), the Janus kinase JAK (Hopscotch/ Hop), and the
transcription factor STAT (STAT92E) (76, 77). Following Upd binding to Dome, the latter
dimerizes and activates the JAK kinase. JAK then phosphorylates the cytosolic transcription
factor STATO2E to stimulate its nuclear translocation. Once in the nucleus, phospho-STAT92E
dimers bind to consensus DNA target sites, where they act as transcriptional activators (77).
The JAK-STAT pathway has been shown to regulate genes encoding the complement-like
protein Tep2, which is involved in opsonization and phagocytosis (78, 79), and the Turandot
stress genes (80). This pathway plays a role in the encapsulation response and hemocyte
activation upon immune challenge (81, 82). Moreover, it was demonstrated that mutant flies
for the JAK/STAT pathway are more susceptible when infected with Drosophila C virus, while

they are perfectly resistant to bacterial and fungal infection (83).
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4. The humoral immune response

4.1 Humoral immune effectors of the systemic antimicrobial response

The Toll and Imd pathways were initially identified for their role in the regulation of AMP
coding genes. After the completion of the Drosophila genome, several microarrays have
identified many other immune genes that are regulated by these two pathways (84, 85).

De Gregorio et al. in 2001, identified about 230 genes upregulated and 170 genes
downregulated upon septic injury with a mixture of Gram-positive and Gram-negative bacteria
or upon natural infection with the fungus Beauvaria bassiana (85). These genes were called
Drosophila Immune Regulated Genes (DIRGs) and most of them had not previously been
associated with the immune response. Some of them can be assigned to specific aspects of the
immune response such as signaling, recognition, phagocytosis, coagulation, melanization, ROS
detoxification, as well as many small peptides. Furthermore, some DIRGs were induced by
infections but their regulation remained unaffected in Toll and Imd double mutants, indicating

that other pathways can control the Drosophila immune response.

In the next part, | will detail the main types of immune effectors that were identified by these

microarrays and discuss their involvement in the immune response.

4.1.1 Antimicrobial peptides

Antimicrobial peptides (AMPs) are small (less than 15 kDa), positively charged, secreted
molecules that directly target and kill microbial pathogens (86, 87). The first AMP to be
discovered was a Cecropin isolated from the moth Hyalophora cecropia (88). Since then, many
peptides from various families have been identified in evolutionarily diverse organisms ranging
from prokaryotes to multicellular eukaryotes, including invertebrates, vertebrates, and plants
(89-91). AMPs mainly act by targeting the negatively charged membranes of microbes (92).
Upon encountering microbial cell envelopes, AMPs get embedded in the hydrophobic regions
of lipid membranes leading to membrane destabilization and cell death (93). They can be active
against Gram-positive and Gram-negative bacteria or fungi (93) (Figure 3). The Drosophila
genome contains 21 AMP genes that can be grouped into 7 families. Drosocin, Attacins and
Diptericins have demonstrated antibacterial activity especially against Gram-negative bacteria

(94-97). Drosomycin and Metchnikowin have antifungal properties (98, 99), while Cecropins
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and Defensin have both antibacterial (mainly against Gram-positive but also against Gram-
negative bacteria) and antifungal activities (100-104) (Figure 3).

Most of the AMP coding genes are inducible and produced by the fat body and, to a lesser
extent, by other tissues. They are secreted into the hemolymph during the systemic immune
response where they can reach concentrations in the uM range (86). They can also be induced
in surface epithelia in a local, tissue-specific immune response. Finally, some of them are
produced constitutively in epithelia that are strongly exposed to microbes, like the gut, the
trachea or the reproductive tract epithelia (105-108)

If early studies have demonstrated the powerful action of AMPs in killing pathogens in vitro,
the evidence of their activity in vivo came in 2002 when Tzou et al., showed that artificially
overexpressing single AMP coding genes in flies using the GAL4/UAS system in Imd/Toll
double mutants was sufficient to restore the survival of these immune deficient flies when
infected with certain pathogens (109).

Other in vivo studies on AMP function were, however, based solely on mutants for signaling
pathway intermediates, and not directly on AMP mutants because of the inherent difficulty of
mutating such small genes. The possibility of creating loss-of-function mutants for single or
AMPs groups using the CRISPR/Cas9 technique recently allowed a much more in-depth
understanding of their exact contribution to host defense. Hanson et al, generated loss-of-
function mutants for 10 Drosophila AMPs and, through recombinations, produced fly lines
lacking groups of AMP coding genes as well as lines lacking all 10 main AMP genes (110).
Their study confirmed that AMPs play a major role in the defense against Gram-negative
bacteria and to a lesser extent against fungi. Surprisingly however, these flies showed little
susceptibility when infected with Gram-positive bacteria. These experiments also indicated
specific roles of individual AMPs. For instance, Diptericin plays a major role in the defense
against Providencia rettgeri infection, while being dispensable to fight against other
Providencia species. In addition, this paper reveals that combinations of AMPs have a
synergistic or additive effect against certain pathogens (110). Besides their role in defense
against pathogens, AMPs have been shown to play a role in tumor growth control (111, 112),
in neurodegeneration (113, 114) and in aging (86, 115, 116).
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4.1.2 The Bomanin family

The Bomanin family (Bom) comprises 12 genes which are transcriptionally regulated by the
Toll pathway (117). They were discovered almost 15 years ago (118) as small inducible
peptides, but their function as immune effectors has been shown only recently. They share a
16-residue domain and are highly active against fungal species and Gram-positive bacteria
(117) (Figure 3).

Clemmons et al., 2015, who deleted ten of the twelve Bom-coding genes, gave the first evidence
that proved their function during microbial infections in vivo. Their results showed that Boms
deficient flies had an impaired survival upon microbial infection, although their Toll pathway
activity was normal. Moreover, they showed that Boms are required for resistance to, rather
than tolerance of infection. While Boms contribute to microbial killing in the fly hemolymph,

their microbicidal activity in vitro has not been fully demonstrated (119).
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D AMP family Gene Location | [in vivo] | Size | Characteristics Immune
pt (AA) Expression

2R (55F 0.5 83  Perich and G-rich domains, Cterminus  |md
Unknown Diptericin DptA (S5F) UM idated, O-glycosylated Thrs, Asp®
DptB 2R (55F) 32, Furincleavage produces two mature Imd, other
67 peptides: one uncharacterized P-rich
Aﬂ peptide and one G-rich with C-terminus
presumably amidated
Furin cleavage produces two mature
Unknown Attacin AttA 2R (51C) 190 . el m;l'oll,
peptide and Attacin G-rich peptide, C-
terminus amidated
AttB 2R (51C) 190 Furin cleavage produces two mature Imd, Toll,
peptides: uncharacterized 9AA short other
peptide and Attacin G-rich peptide, C-
terminus amidated
AttC 2R (50A) 23, Furin cleavage produces two mature Imd, other
195 peptides: MPAC (P-rich) and Attacin (G-
rich) , C-terminus amidated
AttD 3R (908) 115  Attacin G-rich domain, lacks a signal Imd
peptide
Drosocin Dro 2R (51C) 40uMm 19  Furin cleavage, P-rich, O-glycosylated  |md, other
Cec Thril, and also a 22AA uncharacterized
C-terminal peptide
'aVa Cecropin CecAl 3R(99E) 20uM 39  Alpha-helical, C-terminus amidated Imd
y
(’ 4 CecA2 3R (99€) 39  Alpha-helical, Cterminus amidated  md
S‘g 3 CecB 3R (995) 39  Alpha-helical, C-terminus amidated Imd
' CecC 3R (99€) 39 Alpha-helical, Cterminus amidated  |md
Anp 3R (99E) 34  Alpha-helical ejaculatory
duct (males)
Defensin Def 2R (46D) 1umMm 40  Furin cleavage produces two peptides:  |md
30AA uncharacterized peptide and
Defensin peptide with disulfide bonds
mediated by cysteine bridges
Drosomycin Drs 3L(63D) 100uM 44 m"‘""' bonds mediated by cysteine  Tol|, Imd
Drs-likel 3L (63D) 44  Disulfide bonds mediated by cysteine
Drs-like2 3L(63D) 50 Disulfide bonds mediated by cysteine  JAK-STAT
Drs-like3 3L(63D) 45  Disulfide bonds mediated by cysteine  JAK-STAT
Drs-liked 3L (63D) 44  Disulfide bonds mediated by cysteine
bridges
Drs-likeS 3L (63D) 44  Disulfide bonds mediated by cysteine
Drs-like6 3L(63D) 46  Disulfide bonds mediated by cysteine
bridges
Mtk Metchnikowin Mtk 2R (52A) 10uMm 26 P-rich Toll, other
Bomanin IM1-type 2R(55C) 10-100 16 16-residue Bomanin domain Toll
Unknown (AMP-like) (6 genes) UM
CG5778-type 2R (55C), 41- Bomanin domain with Cterminal tall  Tol|
(3 genes) 3R (94A) 97
IM23-type 2R (55C), 78- 2 Bomanin domain repeats with Toll
(3genes) 3R (94A) T i)
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Fig.3 Specificity of Drosophila AMPs. A) Summary of identified Drosophila AMPs and
AMP-like peptides (Bomanins). On the left panel, the 3D structure is displayed. The table
indicates the chromosomal location, active concentration in the hemolymph upon immune
activation, size and gene characteristics of these peptides. B) Schematic representation of the
systemic antimicrobial response showing the specificity of action of Drosophila AMPs. The
AMPs and AMP-like peptides are induced upon recognition of specific pathogens. In most
cases these effectors show broad-spectrum importance against many pathogens (e.g. Bomanin,
the combined action of Drosocin, Attacin and Diptericin). However in some instances, specific
AMPs are the primary contributors to a successful defense response (Diptericin against P.
rettgeri, Drosocin against E. cloacae) (Adapted from Hanson et al., 2020).

4.1.3 The Turandots family
The Turandots family is a group of eight inducible genes (tot A, B, C, E, F, M, X and 2Z)

distributed at three different locations in the Drosophila genome (80). They code for small
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peptides of 11-14 kDa that are produced by the fat body upon infections and are secreted into
the hemolymph. All tot genes are induced under stresses such as bacterial infections, heat shock,
oxidative stress or exposure to UV light, suggesting that all members of this family play a role
in Drosophila general stress tolerance (80) .

In basal conditions, their expression during development is highly variable. Tot genes have slow
kinetics of activation compared to that of AMP coding genes. Their expression reaches a peak
16h after infection, while CecropinA and Diptericin A reach their peak after only 3h and 6h
respectively, which suggests a role in tolerance or healing after infection rather than a direct
antimicrobial effect (80).

The JAK-STAT pathway regulates totA, totM and totC upon septic injury (76, 120). TotA
activation also requires the Imd pathway and, more precisely, the activation of Relish in the fat
body. The induction of totA is abolished in stocks carrying Imd pathway mutations (121).
However, overexpression of totA does not increases resistance to infections compared to wild-
type flies.

Recent studies showed that the MAP kinase Mekk1, which is involved in p38 pathway
activation and the stress response, is able to upregulate genes that code for small peptides after
septic injury, including the Tots. The expression of totA and totM, which normally are highly
induced upon septic injury, was significantly reduced in Mekk1 mutant flies (120).

Finally, a role of the Tot family during mating has been uncovered. Indeed, mating itself can
be source of biological stress such as sexually transmitted infections and injury. Recent studies
showed that Drosophila melanogaster females induce totM and totC when they hear the male
courtship song (122). These genes are also upregulated in response to the exposure of female
reproductive tract to male accessory gland proteins, and TotM provides protection against
sexual transmitted infections (123, 124). This latter result is surprising, as Turandots exhibit no
antimicrobial activity, so the mechanism of protection remains elusive.

The broad induction of members of the Tot family is compatible with a direct role in the
protection against tissue damage. One possibility is that the Tot proteins function as chaperones
interacting with denatured proteins in the extracellular environment, preventing their
aggregation to facilitate their refolding or recycling. An indirect role for the Tot proteins in the
stress response, for instance as signaling molecules, is also possible. Future studies using

combined loss-of function mutations may reveal their functions.
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4.1.4. Other inducible proteins

Microarray studies revealed the existence of an unexpected number of uncharacterized peptides
that do not belong to annotated AMPs, Bomanins or Turandots families, but are strongly
induced upon infection (102). The function of these peptides is unknown but some could have
antimicrobial activity, or function as opsonins. For instance, two GNBP-like genes, CG14322
and CG12780, are strongly induced upon systemic infection and do not seem to play any
regulatory role in Toll and Imd pathway activation (B. Lemaitre, unpublished). These GNBP-
like proteins are small secreted proteins containing a glucan-binding site. They are promising
antifungal candidates that could act as opsonins favoring fungal detection and subsequent

elimination by other immune effectors, or could directly interfere with fungal cell walls.

Secretion of small peptides is just one facet of the systemic antimicrobial response. Microarray
analysis has also uncovered many genes encoding large proteins that are likely secreted and
induced upon infection. Many of them encode serine proteases and serine protease inhibitors
(serpins) that regulate the Toll pathways and melanization (see below). However, proteins
involved in iron sequestration (transferrin), in ROS detoxification (catalases), lipases,
carboxypeptidases, opsonins, or proteins that inhibit actin polymerization (gelsolin) are also

likely to contribute to the immune defense.

4.2 The melanization process

Melanization is a rapid hemolymphatic reaction triggered upon cuticle injury, for example upon
penetration of pathogens into the hemolymph when the fly gets pricked. It consists of the de
novo synthesis and deposition of melanin, which confers a typical black color to the wound site.
This reaction plays an essential role in arthropod defense and is involved in encapsulation,
wound healing and sequestration of microbes (125). It was also proposed to release toxic
intermediates that can Kill directly the pathogens, including reactive oxygen species and other
metabolic intermediates of the melanin synthesis pathway (126-128). The melanization cascade
is triggered by injury or through the recognition of microbial ligands by PRRs, such as PGN
and B-(1,3)-glucan (49, 129). Melanization requires the activation of phenoloxidases (PO),
enzymes that catalyze the oxidation of mono- and diphenols to orthoquinones, which

polymerize nonenzymatically into melanin. Insect POs exist in the hemolymph plasma, in some
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specialized hemocytes, and in the cuticle as an inactive pro-phenoloxidase (PPO) form. PPOs
are activated by enzymatic cleavage by serine proteases.

Despite extensive genetic studies of the Drosophila melanogaster immune response, the
melanization reaction remains one of its less well-characterized facets. In the fruit fly, three
PPOs have been identified as produced by two types of blood cells: the crystal cells produce
PPOL1 and PPO2, and the lamellocytes produce PPO3. While PPO3 is always produced in an
active form and is likely regulated at the transcriptional level, both PPO1 and PPO2 require
proteolytic cleavage to be activated (130). Upon injury, crystal cells rupture and release PPO
crystals into the hemolymph, where they are activated by serine proteases. Several studies have
analyzed the contribution of melanization to the immune defense, pointing out its importance
to resist microbial infection. Mutants carrying either mutations that reduce or abolish PO
hemolymphatic activity (131, 132), showed increased susceptibility to large injury (133, 134).
Flies lacking activators of PPO like SP7 were highly susceptible to the Gram-negative bacteria
Salmonella typhimurium and Gram-positive bacteria Listeria monocytogenes and
Staphylococcus aureus (135). In 2019 Duzdic et al., used a model of systemic infection with a
low dose of Staphylococcus aureus to show that the survival of flies upon such challenge relies
on the melanization response, but not on Toll signaling or phagocytosis (129).

Studies performed on PPO1 and PPO2 loss-of-function mutants revealed also the importance
of PPOs during bacterial infection. Although PPO1,2 double mutants do not show any
pigmentation defect, they do not develop any hemolymphatic PO activity upon wounding or
following microbial infection, demonstrating that PPO1 and PPO2 are the two main sources of
PO activity in the hemolymph of Drosophila. Flies lacking these two components are more
susceptible to Gram-positive and fungal infections (136).
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5. Cellular immune effectors in the systemic response

The humoral response is effectively flanked by the cellular response, where the main actors are
specialized circulating cells called hemocytes (137).

Hemocytes are analogous to mammalian white blood cells, which are involved in many
different physiological processes during the cellular immune system activation: they participate
in the melanization process, in the engulfment and digestion of bacteria, and in encapsulation
of large intruders in the hemolymph (138). Drosophila relies on three main classes of
differentiated hemocytes, each of which has a specific immune function: the plasmatocytes, the
crystal cells and the lamellocytes (Figure 4).

The following paragraphs will introduce the main components of the cellular immune branch,

giving an overview of the most notable processes in which they are involved.

5.1 The Drosophila hemocyte classes

Plasmatocytes represent the 90-95% of the total blood cell population during all developmental
stages (139). They share common functional features with mammalian macrophages, being
involved in pathogen clearance, engulfment, and removal of dead cells by phagocytosis (138).
Moreover, plasmatocytes play a key function during animal development by stimulating the
secretion of extracellular matrix (ECM) components (140, 141). The ECM is involved in tissue
remodeling, giving plasmatocytes an indirect role in this process (142, 143). Mature larval
plasmatocytes also possess antimicrobial activity, producing antimicrobial peptides. They are
involved in the first stages of encapsulation by binding to parasitic intruders (144). It has also
been proposed that plasmatocytes could clear the hemolymph of intestinal microbiota or
pathogens. Indeed, plasmatocyte-deficient flies have more circulating bacteria in the
hemolymph and are more susceptible to oral infection with Serratia marcescens, a food-borne
pathogen known to cross the gut epithelia to infect the hemolymph (145, 146).

The second hemocyte type, called the crystal cells, represents the remaining 5-10% of the blood
cell population. Mature crystal cells express PPOs, which are oxidoreductases related to
hemocyanins that mediate the melanization process (discussed in the chapter 4.2) (136). These
cells are fragile, readily disrupted, and can release their PPO crystals into the hemolymph upon
activation. They thus function as storage cells for the large amounts of PPO present in their
cytoplasm in crystallized form (147).

Finally, lamellocytes are large flat cells mainly involved in the neutralization and encapsulation

of any object too big to be phagocytosed by plasmatocytes. They are rarely present in healthy
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larvae and completely absent in embryos and adult flies. Their differentiation from hemocytes
can be induced upon stress signals such as tumor growth or parasitization by parasitoid wasps
(148).

Crystal cell Melanization
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Glial cells p~ YRR

missing 1 and 2, . O\

Prohemocyte /L/ :
— Plasmatocyte Phagocytosis
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Fig.4 The Drosophila hemocytes. Drosophila hemocytes originate from multipotent
progenitors called prohemocytes, which can differentiate into three mature cell types:
plasmatocytes, crystal cells and lamellocytes. Plasmatocytes are phagocytic cells and represent
the most abundant hemocyte class at all developmental stages. Lamellocytes are rarely present
in healthy larvae and play an essential role in encapsulation of parasitoid wasp eggs. The
remaining 5% to 10% of the blood cell population is represented by crystal cells, which are
non-phagocytic cells involved in the melanization response and wound healing. Indicated on
each arrow are the main pathways and/or factors responsible for hemocyte cell fate
determination and proliferation (from Lemaitre and Hoffmann, 2007).

5.1.1 Phagocytosis in Drosophila

Phagocytosis is an evolutionary conserved process mediated by phagocytes that consists of the
engulfment and subsequent digestion of microorganisms, apoptotic cells and small cell debris.
Phagocytosis in Drosophila is mainly performed by the plasmatocytes and can be directly
initiated via the recognition of MAMPs (for bacteria) or specific membrane phospholipids (for
Drosophila cells to be cleared) by hemocyte receptors (37, 149). Phagocytosis can also be

activated indirectly via opsonins that mark the surface of particles for engulfment so that it can
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be detected by phagocytic receptors (78). Upon their recognition, microbes are rapidly
internalized. Engulfment relies on a dynamic remodeling of the plasmatocyte plasma
membrane, mainly driven by actin cytoskeleton remodeling, resulting in the formation of the
so-called phagocytic cup. Actin polymerization pushes the plasmatocyte membrane around the
particle, until these protrusions fuse at the leading edges, generating a newly formed
phagosome. This initial plasma membrane derived vacuole does not have the ability to digest
the internalized material. Instead, newly formed phagosomes undergo a series of subsequent
fusion events (called phagosome maturation) with cellular organelles (early endosomes, late
endosomes and lysosomes) that promote digestion (138). Rab5 is a key regulator of the initial
fusion events. Another GTPase, Rab7, is needed for the late phagosome-lysosome fusion (150—
152). Phagosome maturation culminates in the formation of a highly acidic phagolysosome. In
its final stages, the phagolysosome acquires important components for particle destruction, such

as DNAses and proteases that achieve the complete breakdown of the particle (153).

5.1.1.1 The phagocytic receptors

The phagocytic receptors (scavenger receptors) have a crucial immune role since they mediate
the recognition of “non self” particles and therefore their engulfment. Scavenger receptors
comprise transmembrane proteins that are expressed by professional phagocytes. One of the first
molecules characterized as a hemocyte receptor in Drosophila was the class C scavenger receptor
(dSR-CI). Early in vitro experiments showing that dSR-CI was required for efficient phagocytosis
of Gram-negative and Gram-positive bacteria, but not yeast (154, 155). Another important class
of scavenger receptor is the B SCr, homologous of the mammalian CD-36, discovered to be
important for apoptotic bodies clearance (156).

The exact role of Drosophila scavenger receptors is not always well established. For example,
the Drosophila CD-36 homologue Croquemort was initially shown to be required for
recognition and clearance of apoptotic cells (157). However, more recent studies suggest that
Croquemort plays a more predominant role in phagosome maturation rather than in particle
recognition (158-160).

The Nimrod (Nim) family is a broad family of scavenger receptors that has been recently
discovered and characterized. Nimrod receptors contain a sub-type of Epidermal Growth Factor
(EGF) repeats, called Nimrod repeats (161). Eater, the most well-characterized Nimrod
receptor, is necessary for phagocytosis (162). This receptor is specifically expressed in both
larval and adult Drosophila plasmatocytes. Several studies using RNAI or an overlapping set

of deficiencies removing eater have pointed to its crucial role in the phagocytosis of both Gram-
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negative and Gram-positive bacteria (162-164), as well as the elimination of bacteria entering
the hemolymph by crossing the gut (164). Use of flies carrying a null mutation in eater
confirmed the importance of Eater in the phagocytosis of Gram-positive, but not Gram-negative
bacteria (165). Another well-studied Nimrod receptor is NimC1, a plasmatocyte-specific
receptor known to be involved in the phagocytosis of S. aureus (166). A NimC1 null mutant
revealed that NimC1 is required for the phagocytosis of latex beads and yeast zymosan
particles, but is dispensable for phagocytosis of Gram-negative and Gram-positive bacteria
(42). These two examples illustrate how each scavenger receptor has a distinct role in specific

microbe recognition and engulfment.

5.1.1.2 Opsonization

Opsonins are molecules that bind to microbes and can promote their engulfment by
macrophages. The Drosophila genome encodes for 6 thioster-containing proteins (TEPs) which
have been proposed to participate in and enhance phagocytosis by the hemocytes (138). Tep
genes are specifically expressed in plasmatocytes, in the fat body, and in some barrier epithelia
(167). These family members possess a signal peptide which indicate that they are secreted, and
three of them (TEP1, TEP2 and TEP4) have been found to be upregulated upon bacterial
infection (78). Previous studies in Drosophila S2 cells shed light on the function of some Tep
members in binding and enhancing phagocytosis of E. coli (Tep2), S. aureus (Tep3) and
Candida albicans (Tep6) (168).

Recently, Dostalova et al used null mutant flies for four immune-inducible Teps (Tepl, 2, 3
and 4) to show that these proteins act in both the humoral and cellular immune response (79).
Indeed, they showed that Teps promote the Toll pathway activation and phagocytosis of Gram-
positive bacteria upon infection. Despite these recent results, the specific receptors mediating
the uptake of Tep-bound particles remain unknown.

Other potential opsonins comprise secreted members of the Nimrod family and more precisely
the Nimrod B subfamily (Nimrod B1-B5). Unlike other Nim family members, which are
transmembrane, the NimB proteins are all secreted (166) and NimB1 and NimB2 can bind to
bacteria in vitro (169). Finally, evidence from the literature points to a potential role of PGRP-
SC1A as a secreted opsonin specifically recognizing S. aureus bacteria activating the Toll
pathway (170).

29



5.1.2 Other hemocytes immune function

Hemocytes also carry out a variety of functions besides phagocytosis, melanization and opsonin
secretion. As an additional Drosophila “organ”, they store immune-related molecules that can
be released upon infection (144, 171). Plasmatocytes can produce the blood-clotting factor
Hemolectin, which is one of the main actors involved in the clotting process. Clotting is a
similar mechanism to vertebrate coagulation, which mechanically seals cuticle breaches to
avoid a massive loss of hemolymph upon wounding. Clotting therefore belongs to the first line
of defense against pathogen invasion and dissemination upon cuticle breaching (172, 173).
Septic injury also triggers the expression of antibacterial peptide genes via the Imd pathway in
a subset of circulating plasmatocytes (174). Last, hemocytes are believed to play signaling
functions between distant immune-responsive tissues. This is illustrated by the release of
cytokines such as the JAK-STAT ligand Upd-3 that organize the systemic wound response and
stimulate intestinal stem cell proliferation. A recent study suggests that activation of the
hemolymph polyols pathway by hemocyte-secreted enzymes relays a danger signal from the
gut to the fat body via hemocytes (175).
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6. The gut as an immune barrier
6.1 The Drosophila gut structure

In Drosophila, as in other organisms, besides being the site of food digestion and nutrient
uptake, the gut acts as one of the first lines of defense against ingested pathogens (176). The
gut structure and immune ability make it a hostile environment for microbial proliferation yet
it is normally colonized by a transient but well-defined microbiota, showing that immunity is
fine-tuned in this organ to discriminate pathogens from beneficial bacteria (177, 178)

The Drosophila adult gut structure and physiology is similar to that of vertebrates. It is a tubular
and compartmentalized organ with an epithelial monolayer (Figure 5). A semipermeable
chitinous membrane called the peritrophic matrix physically separates and protects cells from
the lumen, that contains the food and the microbiota, and from bacterial insults (179, 180). Four
main cell types compose the epithelium: intestinal stem cells (ISCs), absorptive enterocytes,
secretory enteroendocrine cells, and enteroblasts, which are post-mitotic, immature cells that
can differentiate as enterocytes (176) (Figure 5). Visceral muscles that pace peristalsis, the
processing movement that pushes the food through the gut, surround this epithelium.

The Drosophila gut has been extensively studied for its extreme plasticity. It is constantly
renewed during the whole fly lifespan and there is a great deal of interest in the steady-state
dynamics of its adult progenitor cells, as well as their adaptations to challenges both external
(e.g., infection, nutrition) and internal (e.g., aging, reproduction) (176, 181). Intestinal stem
cells are key actors of tissue homeostasis. In response to damages, they proliferate in order to
maintain the tissue integrity of the organ (176, 182, 183). For example, after ingestion of enteric
pathogens, the gut is able to eliminate the damaged or dead cells by shedding cells and shrinking
in length. These two mechanisms are considered as part of the immune defense (184, 185).
However, this process is reversed within a few hours through ISCs proliferation and
differentiation, through which they can replace the lost differentiated cells and restore the tissue
structure to ensure resilience after the infection (185).

The gut is composed of three anatomically distinct regions. This regional compartmentalization
enables the sequential ingestion of food, digestion and nutrient absorption, and defecation. The
anterior part, ectodermally derived, is called the foregut. It produces the peritrophic matrix, is
involved in early digestion and microbial control, and is the major site of AMP production.
Posterior to the foregut is the midgut, which is endodermally derived. The midgut is commonly

regarded as the main digestive/absorptive portion of the gut. The last part is called the hindgut,
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again of ectodermal origin, which is responsible for water and ion exchange and defecation
(176).

Interestingly, the Drosophila immune pathway expression is compartmentalized in the gut as
well: the Imd pathway is the main immune pathway in the midgut, while both the Imd and Toll

pathways are activated in the foregut and hindgut (186).
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Fig. 5 Schematic illustration of the Drosophila digestive tract. A) The Drosophila digestive
tract is composed of three different compartments called respectively the foregut (including
the crop, where the food in stored upon ingestion); the midgut, which is the main nutrient
absorption domain; the hindgut where the reabsorption of water and minerals takes place. Each
portion is further divided in functionally distinct sub-domains. B) The midgut epithelium is
composed of 4 types of cells: enteroblasts, stem cells, enteroendocrine cells and enterocytes.
It is surrounded by a basal membrane and two layers of visceral muscles. The epithelium is
protected from direct contact with ingested bacteria by the peritrophic matrix (adapted from

Miguel-Aliaga et al., 2018)
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6.2 The gut immune response
6.2.1 Structural defenses of the gut

The digestive tract is a major route of entry for food-borne pathogens. Some of these microbes
produce virulence factors that can disrupt the gut epithelium renewal, leading to systemic
infections and to the death of the animal (182, 187). The gut deploys several immune layers to
avoid microbial passage into the hemolymph. The first defence is physical: the peritrophic
matrix is a chitinous barrier that surrounds the lumen and provides a barrier by preventing the
interaction between pathogen and gut cells. It surrounds mainly the midgut, where it is partially
permeable and facilitates the absorption of nutrients. The foregut and hindgut are, on the
contrary, surrounded by an impermeable cuticle (188). A second poorly defined physical
barrier, is provided by a mucus layer, composed of polysaccharides and proteins (mucins),

which is located between the peritrophic matrix and the epithelium.

Another important physical factor that allows microbial control in the digestive tract is the
presence of an acidic region. This small region is located in the central part of the midgut and
contains a specialized cell type, the copper cells, whose membranes are enriched in V-ATPases
(189, 190). Secretion of H* by copper cells creates a highly acidic zone that kills most bacteria
that transit through the gut (190, 191) .

6.2.2 The gut epithelial immunity

6.2.2.1 Secretion of Reactive Oxygen Species

Reactive oxygen species (ROS) are highly reactive oxygen radicals. They are produced by the
Drosophila gut epithelium in response to bacterial recognition and can contribute to the direct
killing of microbes (184, 192, 193) (Figure 6). They also act as second messengers to stimulate
the basal epithelium turnover through ISC proliferation (194, 195). The main sources of ROS
are Dual Oxidase (Duox) and NADPH oxidase (Nox) (196, 197). Duox generates microbicidal
hydrogen peroxide (H202) and hypochlorous acid (HCIO), whereas Nox generates H20: only.
The inhibition of the genes that encode these enzymes leads to an increased susceptibility of
Drosophila to bacterial oral infection and parasitization (196, 198, 199). Duox is thought to be
activated upon the sensing of uracil released by pathogenic bacteria (193, 200, 201), while Nox
can be activated by secondary metabolites produced by the resident microbiota, for example

lactate released by Lactobacillus plantarum (197). However, the production of ROS is a double-
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edged sword. High ROS levels due to the over-activation of these enzymes cause damage to
the gut epithelium and affects the beneficial microbiota, leading to dysbiosis (195, 202).
Dysbiosis induces chronic epithelial stress that stimulates high levels of ISC proliferation,
which alters both the differentiation and the renewal of the gut tissue. In physiological
conditions, the excess of ROS is detoxified by catalases (196). The mechanism of activation of
this anti-oxidative response is currently unknown and does not require either the Toll or the
Imd pathways.

6.2.2.2 Secretion of AMPs

AMPs are also produced in the gut against pathogenic bacteria in a regionalized fashion: the
Toll pathway is active only in the foregut and hindgut but its immune role in this organ has not
been demonstrated yet, whereas the Imd pathway, which is mostly triggered by Gram-negative
bacteria, regulates AMPs in the midgut (53). To date, there is no evidence for an AMP-based
gut response against Gram-positive bacteria or fungi, although two inducible Drosomycin-like
peptides regulated by the JAK-STAT pathway have been identified (203).

The ingestion of Gram-negative bacteria triggers the local immune response by recognition of
DAP-type PGN by extracellular PGRP-SD, the transmembrane receptor PGRP-LC, or by the
intracellular receptor PGRP-LE in the middle and posterior part of the gut (39, 62, 63). The gut
antibacterial response is kept in check by several negative regulators of the Imd pathway
(Figure 6). For example, amidase-PGRPs (PGRP-SC1/2, PGRP-LB) hydrolyze PGN to
mitigate the activation of the pathway (45, 46, 204, 205). Another negative regulator is the
cytoplasmic protein called Poor IMD Response upon Knock-in (Pirk) that interacts with the
PGRP-LC cytoplasmic tail and depletes this receptor from the membrane, thus preventing Imd
over-activation by the resident microbiota (206-208). Interestingly, the AMPs in the
Drosophila midgut are also suspected to have different roles beyond traditional immunity. It
has been suggested that AMPs produced in the anterior part of the gut could function along
with digestive enzymes (many of which are regulated by immune pathways) in the breaking

down of microorganisms as they enter the gut for use as food (177).
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Fig.6 The Drosophila intestinal immune response. A) The gut immune response is highly
regionalized. The Toll pathway is mainly activated in the foregut and hindgut, while the Imd
pathway is mainly induced in the midgut. The bacterial recognition takes place in different gut
compartments and relies on PGRPs, like PGRP-LE and PGRP-LC. PGRP-LE is an
intracellular receptor and is mainly expressed in the posterior and middle midgut; PGRP-LC
on the other hand, is a membrane receptor mainly expressed in the anterior midgut. B) Upon
bacterial recognition, the gut epithelium expresses several immune effectors in order to
efficiently fight the infection. In response to Imd pathway activation, the gut produces
antimicrobial peptides (AMPS). It also produces ROS through the activation of Nox and Duox.
On the other hand, to prevent the excessive damages that immune system over-activation can
cause to the epithelium, the gut expresses negative regulators of the Imd pathway. For
example, Poor IMD Response upon Knock-in (Pirk) inhibits Imd, while the amidases
PGRP-LB and PGRP-SC can degrade bacterial PGN responsible for PGRP-LC activation
(from Buchon et al., 2014).
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6.3 The Drosophila gut microbiota

Drosophila melanogaster carries a simple gut microbiota, which contributes to the regulation
of gut morphology, animal growth and nutrition. In the wild, it is composed of up to 30 bacterial
species (209), the most commonly found being members of three major families:
Lactobacillaceae (e.g. Lactobacillus, Leuconostoc), Acetobacteraceae (e.g. Acetobacter,
Gluconobacter) and sometimes Enterobacteriaceae (e.g. Enterococcus). Yeasts, such as
Hanseniaspora or Saccharomyces, are also frequently found in wild flies. In contrast, when
flies are raised in laboratory conditions, the microbiota is highly reduced and comprises mainly
the genera Lactobacillus (L. plantarum and L. brevis) and Acetobacter (A. pomorum and A.
pasteurianus) (178, 210). Unlike that of mammals, the fly gut microbiota is transient and its
maintenance relies on a continuous re-ingestion of bacteria from the food (211). Indeed, when
females feed and lay their eggs they also contaminate the food and the chorion of the eggs with
their feces. Hence hatching larvae, which feed continuously, ingest the contaminated eggshell
and food and get infected by the parental microbiota (178, 211, 212) (Figure 7). The bacterial
composition of the microbiota is highly affected by the food on which the flies feed: for
instance, a food medium enriched in sucrose should favor the predominance of Acetobacter that
are efficient at processing it (213). Moreover, the food choice of Drosophila is itself affected
by the bacterial presence in the food. Larvae and adults are more attracted to food that has been
associated with members of the microbiome, like L. plantarum or L. brevis, most likely through

the sensing of molecules released by these bacteria (214).
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Fig.7 The Drosophila gut microbiota establishment. In fruit flies the gut microbiota is
maintained by continuous feeding on a diet containing the bacteria. In laboratory conditions,
the number of bacterial species is highly reduced and limited to four dominant species
(Enteroccacae, Enterobacteriacae, Acetobacteraceae, Lactobacillacae), here color-coded
according to their relative proportions. Drosophila’s diet greatly affects this ratio. The gut
microbiome inheritance is allowed by the parents fecal deposition on the eggshell of the
progeny and in the food where the larvae will feed on. After hatching, larvae eat their
contaminated chorion, and hence get contaminated by the parental microbiota (From Erkosar
etal., 2013).

6.3.1 Role of the gut microbiota in Drosophila physiology

In-depth studies on the role of the gut microbiota have been fostered in flies because of the
possibility to easily grow flies in axenic (devoid of microbiota) or gnotobiotic (with a controlled
microbiota composition) conditions (215). As in vertebrates, the Drosophila gut microbiota has
a significant impact on the host physiology and functions. It provides a nutritional support to

larval growth, stimulates the gut immune system at a basal level, participates in epithelial
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morphogenesis, and has systemic impacts on host metabolism and endocrine pathways through
the gut—brain axis (216-219). Although axenic flies are viable, they undergo a developmental
delay when raised on a poor diet, associated with defects in glucose and lipid storage (217, 220,
221).

The gut microbiota has also a major impact on fly nutrition. It can promote the lifespan of flies
raised on a poor diet by complementing the food (217, 221, 222). Bacteria can be used directly
as a food source as evidenced by the presence in the gut of lysozymes, digestive enzymes that
can digest the bacterial cell wall (213). Moreover, bacterial metabolism increases survival on
suboptimal diets, such as high-glucose diets (with low nutritional complexity), by providing the
host with supplemental vitamins and essential amino-acids (223).

The gut microbiota can also influence the regulation of host development and growth. It has
been shown that bacteria of the Acetobacter and Lactobacillus genera can improve animal
digestion by producing metabolites that stimulate the activation of two important metabolic
pathways involved in cellular metabolism: the insulin and TOR pathways (217, 220).

Last, one of the most notable effects of the gut microbiota on the host biology is the basal and
continuous stimulation of the ISC proliferation. The presence of indigenous bacteria maintains
a basal level of ISC activity by stimulating Nox- and Duox- derived ROS signaling in the gut
and activating the JAK/STAT and Epidermal Growth Factor Receptor (EGFR) pathways (184,
197). At the same time, it promotes low-level antibacterial immunity, which, in turn, is thought

to regulate microbiota density together with ROS and acidity (186).

6.3.2 The control of Drosophila gut microbiota

Contrary to the systemic immune system, which is activated to maintain the complete sterility
of the host internal compartment, the epithelial immunity, especially in the gut, must be able to
tolerate the presence of commensal bacteria. Adult flies, once they emerge from pupae, have
an almost sterile digestive system, which gets colonized by the microbiota after the ingestion
of food and feces. The bacterial load in the gut is initially low, but it increases upon fly aging
(184, 186, 224). How beneficial microbes are tolerated by the host while their proliferation
stays under control, is still an important open question.

The first tolerance mechanism is the compartmentalization of the bacteria in the endoperitrophic
space (the lumen space surrounded by the peritrophic matrix), preventing any direct contact
between the microbiota and the gut cells and thus diminishing the possibility of triggering

strong immune activation (186, 225).
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A second strategy to tolerate the microbiota is the compartmentalization of AMP production.
Indeed, although the Imd pathway is functional all along the gut, the basal expression of AMP
coding genes is mostly restricted to the anterior part of the gut, while their expression is reduced
in the posterior side (186). The microbiota reflects the same pattern in terms of localization and
proliferation: almost no bacteria have been detected in the anterior part of the gut, while they
can colonize the lumen in the posterior part at high density (186). This could be due to the
expression of the homeobox gene caudal that negatively regulates AMP expression only in the
midgut, allowing persistence of the microbiota (226). In caudal deficient mutants with high
AMP expression in the gut, there is a shift in microbiota composition towards deleterious
species (226).

Transcriptome analyses comparing the gut transcriptome of germ-free and conventionally
reared flies have shown that the microbiota triggers the expression of several AMP genes in the
Drosophila gut, notably Attacins AttA and AttD that are mostly regulated by the Imd pathway,
and also Drosomycin-like 2 and 3 regulated by JAK-STAT (186). The higher bacterial count in
the gut of Imd-deficient flies also supports the notion that intestinal AMPs control the
microbiota (186). Interestingly, the major components of the gut microbiota also have a low
division rate (210). As bacteria release most of their immunogenic PGN during division, the
presence of slow-growing bacteria in the gut ensures a low level of basal immune system
elicitation. Negative regulators also reduce immune activity by scavenging peptidoglycan (e.g.
the amidases PGRP-LB and PGRP-SC) or disrupting signaling between the PGRP-LC receptor
and Imd (e.g. Pirk), as they do during immune defense against pathogens (46, 205, 208). Finally,
PGRP-LF, a membrane-bound PGRP, was demonstrated to be a key negative regulator of Imd
signaling by sequestering PGN, hence preventing PGRP-LC activation even in the absence of
pathogens (227) (Figure 8).

One of the initial, and most rapidly induced, host responses is the production of reactive oxygen
and chlorine species (i.e ROS and RCS). While pathogenic bacteria stimulate ROS and RCS
production via the dual oxidase system (Duox) (193, 201), the Nox pathway is activated by
lactate derived from Lactobacilli (197, 198). This dual activation mechanism could be a way to
discriminate pathogens from mutualists and to generate a milder ROS response against the
microbiota, hence preventing overgrowth without eliminating it (197, 198).

Last, microbiota tolerance is also ensured at the systemic level. PGN release by the microbiota
can translocate from the gut to the hemolymph and elicit the Toll pathway systemically.
Filtrating cells located under the dorsal cuticle, called nephrocytes, function as PGN scavengers
and prevent this chronic Toll activation (228).
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Fig. 8 Gut microbiota control mechanisms. The gut microbiota elicits the activation of the
Imd pathway through the release of cell wall components upon division (PGN). These are
sensed by the PGRPs and lead to the secretion of AMPs in the gut lumen. PGN activation is
shared between mutualistic and pathogenic bacterial species. On the other hand, ROS secretion
is differentially controlled: the lactate production by Lactobacillus species leads to the
activation of Nox, while Duox is activated by uracil released from pathogens (from Lesperance
and Broderick, 2020).
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Scope and outline

The study of host-symbiont interactions is a rapidly expanding field as microbes are
increasingly considered as major determinants of host physiology, whether they are mutualistic,
commensal or pathogenic. Yet, how hosts discriminate between microbes and react adequately
to their detection is still a largely unanswered question. This thesis falls within this context and
aims to better characterize the mechanisms that allow the host-microbe interaction, in particular

the role played by Drosophila immune effectors in this context.

The first part of my work (Chapter I1) focused on the immune mechanisms that keep the gut
microbiota under control in homeostatic conditions. The Imd pathway has been identified as
the main immune pathway in the gut. However, the fact that it regulates many factors including
AMP production, the JNK pathway, digestive enzymes (229) and enterocyte shedding (230)
makes it difficult to draw conclusions on the impact of each of its arms in controlling the
microbiota and discerning the role of AMPs and lysozymes specifically. To address this point,
| have used AMP and lysozymes null mutant flies and compared their microbiota to that of wild-
type flies and of Imd-deficient flies (relish null mutants). Using a combination of sequencing
analysis and gnotobiotic association experiments, | revealed that both antimicrobial peptides
and lysozymes are necessary to maintain the microbiota species balance in the gut, especially
during aging.

In the second part of the thesis (Chapter I11) I worked on non-AMP immune effectors and their
function in systemic immunity and symbiosis. | indeed characterized the role of Transferrin 1
(Tsfl), an iron trafficking protein, in the systemic immune defense (See article latsenko et al.
PNAS in the annex of this thesis) and Drosophila-Spiroplasma poulsonii interaction. Our
studies showed that tsf1 is an immune inducible gene by both Toll and Imd pathway and that it
IS necessary to sequester iron from the bacterial usage. Use of a null mutant for tsfl reveals that
its expression is necessary to fight against certain classes of bacteria and fungi. We
demonstrated a mechanism of iron sequestration analogous to that of mammals upon infection,
where Tsfl scavenges iron from the hemolymph and relocates it into the fat body to limit its
availability to invading pathogens. In the context of an endosymbiotic relationship, we further
demonstrated that Spiroplasma growth relies on the host Tsfl utilization and that the lack of

the protein significantly impaired the ability of Spiroplasma to colonize the fly.
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Finally, | participated in the study of a newly discovered immune effector, called Baramicin,
(See article Hanson MA et al. submitted in the annex of this thesis). Using in vivo and in vitro
experiments, we showed that these proteins are Toll-regulated and are mainly important to fight

against some fungal infections.
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Abstract

The gut microbiota has a tremendous impact on the physiology and metabolism of animals.
Microbiota alteration can lead to diseases such as gut dysplasia, metabolic disorders and
neurodegenerative pathologies. Several reports have shown that the immune system plays an
important role in shaping both bacterial community composition and abundance in Drosophila,
and that immune deficit, especially during aging, negatively affects microbiota richness and
diversity. However, there has been little study at the effector level to demonstrate how immune
pathways regulate the microbiota. A key set of Drosophila immune effectors are the
antimicrobial peptides (AMPs), which confer defense upon systemic infection. AMPs and
lysozymes, a group of digestive enzymes with antimicrobial properties, are expressed in the gut
and are good candidates for microbiota regulation. Here, we take advantage of the model
organism Drosophila melanogaster to investigate the role of AMPs and lysozymes in regulation

of gut microbiota structure and diversity.

Using flies lacking AMPs and newly generated lysozyme mutants, we colonized gnotobiotic
flies with a defined set of commensal bacteria and analyzed changes in microbiota composition
and abundance in vertical transmission and aging contexts through 16S rRNA gene amplicon
sequencing. Our study shows that AMPs and, to a lesser extent, lysozymes are necessary to
regulate the total and relative abundance of bacteria in the gut microbiota. We also decouple
the direct function of AMPs from the IMD signaling pathway that regulates AMPs but also
many other processes, more narrowly defining the role of these effectors in the microbial

dysbiosis observed in IMD-deficient flies upon aging.
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Introduction

The microbiota is the complex array of microbes commonly associated with the digestive tract
of animals. This bacterial consortium greatly affects host physiology, for example by promoting
immune function or intestinal homeostasis (1-4). Imbalance of the microbiota, called dysbiosis,
has been identified as a cause of gut dysplasia and chronic inflammatory diseases, especially

during aging (5).

The fruit fly Drosophila melanogaster is a powerful model to decipher host-microbe
interactions (6-8). Its genetic tractability, the possibility to generate gnotobiotic animals and
the simplicity of its natural microbiota have made Drosophila melanogaster a convenient model
to gain insight into host-microbiota relationships (7, 9, 10). Drosophila harbors a simple gut
microbiota composed of only a few dominant species, mainly belonging to Acetobacteraceae
and Lactobacillaceae, which influence multiple aspects of fly physiology, such as growth (11,
12), behavior (13), lifespan (14) and infection resistance (15, 16). In turn, the microbiota can
be shaped by various host and environmental factors such as food composition, or age of the
flies (17-21).

Innate immunity is a key regulator of microbial abundance in Drosophila (22-25). Upon acute
bacterial infection, Drosophila immune responsive tissues (the fat body and hemocytes in
systemic infection, and epithelium in local infection) sense microbe-associated molecular
patterns (MAMPS) to activate signaling pathways. In Drosophila, two immune pathways, the
Immune deficiency (IMD) and Toll pathways, regulate the expression of genes encoding
immune effectors that fight invading microbes (22, 26, 27). Studies in Drosophila have revealed
a key role of the IMD pathway in the gut to fight pathogens and keep symbiotic bacteria in
check (28-30). It is however unclear how the IMD pathway can effectively combat pathogens
but tolerate symbiotic microbiota members in the digestive tract. In fact, the microbiota induces
a low level of activation of the IMD pathway (28). Several reports have demonstrated that
immune tolerance towards the indigenous microbiota is sustained by several negative feedback
loops that prevent hyperactivation of the IMD pathway by peptidoglycan (the bacterial elicitor
recognized by IMD pathway) released from commensal bacteria. Enzymatic members of the
PGRP family such as PGRP-LB and PGRP-SC1/2 prevent activation of the IMD pathway by
actively degrading peptidoglycan (31-33). Other negative regulators such as Pirk, also lower
IMD pathway activity upon stimulation. Compartmentalization of the immune response to
restricted areas can also favor microbiota growth and control (34, 35). However, IMD pathway
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activation is necessary to regulate both microbiota composition and proliferation, and
dysregulation of this pathway leads to abnormal bacterial growth and premature death of the
host (28, 32, 33, 36). Notably, mutations affecting the IMD transcription factor Relish lead to
a higher gut microbiota load and a shifted bacterial composition compared to wild-type flies
(28, 37). Moreover, aged Relish mutant flies display dysbiosis associated with a loss of gut
epithelium integrity and premature death of the animals (21, 38). Collectively, these studies
point to an important role of the IMD pathway in control of the microbiota, notably during
aging. However, the IMD pathway regulates hundreds of immune effectors, and affects
numerous physiological processes such as enterocyte delamination and digestion (39-43). As
previous studies have used mutations that suppress the whole pathway (e.g Relish), the precise
role of individual immune effectors downstream of the IMD pathway in shaping the gut

microbial community has remained elusive.

Antimicrobial peptides (AMPs) are small, positively charged molecules that contribute to
innate defenses by targeting the negatively charged membranes of microbes (27). These
peptides are produced in large quantities by the fat body during systemic infection, but also in
local epithelia such as the gut. Seven classic families of inducible AMPs with several isoforms
have been identified in D. melanogaster (27, 44). Use of CRISPR/CAS9 has recently enabled
the generation of individual and combined AMP mutants, allowing direct investigation of their
role in host defense (45). Hanson et al. showed that Drosophila AMPs are essential for resisting
infection by Gram-negative bacteria that trigger the IMD pathway, but appear to be less
involved in defense against Gram-positive bacterial infection (45).

Another key group of effector proteins that are potential regulators of Gram-positive bacteria
in the gut are the lysozymes (46, 47). Lysozymes specifically cleave peptidoglycan exposed on
the cell wall of Gram-positive bacteria (48). The Drosophila genome encodes at least 17
putative lysozymes, whose functions have never been formally addressed. Among them, six
lysozyme genes (LysB, D, E, P, S, and X) are clustered in the genome at cytogenetic map
position 61F. This group of lysozyme genes, notably LysB, LysD, LysE, and LysP, is strongly
expressed in the digestive tract (46), and may contribute to digestive activities of the gut by
degrading peptidoglycan from dietary bacteria. Furthermore, lysozyme genes are expressed in
the gut upon microbiota colonization in Drosophila, and these proteins have been proposed to
modulate immune signaling (28, 31, 49). Lysozymes may contribute to gut immunity either as

direct antimicrobials, or by cleaving peptidoglycan and modulating activation of the IMD
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pathway (31). As such, AMPs and lysozymes may shape microbiota composition by direct

interactions with microbes.

In this study, we decipher the role of two classes of antimicrobial effectors of the Drosophila
digestive tract, the antimicrobial peptides (AMPs) and the lysozymes, on the gut microbiota.
We characterized the microbiota composition in mutant flies lacking either the 14 AMP genes
from seven gene families or the four gut-specific lysozyme-encoding genes in a gnotobiotic
setup using 16S rRNA gene amplicon sequencing. We also assessed the role of these effectors
in controlling the abundance of individual microbiota members by performing mono-
association experiments. Finally, we confirmed that certain immune effectors can directly
control the proliferation of microbiota members by performing systemic infections. Our
findings demonstrate a direct role for both AMPs and lysozymes in controlling both the

composition and abundance of the microbiota in Drosophila melanogaster.
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Results

Impact of AMPs and lysozymes on microbiota composition

To decipher the role of AMPs and lysozymes in the regulation of gut microbiota composition,
we performed 16S rRNA gene amplicon sequencing on gnotobiotic flies. DrosDel isogenic flies
with the following genotypes were used for all experiments: the wild-type strain w8 (referred
to as w), a compound mutant strain lacking Defensin, Cecropins (4 genes), Drosocin,
Diptericins (2 genes), Attacins (4 genes), Metchnikowin and Drosomycin, referred to as
AAMPs!* (Carboni et al., in preparation), and a newly-generated lysozyme-deficient mutant
(referred to LysB-P%). The LysB-P2 mutation is an 11.5kb deletion, removing LysC (a putative
pseudogene) and the four lysozyme genes (i.e. Lys B, LysD, LysE, Lys P) that are known to be
strongly expressed in the digestive tract (46) (Fig S1). As expected, gut extracts from LysB-P*
flies have reduced lysozyme activity ex vivo as monitored by their ability to digest
peptidoglycan from E. faecalis (Fig. S1). We additionally included Relish (Rel®?°) flies lacking
IMD signaling as a comparative control to determine to what extent AMPSs contribute to the

phenotype of IMD-deficient flies.

To avoid pre-existing microbial community biases in different fly stocks, we performed this
analysis in a gnotobiotic system with two different experimental designs. First, we analyzed the
microbiota of 12-day old flies with gut bacteria acquired through vertical transmission from
gnotobiotic parental flies (i.e. germ-free parents inoculated with a known community upon adult
emergence) (Fig 1A). Second, we analyzed aging-dependent changes in the adult microbiota.
Here, we inoculated emerging germ-free adults with a known microbiota and analyzed changes
in the community structure 10 and 29 days after colonization (Fig 2A). In this way, we
uncoupled the effects of juvenile development and metamorphosis from the adult microbiota

composition and abundance.

We inoculated the flies with a cocktail of six bacterial isolates that were previously described
as common Drosophila microbiota members (19), or that were associated with the food that
was used in this study (see Methods) (8, 10, 19). These included previously characterized
bacterial species as members of the Drosophila gut microbiota : Acetobacter pomorum (50),
Lactobacillus plantarum (11), and Enterococcus faecalis (51). Our cocktail also included some
incompletely characterized bacterial strains: an Acetobacter sp. (52), an isolate of Lactobacillus

brevis and an isolate of Leuconostoc pseudomesenteroides (described in Materials and

49



Methods, Supplementary text 1). Acetobacter, a genus of Gram-negative bacteria, and
Lactobacillus plantarum, a Gram-positive species, both have DAP-type peptidoglycan known
to activate the IMD pathway (51, 53-55). In contrast, Leuconostoc pseudomesenteroides,
Lactobacillus brevis (53, 56) and Enterococcus faecalis are Gram-positive bacteria with
Lysine-type peptidoglycan (57), which typically activates the Toll pathway during systemic
infections. Although there is no evidence for a role of the Toll pathway in the midgut (22, 43,
54), Lys-type Gram-positive bacteria can induce a basal immune reaction in the gut through the
release of the metabolite uracil, which activates ROS production through the Duox enzyme
(58).

16S rRNA gene amplicon sequencing of the six-component cocktail yielded 7 Amplicon
Sequence Variants (ASVs (59) are also referred to as zero-noise OTUs (60) or sub-OTUS (61))
across the 72 samples, with a minimum of 42’596 reads per sample after quality and abundance
filtering (see methods and Supplementary Table S1 for details). These ASVs mapped to the
known species in the inoculum cocktail. Sequencing showed that the Acetobacter sp. (52)
fraction mapped to two ASVs that were distinguishable by a single nucleotide difference in
their 16S amplicon. These ASVs were associated with two closely related species, A. aceti and

A. nitrogenifigens (62, 63), based on their highly similar sequence.

We first focused our analysis on flies with microbiota acquired through vertical transmission
from parents raised in a gnotobiotic environment (Fig 1A, see Methods). We found that Rel5?°
and 44MPs'* flies harbored communities dominated by A. nitrogenifigens, whereas the wild-
type strain had a greater prevalence of La. plantarum (Fig 1B). In contrast, LysB-P* flies had
highly variable community compositions (see below), suggesting a different mode of action for

these genes compared to the AMPs (Fig 1B).

Similarities between bacterial communities were assessed using [-diversity analyses.
Dissimilarities between all samples were calculated using Bray-Curtis distances plotted in a
multi-dimensional space using Principal Component Analysis (PCoA). This was complemented
with an analysis of the dispersal (variability and spread) of the communities, and a permutation
based, multivariate analysis of variance was applied to test statistical significance. These
analyses showed that community compositions within LysB-P* and 44MPs** sample groups
were more variable than the wild-type (Fig S2A , 0.05<p<0.1), in that . communities of some
samples resembled wild-type flies, while others resembled Rel5? flies (Fig 1C). One LysB-P*
sample had a completely different profile to all other samples, with higher abundance of La.
brevis (Fig 1B). This suggests that the loss of AMPs or lysozymes increases stochasticity in
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microbiota composition. Surprisingly however, communities in Rel®?® mutants were more
consistent between replicates, which indicates either that the stochasticity is not due to
perturbation of the immune response or that the communities in these mutants stabilize earlier

than in other genotypes due to other factors regulated by the IMD pathway.

In terms of community composition, distribution of data in the PCoA shows that A4MPs
samples mimic Relf?° (Pairwise ADONIS: p-adjustedaamps vs Rei=0.5), and both differ noticeably
from the wild-type, as demonstrated by general colocalization of 44MPs** and Relf?° samples,
and separation from the wild-type samples (Fig 1C, Pairwise ADONIS: p-adjustedw vs rei=0.02,
p-adjustedsw vs aamps=0.06). This suggests that loss of AMPs recapitulates the effect of a general
loss of the IMD pathway on the microbiota structure. As expected from the variable community
composition found in LysB-P* mutants (Fig 1B), the PCoA did not reveal a distinct cluster for

these samples (Fig 1C).

Finally, we measured total bacterial loads in our samples using universal 16S rRNA gene
primers (64) and Drosophila Actin 5C primers (52). We did not detect a statistically significant
difference in total 16S rRNA gene copy numbers between the different genotypes, indicating
that wild-type and mutant flies do not harbor different quantities of microbes in these conditions
(Fig 1D).

Overall, our results show that the microbiota composition in 44MPs'* flies is similar to the
microbiota of Relf?° mutants that completely lack IMD signaling, suggesting that the changes
in community composition observed in IMD pathway mutants is at least partly due to the

specific loss of AMP production.
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~12 days after emergence.
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B) Relative community composition of the gut microbiota in wild-type iso w8 (w) wild-type
flies, Relish (Relf?°), antimicrobial peptide (AAMPs'#), and gut lysozyme (LysB-P*) mutants
as determined by 16S rRNA gene amplicon sequencing. Each bar represents a biological
replicate of multiple pooled flies (see Table S1 numbers of flies included in each sample). C)
Principal coordinate analysis (PCoA) of gut communities in w wild-type flies, Relf°, AAMPs4
and LysB-P* as determined by 16S rRNA gene amplicon sequencing. Overall colocalization
of 44MPs* (red dots) and Rel®? (black dots) samples and separation of these from wild-type
(grey dots) samples shows that 44MPs'*and Rel5?° samples are similar to each other and differ
from wild-type samples. Stochastic distribution of LysB-P* samples shows high variability in
community structures between samples. D) Absolute quantification by qgPCR of the total
number of bacterial cells normalized to the host gene Actin5C. Horizontal black bars show
mean values. Details of the statistical outcomes are provided in Supplementary Table S2.

Control of microbiota structure by AMPs and lysozymes during aging

Next, we focused on the microbiota structure of adult flies that were raised in germ-free
conditions throughout larval development and colonized only after emergence. We analyzed
microbiota of these flies at both 10 and 29 days after colonization (Fig 2A). Here, microbial
communities were generally dominated by the two Acetobacter variants. 10 days after
colonization, A. aceti was the most abundant species, whereas by 29 days after colonization, A.
nitrogenifigens was the dominant species., suggesting distinct competitive ability of the two

bacteria tied to the 16S sequence variants detected in our Acetobacter sp. isolate.

As Rel®?° mutants died earlier than other genotypes during the aging process, only three samples
with fewer flies than other genotypes were included for the 29-day time point (Fig 2B, Table
S1). Rel®? mutants harbored elevated abundance of E. faecalis in 1/3 of the samples, which
was not observed in other genotypes. Some samples in this genotype also had higher
proportions of La. plantarum and Le. pseudomesenteroides (in two and three samples
respectively) at day 10, a trend that was not observed at day 29 (Fig 2B). However, we cannot
conclude whether this change in community structure is real or a consequence of high mortality
in this genotype leading to analysis of the survivors only. In contrast to the vertical transmission
setup (Fig S2A), Rel®?° communities had high dispersal: highest variation was observed at 10
days (Fig S2B), and decreased at 29 days (Fig S2C). This indicates that, at least for this
genotype, the microbiota stabilizes over time. This indicates that immunity mutations cause
stochasticity in microbiota composition, however the communities are still capable of reaching

a stability over a long period of time.
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B-diversity and PCoA clearly shows significant (ADONIS p=0.001) separation of the 10-day
old and 29-day old flies on the first axis, clearly pointing to aging as the major factor defining
the community composition in adults (Fig 2C). Interestingly, in 29-day old flies, 44MPs** and
Rel®?° were separated from wild-type and LysB-P* mutants on the same axis (Fig 2C),
indicating that aging and loss of immune effectors act on microbiota composition in similar
directions. In 10-day old flies, we did not see similar clustering of samples except for Rel5%°
mutants, which were more widely dispersed on the plot (Fig 2C). This indicates that mutations
in IMD pathway act on microbiota composition differently in young versus old flies. A
statistically significant Genotype x Age interaction (ADONIS p=0.03) supports this

interpretation.

Careful examination of the relative abundance of bacteria in wild-type and mutant flies reveals
interesting trends (Fig 2B). We found that wild-type flies maintained Acetobacter aceti as the
dominant Acetobacter ASV even after 29 days, while the proportion of lactobacilli in the
community remained small. However, although Acetobacter aceti was similarly abundant at 10
days 44AMPs** and LysB-P* flies, Acetobacter nitrogenifigens became predominant in 29-day
samples, and the proportion of lactobacilli in some samples was higher compared to wild-type,
particularly in LysB-P* flies. This change in relative abundances was even more dramatic in
Rel¥° mutants, which were distinguished by disproportionate loads of Acetobacter

nitrogenifigens and lactobacilli.

Investigation of each time point separately showed that loss of AMPs (44MPs*) did not affect
the community composition in 10-day old flies (Fig 2B, Pairwise ADONIS, Qw vs aamps=0.1).
However, loss of lysozymes had detectable effects (Pairwise ADONIS, qw vs Lys=0.02) on the
abundance of A. pomorum, A. nitrogenifigens, or La. brevis depending on the samples, which
further supports the idea of increased stochasticity in LysB-P* mutants compared to wild-types.

This stochasticity is clearly shown by the community dispersal (Fig S2B).

At 29 days, microbial communities in the wild-type differed from those of 44MPs*, LysB-PA
and Rel®?° genotypes (Pairwise ADONIS p-adjusteds vs aamps =0.04, p-adjustedw vs Lys =0.04, p-
adjustedw vs ret =0.04, Fig 2B, 2C). In 44MPs* the relative abundance of Gram-negative A.
nitrogenifigens consistently increased, whereas in LysB-P* mutants the relative abundance of
Gram-positive lactobacilli increased (Fig 2B). This suggests that lysozymes act preferentially
on Gram-positive bacteria, and the action of AMPs is limited to Acetobacteraceae. As all

genotypes contain communities that are similarly variable (Fig S2C), the observed differences
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in community composition at day 29 are unlikely to be an artefact of heterogeneity in variance

among different groups.

Analysis of the total microbiota abundance showed that bacterial load differed between
genotypes mainly in aged flies. At 10 days old, Rel®?° flies harbored significantly higher
amounts of total bacteria compared to the other genotypes , primarily due to one sample that
had a high load typical in 29-day old samples of this genotype (Fig 2D). In 29-day old flies
both 44MPs'* and particularly Rel®? flies had higher bacterial loads (Fig 2D). These data
support the notion that the IMD pathway is crucial in regulating microbiota load as the flies age

and that AMPs significantly contribute to this effect of the IMD pathway.

In agreement with previous reports, our data show that microbial community composition shifts
and bacterial load increases with age (17, 18, 28), and that this effect is exacerbated by loss of

antimicrobials.
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Fig2. The role of AMPs and lysozymes in microbiota composition and abundance on
adult microbiota in a gnotobiotic setup. A) Scheme of the experimental procedure for fly
colonization and collection for 16S rRNA gene amplicon sequencing. Embryos were collected,
sterilized in 3% bleach, and kept on antibiotic food until the adult stage. Emerging germ-free
flies were associated with a bacterial cocktail containing six representative microbiota
members. Females were collected for DNA extraction and 16S rRNA gene amplicon
sequencing 10 and 29 days after colonization. See Table S1 for the number of flies included
in each sample. B) Relative community composition of the gut microbiota in iso w8 (w)
wild-type flies and Relish (RelF?), antimicrobial peptide (AAMPs*), and gut lysozyme (LysB-
P2) mutants 10 days (left panel) and 29 days (right panel) after colonization. Each bar in the
plot represents a biological replicate with a pool of 5 flies each.
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C) Principal coordinate analysis based on Bray—Curtis dissimilarities on the gut communities
of w control flies, Rel*°, AAMPs4, and LysB-P* mutants 10 and 29 days after colonization
based on 16S rRNA gene amplicon sequencing. Separation of the 10-day old (dots) and 29-
day old clusters on the first axis, indicates that aging is the major factor defining bacterial
community composition in adults. Separation 44MPs** and Rel®? (red and black triangles)
from wild-type and LysB-P* (grey and blue triangles) on the same axis in 29-day samples
indicates that aging and loss of immune effectors act on microbiota composition in similar
directions. D) Absolute quantification of the total number of bacterial cells by gPCR,
normalized to the host gene Actin5C. Horizontal black bars show mean values. Details of the
statistical outcomes are provided in Supplementary Table S2.

Effect of AMPs and lysozymes on individual microbiota members

16S rRNA gene amplicon sequencing provided us a first glimpse of how AMPs and gut
lysozymes regulate microbiota structure at the community level. To further characterize the
effect of these antimicrobials on individual microbiota members, we used a mono-association
setup where we colonized flies with each bacterial isolate from the commensal cocktail used in
the 16S rRNA gene amplicon sequencing experiment. Germ-free adult females were mono-
associated with a single bacterial species and their load was measured 6 days after colonization
by gPCR (Fig 3A). We quantified 16S rRNA gene copies using primers that recognize
Acetobacteraceae (65) and Firmicutes (including La. plantarum, Le. pseudomesenteroides and
La. brevis) and normalized their abundance to host cells using primers for Actin 5C (52) (Fig
3B).

As expected, all mono-associated taxa established a higher load in Rel®? flies compared to
wild-type flies (Fig 3B). Interestingly, abundance of both Acetobacter sp. and A. pomorum
isolates were high in LysB-P* but especially in 44MPs** mutants (Fig 3B), indicating that
AMPs most prominently control the proliferation of these Gram-negative microbiota members.
Surprisingly, in contrast to shifts towards increased lactobacilli seen in the absence of
lysozymes in gnotobiotic experiments (Fig 1, Fig 2), mono-associated La. plantarum increased
in abundance in the absence of AMPs but not lysozymes (Fig 3B). This was surprising
considering that lysozymes are expected to digest Gram-positive bacteria. The differing trends
resulting from these approaches may depend on bacterial community dynamics in gnotobiotic
experiments, or age-related differences between the experimental setups. Interestingly,
AAMPs** harbored significantly more E. faecalis compared to the wild-type w (Fig 3B, p-
adjusted = 0.032), and indeed 44MPs'* had bacterial abundances equivalent or even greater

than Rel®° flies for all bacterial taxa except Le. pseudomesenteroides (Fig 3B).
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Overall, our data indicate that in the absence of bacterial community dynamics, AMPs and to a

lesser extent lysozymes, are major effectors regulating gut microbiota abundance.
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Fig3. Regulation of individual microbiota members in mono-association.

A) Scheme of the experimental procedure of the mono-association experiment. Embryos were
collected, sterilized in 3% bleach, and kept on antibiotic food until the adult stage. Newly
emerged germ-free flies were then mono-associated with a single bacterial isolate. Six days
after colonization, the host and bacterial DNA was extracted and qPCR analysis of the
microbial load was performed. B-G) Total microbial load was determined by quantitative PCR
(qPCR) in female flies 6 days after mono-association. iso w8 (w) wild-type flies and Relish
(Relf?%), antimicrobial peptide (AAMPs!*), and gut lysozyme (LysB-P*) mutant flies were
included. Bacterial loads were assessed by qPCR with family/phylum specific 16S rRNA gene
primers and normalized to the host gene Actin5C. Red horizontal bars show mean values. Each
dot represents a sample containing five individuals. Letters represent statistical significance
(p<0.05) of adjusted p-values (FDR) from pairwise contrasts obtained from a main general
linear mixed model; samples with shared letters are not statistically different from each other.

Systemic infection with microbiota members

In the previous experiments, we showed that a lack of AMPs in the gut significantly affects the
microbiota composition and growth. However, it is unclear whether AMPs have preferential
antimicrobial activity that selects for core microbiota members, and to date it has not been
demonstrated that AMPs directly control members of the microbiota community. Hanson et al.
(45) recently showed that Drosophila AMPs are primarily active against Gram-negative
bacteria, but less so against Gram-positive bacteria. However, this study did not address
whether AMPs can control bacterial species commonly found in the gut, with the exception of
E. faecalis (45).

To address this, we used a systemic infection model to effectively “incubate” gut microbiota
members in hemolymph with or without AMPs. Flies that fail to control bacterial proliferation
ultimately die (66). We systemically infected flies with three representative bacteria that are
normally present in the digestive tract and followed fly survival. We challenged wild-type,
AAMP*s, Rel®?% and spz™’ female flies by clean injury, and with three different bacterial
species: Acetobacter sp. and La. plantarum, which have DAP-type peptidoglycan, and E.
faecalis which has Lys-type peptidoglycan. Rel®?° lack a functional IMD response and are
known to be very susceptible to systemic infection by most Gram-negative bacteria and certain
classes of Gram-positive bacteria, while spatzle (spz™) mutants lack Toll immune signaling
and are susceptible to Gram-positive bacteria and fungi. We observed that AAMPs* flies were
more susceptible to Gram-negative Acetobacter sp., mimicking the susceptibility of Relish
mutants (Fig 4). As expected, spz™ flies were highly susceptible to Gram-positive La.

plantarum and E. faecalis infection, dying completely within one week. However, AAMPs*
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flies did not have increased mortality when infected with these bacterial species. Flies did not
die upon clean injury, indicating that the phenotype is specific to bacterial infection and is not

due to a technical bias in the experiment (Fig S3).

These systemic infections confirm that AMPs can play a direct role in the control of Acetobacter
sp., bacteria typically found in the gut, but have a lesser impact on La. plantarum and E. faecalis
proliferation. This trend is consistent with the results above showing that AMPs most

prominently contribute to Acetobacter control after gnotobiotic or mono-associative

colonization.
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Fig4. Survival upon systemic infection with microbiota bacteria. Female iso w'*® wild-
type flies (w), and Relish (Rel?%), antimicrobial peptide (AAMPs!*) and spaetzle (spz™)
mutants were pricked in the thorax with three common microbiota bacteria: Gram-negative
bacterium Acetobacter sp. (A) and two Gram-positive bacteria La. plantarum (B) and E.
faecalis (C). AAMPs** mutants were significantly more susceptible than wild-type only to
Acetobacter sp. infection (p = .001), and otherwise resisted infection like wild-type (p > 0.1).
Pellet densities are reported for all systemic infections as OD600nm.
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Discussion

In Drosophila, the immune system and particularly the IMD pathway has been robustly
demonstrated to be an important regulator of the gut microbiota and intestinal homeostasis (21,
22, 28, 30, 33, 37). Several reports have indicated the importance of the IMD pathway in
maintaining balanced microbiota during aging, and mutants for this pathway (e.g Relish) have
atypical microbiota abundance and composition (28). While it is clear that the IMD pathway is
a regulator of the gut microbiota, little is known about the effectors mediating this regulation.
In addition to regulating most AMP expression in the gut (21), the IMD pathway regulates other
physiological aspects, including expression of digestive enzymes (42), and enterocyte
delamination (40, 67, 68). The present work extends these studies by more narrowly defining
the role of AMPs and lysozymes by comparing specific loss of these effectors to total loss of

IMD signaling.

Our results confirm a prominent role for the IMD pathway in regulating both microbiota load
and diversity, especially upon aging (21, 28, 37). The AAMPs* mutant mimics the Relish
phenotype in many respects, showing that AMPs indeed contribute downstream of IMD to
shape the microbiota composition. Our experiments consistently showed an increase in the load
of Acetobacter species in both Rel®?® and AAMPs* flies. The observation that both AAMPs**
and Rel5? flies are also susceptible to Acetobacter systemic infection, together with previous
studies showing that AMPs contribute to survival to Gram-negative bacterial infection (45),
provides strong evidence that direct microbicidal activity of AMPs regulates these Gram-
negative bacteria. Collectively, this indicates for the first time that the basal level of IMD
pathway activity induced by the gut microbiota (28) leads to the production of AMPs that
prevent overgrowth of Gram-negative commensals such as Acetobacter. Future studies should
clarify which AMP(s) among the 14 deleted in the AAMPs* flies regulate Acetobacter.

La. plantarum is an important member of Drosophila microbiota that is associated to the host
both in larval development and adulthood (11, 34, 69). As the DAP-type peptidoglycan found
in the cell wall of these bacteria can activate the IMD pathway, we might expect to see an action
of AMPs against them. However, previous studies have shown that IMD pathway and AMP
mutants are not very susceptible to DAP-type Gram-positive bacteria (70). Moreover, D-
Alanylation of La. Plantarum lipoteichoic acid has recently been proposed as a mechanism to
protect against the action of AMPs and lysozymes (49). Here, we found that the AMPs do play

a role in controlling La. plantarum abundance in a mono-colonization setup but not when
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bacteria are in a community context. This might be due to the dynamics between microbiota
members (e.g. competition between different species), or due to differential affinity of AMPs
to the peptidoglycan of distinct species. It is possible that the abundance of La. plantarum is
maintained at a threshold level in the gut and this is naturally achieved in a community through
bacterial interactions. However, La. plantarum overgrowth can be inhibited by AMPs in a

context where it becomes the only dominant member of the community.

The genome of Drosophila contains many genes encoding lysozymes, likely as a consequence
of living in bacterially enriched habitats (46). Indeed, animals feeding on fermenting medium,
such as ruminants or fruit flies, have a much higher number of lysozyme gene copies compared
to animals feeding on ‘clean food’ (71, 72). In many insects, lysozymes are induced upon
systemic infection, pointing to a possible role as immune effectors. In contrast, Drosophila
lysozymes are strongly expressed in the gut, indicating a specific role in the digestive process
(46, 47). Of note, one uncharacterized gene annotated as encoding a putative lysozyme
(CG6429) is strongly induced upon systemic infection, and is partially regulated by the IMD
pathway (73).

In this study, we generated a LysB-P* mutant deficient for four lysozyme genes strongly
expressed in the gut. LysB-P? gut extracts have reduced lysozyme activity (Fig S1) confirming
that these four genes indeed contribute to gut lysozyme activity. As lysozymes are known to
digest peptidoglycan and can exhibit bactericidal activity alone or in combination with AMPs
(48), we were interested to monitor the impact of lysozymes on the gut microbiota. We expected
that loss of lysozymes would have a greater effect on Gram-positive bacteria, as the thin
peptidoglycan layer of Gram-negative bacteria is protected by their external LPS membrane.
Consistently, 16S rRNA gene amplicon sequencing revealed that LysB-P* mutants exhibit
increased relative community Lactobacillus abundance. However, mono-association
experiments revealed a role of lysozymes in suppressing growth of only Gram-negative

Acetobacter species. This effect was less marked than that of AMP deficient mutants.

An interesting observation of our study is that flies lacking AMPs or lysozymes display greater
community stochasticity, similar to the phenotype of Relf? flies. This suggests that multiple
factors including AMPs, lysozymes and bacteria-bacteria interactions contribute to stability of
the gut microbiota, and that loss of these factors increases stochasticity. It should be noted that
our work relies on the use of isogenic fly strains. While the isogenization process homogenizes
the genetic background, it also increases the degree of homozygosity along the genome with a
possible increase in genetic interactions. Thus, our study on AMPs and lysozymes using the iso
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Drosdel background should be reinforced by other studies using other backgrounds or

alternative approaches.

In Drosophila, the induction of antibacterial peptides genes after infection is blocked in IMD
pathway mutants, such as Relish, resulting in high susceptibility. These flies also cannot control
their microbiota load, especially during aging (28). As expected, we found similar gut
microbiota structure in Relish and AMP mutants. Indeed, both genotypes were unable to control
the microbiota load and composition, but Relish flies had a more severe phenotype, with 16S
analysis showing atypical microbial composition at early life stages, and marked inability to
control all inoculated bacterial species in mono-association experiments. This is likely due to
the multiple roles of the IMD pathway in gut physiology, apoptosis, nutrition and metabolism
(40, 74, 75), the loss of which in addition to AMPs may exacerbate gut dysbiosis or hasten the
inability of the flies to control microbiota growth. This indicates that although AMPs play an
important role in control of microbiota members, they contribute only partially to the dysbiosis
of IMD pathway mutant flies.

Collectively, our work is the first to show direct involvement of AMPs and lysozymes in the
control of Drosophila gut microbiota. Consequences of the loss of these effectors are
exacerbated during aging, and their loss contributes to increased microbiota abundance and
shifted composition. This work shows that immune effectors typically associated with
resistance to pathogenic infections also help shape the beneficial gut community, consistent
with the idea that host-symbiont interactions use the same ‘language’ typically associated with
pathogenesis (76).
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Material and Methods

Bacterial strains and culture conditions

Bacterial strains used in this study and their origins are as follows: Acetobacter sp. (52),
Acetobacter pomorum (50), Lactobacillus plantarum (11), Enterococcus faecalis (see above)
(51). Lactobacillus brevis and Leuconostoc pseudomesenteroides were isolated from the
“Valais” population, collected in the Valais canton of Switzerland in 2007 (77). Briefly,
homogenates from 20 flies were spread over MRS-5% Mannitol plates. A single colony was
used to prepare liquid cultures (described below) and establish glycerol stocks, as well as for
16S rRNA gene full-length amplification using universal primers. The PCR products were
sequenced by Sanger sequencing and assigned to taxa based on a Microbial BLASTn search
against the nucleotide database of NCBI
(https://blast.ncbi.nim.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch&BLAST_SPEC=Microb
ialGenomes). See Supplementary Text 1 for full 16S rRNA gene sequences of these isolates,

as well as that of Acetobacter sp (52).

A. pomorum and Acetobacter sp. were cultivated in Man, Rogosa and Sharpe (MRS)- D-
Mannitol 2,5% medium in aerobic conditions at 29°C for at least 18h with agitation. La.
plantarum, La. brevis and Le. pseudomesenteroides were cultivated in anaerobic conditions in
Man, Rogosa and Sharpe (MRS)- D-Mannitol 2,5% medium at 29°C for at least 18h standing.
E. faecalis was cultured in Brain Heart Infusion Broth (BHI) medium in aerobic conditions at
37°C for at least 16h with agitation.

Gnotobiotic fly cultivation and media
All experiments were done on flies kept at 25°C with a 12h dark/light cycle.

Because antibiotic treatments over multiple generations may result in epigenetic effects that
may interfere with phenotypes, germ-free flies were freshly generated for each experiment. To
do this, embryos were collected from an overnight egg laying on grape juice-agar plates
supplemented with yeast. Embryos were washed with tap water, sterilized by soaking in 3%
bleach for 3 minutes and were rinsed with autoclaved water 3 times. ~200 eggs were counted
on a mesh under a laminar flow hood and were transferred to filter cap falcon tubes (TPP
catalogue #87050) containing the autoclaved larval medium (0.79% Agar, 5.2% cornmeal, 11%

sucrose, 4% yeast, 1.12% Moldex, and 0.77% propionic acid, where the last two were added
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when the medium was <78°C) supplemented with antibiotics (50ug/ul Ampicilin, 50ug/ul
Kanamycin, 10pg/pl Erythromycin, 10pg/pl Tetracyclin).

Upon emergence, 0-2 day old adults were transferred to autoclaved 2% yeast adult medium (all
other ingredients were identical to the larval medium) without antibiotics to remain germ-free
or to be colonized with commensals. To colonize adults, cultured bacteria were centrifuged at
3000 rpm for 10 minutes and resuspended in sterile PBS to a concentration of ~5 x 10° cells per
100ul. To generate the commensal cocktail, 100l of each bacterial suspension was mixed in
1:1 ratio to maintain the same cell concentration. 50ul of the bacterial suspension was spread
over the adult medium using glass beads (3mm diameter) for 10 seconds and the tubes were air
dried under the laminar hood for 2 hours. Germ-free adults raised in antibiotic medium were

anaesthetized on ice for 10 minutes, and 20-30 adults were transferred to each tube.

To avoid sticky ‘biofilm-like’ formation on the medium, flies were transferred to fresh medium
every 3-4 days. To avoid a decrease in microbial loads, the microbiota of each tube was
transferred to the next using glass beads. Briefly, flies were anaesthetized on ice and removed
on sterile caps. 10-20 glass beads were transferred to the old tube and shaken for 10 seconds.
The beads were then transferred to the new sterile tube and were shaken again for 10 seconds
to spread the bacteria around the tubes. Adults were added in the new tubes. Flies were sampled

10 days and 29 days after colonization.

For vertically transmitted microbiota, we let gnotobiotic adults (colonized as described above
3-4 days previously) lay eggs on fresh medium for three days. We let larvae grow in this original
medium and began transferring the emerging adults to new tubes 5 days after the first fly
emerged. We collected adults 10-15 days after emergence and analyzed their associated

bacterial community.

For mono-association experiments, we colonized flies with each isolate that was included in
the commensal cocktail. Because during mono-association changes in community structure is
not a concern, we maintained the flies in their original tube throughout the experiment. Flies

were sampled 6 days after colonization.

DNA extraction and gPCR

DNA extraction was carried out on samples of surface sterilized adults (washed in sterile water
and EtOH) using a DNeasy Blood & Tissue Kit (Qiagen). Briefly, flies were homogenized in

PBS (at a concentration of 100ul per fly) and 180pul of homogenate was transferred into a new
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tube for lysis with 20ul proteinase-K solution and 200ul Buffer ALT. The protocol was

finalized using manufacturer’s instructions.

The gPCR reactions for absolute quantification were carried out as described in (78) . The
universal (78) and Acetobacter specific 16S (65), and Actin 5C primers (65) were previously
described. Firmicute specific primers (anti-sense primer 5’AGCGTTGTCCGGATTTAT 3°,
sense primer 5° CATTTCACCGCTACACAT 3’) were designed by aligning the 16S rRNA
gene sequences of the four Firmicute species that were used in this study. Their specificity (lack
of amplification in Acetobacteraceae) was determined on plasmid DNA containing specific
16S sequences as well as on DNA extracted from flies mono-associated with microbiota
members described in this study.

Standard curves that allowed estimation of the number of bacterial cells per genome equivalent
of fly cells were generated from serial dilutions of plasmids containing bacterial 16S sequences
and actin sequence. The number of detected 16S rRNA gene copies was corrected by the
average number of 16S rRNA operon copies present in the genome of each species. This

number was obtained from rrNDB (79).

16S rRNA gene amplicon sequencing and data processing

Amplification of the V4 region of the 16S rRNA gene and library preparation protocol was
done as previously described (78) except for the first cycle PCR that was performed with 30
cycles. Libraries were verified by Fragment analyzer, mixed with 10% PhiX library (Illumina
#FC-110-3001), and subjected to lllumina MiSeq v3 paired-end sequencing in one lane, with
all libraries multiplexed.

Divisive Amplicon Denoising Algorithm 2 (DADAZ2) pipeline (“dada2” package version 1.14.1
in R) was used to process the sequencing data. All functions were run using the recommended

parameters (https://benjjneb.github.io/dada2/tutorial.html) except for “expected errors” during

the filtering step which was set to (maxEE=2,5) in “filterAndTrim” function. The RDP database
was used for taxonomy assignments. Downstream analyses were performed in R version 3.6.0.
Reads belonging to mitochondria, chloroplasts, and eukaryotes were excluded from further
analyses (“phyloseq” package version 1.30.0, “subset taxa” function (80)). Only the variants
present in at least 10 samples with a total of 100 reads were retained for downstream analyses
(“genefilter” package version 1.68.0, “filterfun_sample” function (81)). To complement the
taxonomic classification based on the RDP database, sequence variants were further assigned
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to the gut microbiota members based on their alignment to the full 16S rRNA gene sequences

obtained by Sanger sequencing of each isolate.

To calculate absolute bacterial abundances, we multiplied the proportions of each taxon by the
total 16S rRNA gene copy number present in each sample (as measured by qPCR using the

universal 16S primers).

Diversity and statistical analysis

Permutational multivariate analysis of variance (ADONIS, “adonis” function) based on Bray—
Curtis distances (“vegdist” function) (82) was used to test the effects of age and genotype on
community structure, and “metaMDS” function was used for plotting beta-diversity. For
pairwise comparisons of ADONIS, “adonis.pair” function was used from “EcolUtils” package.
To test the dispersion of communities we used the function “betadisper” (83, 84) and compared
the distances of individual samples to group centroids in multidimensional space using

“permutest”.

All statistical analyses were performed using R (version 3.6.3). We used general linear mixed
models (“lme4” package version 1.1.23) to test for the effects of age, genotype and their
interaction (depending on the experimental design) on bacterial loads or dispersion of bacterial
communities. Pairwise comparisons were performed using “emmeans” and “pairs” functions

(“emmeans” package version 1.5.1). p-values were adjusted using FDR method.

Systemic infection and lifespan assay

Systemic infections were performed by pricking 5-7 day-old conventionally reared adult
females in the thorax with a 100-um-thick insect pin dipped into a concentrated pellet of
bacteria. The following bacteria were grown to the respective OD600 concentrations in
MRS+Mannitol broth (Acetobacter sp., OD600=150; La. plantarum, OD600=200) or BHI
(E.faecalis, OD600=5); the maximum concentration we could achieve for Acetobacter sp. was
OD600=150. Infected flies were maintained at 25°C for experiments. At least three replicate
survival experiments were performed for each infection, with 20 flies per vial on standard fly
medium without yeast. Survivals were scored daily and flies were flipped to fresh medium

every two days.
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Survival data were analyzed using the survival package in R 3.6.3 with a Cox proportional
hazards model (coxph() function) including experiment as a covariate in the final model when

significant.
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Supplementary matherials

S1. Lysozyme mutant characterization.
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Fig S1. Lysozyme mutant characterization. A) Diagram of the LysB-P* mutation, which
deletes 11.5kb of nucleotide sequence from the Drosophila genome. LysB-P* flies lack the
four lysozyme genes (LyB, LysD, LysE, LysP) that are highly expressed in the gut, and also
the LysC pseudogene. B) LysB-P* mutants have a reduced capacity to degrade peptidoglycan
in the gut compared to wild-type flies. Gut extracts from wild-type flies (w) and lysozyme
mutants (LysB-P2) were incubated with E.faecalis peptidoglycan for 48h. The lysozyme
activity was monitored by change in optical density of the peptidoglycan solution. Commercial

lysozyme was included as a positive control.
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S2. Homogeneity of multivariate dispersals in microbial communities.
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Fig S2. Homogeneity of multivariate dispersals in microbial communities.

Distance to the center of each group (genotype) represents how spread are the communities in
the multivariate space (PCoA) in A) a vertical transmission setup, B) 10 days after
colonization, and C) 29 days after colonization. Different letters indicate significant
differences (p<0.05) between p-values upon pairwise comparison, calculated by permutations
on multivariate equivalent of variances. A significant difference between groups indicates that
samples belonging to one group are more variable in microbiota composition compared to the

other group.
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S3. AAMPs*flies survive clean injury.
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Fig S3. AAMPs'*flies survive clean injury.

Females from indicated genotypes were pricked with a clean 100um insect pin. No genotype
displayed pronounced susceptibility to clean injury.
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Sup. Text 1: 16S rRNA gene sequences of La. brevis, Le. pseudomesenteroides
and Acetobacter sp. [REF erkosar 2017] used in this study.

>Lactobacillus_brevis_16S

CCTAATACATGCAAGTCGAACGAGCTTCCGTTGAATGACGTGCTTGCACTGATTT
CAACAATGAAGCGAGTGGCGAACTGGTGAGTAACACGTGGGGAATCTGCCCAGA
AGCAGGGGATAACACTTGGAAACAGGTGCTAATACCGTATAACAACAAAATCCG
CATGGATTTTGTTTGAAAGGTGGCTTCGGCTATCACTTCTGGATGATCCCGCGGCG
TATTAGTTAGTTGGTGAGGTAAAGGCCCACCAAGACGATGATACGTAGCCGACCT
GAGAGGGTAATCGGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAG
GCAGCAGTAGGGAATCTTCCACAATGGACGAAAGTCTGATGGAGCAATGCCGCG
TGAGTGAAGAAGGGTTTCGGCTCGTAAAACTCTGTTGTTAAAGAAGAACACCTTT
GAGAGTAACTGTTCAAGGGTTGACGGTATTTAACCAGAAAGCCACGGCTAACTAC
GTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGATTTATTGGGC
GTAAAGCGAGCGCAGGCGGTTTTTTAAGTCTGATGTGAAAGCCTTCGGCTTAACC
GGAGAAGTGCATCGGAAACTGGGAGACTTGAGTGCAGAAGAGGACAGTGGAACT
CCATGTGTAGCGGTGGAATGCGTAGATATATGGAAGAACACCAGTGGCGAAGGC
GGCTGTCTAGTCTGTAACTGACGCTGAGGCTCGAAAGCATGGGTAGCGAACAGG
ATTAGATACCCTGGTAGTCCATGCCGTAAACGATGAGTGCTAAGTGTTGGAGGGT
TTCCGCCCTTCAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAGTACGA
CCGCAAGGTTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCA
TGTGGTTTAATTCGAAGCTACGCGAAGAACCTTACCAGGTCTTGACATCTTCTGCC
AATCTTAGAGATAAGACGTTCCCTTCGGGGACAGAATGACAGGTGGTGCATGGTT
GTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCT
TATTATCAGTTGCCAGCATTCAGTTGGGCACTCTGGTGAGACTGCCGGTGACAAA
CCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTAC
ACACGTGCTACAATGGACGGTACAACGAGTTGCGAAGTCGTGAGGCTAAGCTAA
TCTCTTAAAGCCGTTCTCAGTTCGGATTGTAGGCTGCAACTCGCCTACATGAAGTT
GGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGAATACGTTCCCGGGCCTT
GTACACACCGCCCGTCACACCATGAGAGTTTGTAACACCCAAAGCCGGTGAGATA
ACCTTCGGGAGTCAGCCGTCTAAGGGACGAT

> euconostoc_pseudomesenteroides_16S

GCTAATACATGCAAGTCGAACGCACAGCGAAAGGTGCTTGCACCTTTCAGTGAGT
GGCGAACGGGTGAGTAACACGTGGACAACCTGCCTCAAGGCTGGGGATAACATT
TGGAAACAGATGCTAATACCGAATAAAACTCAGTGTCGCATGACACAAAGTTAA
AAGGCGCTTTGGCGTCACCTAGAGATGGATCCGCGGTGCATTAGTTAGTTGGTGG
GGTAAAGGCCTACCAAGACAATGATGCATAGCCGAGTTGAGAGACTGATCGGCC
ACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCTGCAGTAGGGAATC
TTCCACAATGGGCGAAAGCCTGATGGAGCAACGCCGCGTGTGTGATGAAGGCTTT
CGGGTCGTAAAGCACTGTTGTATGGGAAGAACAGCTAGAATAGGGAATGATTTT
AGTTTGACGGTACCATACCAGAAAGGGACGGCTAAATACGTGCCAGCAGCCGCG
GTAATACGTATGTCCCGAGCGTTATCCGGATTTATTGGGCGTAAAGCGAGCGCAG
ACGGTTGATTAAGTCTGATGTGAAAGCCCGGAGCTCAACTCCGGAATGGCATTGG
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AAACTGGTTAACTTGAGTGCAGTAGAGGTAAGTGGAACTCCATGTGTAGCGGTGG
AATGCGTAGATATATGGAAGAACACCAGTGGCGAAGGCGGCTTACTGGACTGTA
ACTGACGTTGAGGCTCGAAAGTGTGGGTAGCAAACAGGATTAGATACCCTGGTA
GTCCACACCGTAAACGATGAACACTAGGTGGTTAGGAGGTTTCCGCCTCTTAGTG
CCGAAGCTAACGCATTAAGTGTTCCGCCTGGGGAGTACGACCGCAAGGTTGAAA
CTCAAAGGAATTGACGGGGACCCGCACAAGCGGTGGAGCATGTGGTTTAATTCG
AAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTTTGAAGCTTTTAGAGATA
GAAGTGTTCTCTTCGGAGACAAAGTGACAGGTGGTGCATGGTCGTCGTCAGCTCG
TGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTATTGTTAGTTG
CCAGCATTCAGATGGGCACTCTAGCGAGACTGCCGGTGACAAACCGGAGGAAGG
CGGGGACGACGTCAGATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTAC
AATGGCGTATACAACGAGTTGCCAACCCGCGAGGGTGAGCTAATCTCTTAAAGTA
CGTCTCAGTTCGGATTGTAGTCTGCAACTCGACTACATGAAGTCGGAATCGCTAG
TAATCGCGGATCAGCACGCCGCGGTGAATACGTTCCCGGGTCTTGTACACACCGC
CCGTCACACCATGGGAGTTTGTAATGCCCAAAGCCGGTGGCCTAACCTTTAGGAA
GGAGCCGTCTAAGGCAGACCG

>Acetobacter_sp_16S

atGCaGTcgcanGaaGgCTTCGGCCTTAGTGGCGGacGGGTGAGTAACGCGTAGGAATC
TATCCatGGgtGGGGGATAACTCCGGGAAACTGGAGCIAATACCGCATGATACCTGA
GGGTCAAAGGCGCAAGTCGCCTgtGGAGGAGCCTGCGTTTGATTAGCTTGTTGGTG
GGGTAAAGGCCTACCAAGGCGATGATCAATAGCTGGTCTGAGAGGATGATCAGC
CACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAAT
ATTGGACAATGGGGGAAACCCTGATCCAGCAATGCCGCGTGTGTGAAGAAGGTT
TTCGGATTGTAAAGCACTTTCGGCGGGGACGATGATGACGGTACCCGCAGAAGA
AGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGGGCTAGCGTT
GCTCGGAATGACTGGGCGTAAAGGGCGTGTAGGCGGTTTGTACAGTCAGATGTG
AAATCCCCGGGCTTAACCTGGGAGCTGCATTTGATACGTGCAGACTAGAGTATGA
GAGAGGGTTGTGGAATTCTCAGTGTAGAGGTGAAATTCGTAGATATTGGGAAGA
ACACCGGTGGCGAAGGCGGCAACCTGGCTCATTACTGACGCTGAGGCGCGAAAG
CGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCTGTAAACGATGTGT
GCTGGATGTTGGGTAACTTAGTTACTCAGTGTCGTAGCTAACGCGATAAGCACAC
CGCCTGGGGAGTACGGCCGCAAGGTTGAACTCAAAGGAATTGACGGGGGCCCGC
ACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGG
GCTTGTATGGAGAGGCTGTATTCAGAGATGGATATTTCCCGCAAGGGACCTCTTG
CACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCC
CGCAACGAGCGCAACCCTTATCTTTAGTTGCCAGCATGTTTGGGTGGGCACTCTA
AAGAGACTGCCGGTGACAAGCCGGAGGAAGGTGGGGATGACGTCAAGTCCTCAT
GGCCCTTATGTCCTGGGCTACACACGTGCTACAATGGCGGTGACagTGGGAAGCTA
GATGGTGACATCATGCCGATCTCTAAAAACCGTCTCAGTTCGGATTGCACTCTGC
AACTCGAGTGCATGAAGGTGGAATCGCTAGTAATCGCGGATCAGCcatGCCGCGGTG
AATACGTTCCCGGGCCTTGTACACacCGCCCGTCACaccATGGGAGTTGGNTnaCCTT
AAGCCgGTgaGCGAACCgcaaGAcgcaAGegGa
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Table S2

Fig 1

ADONIS on relative abundances with genotype as a factor, 999 Permutations

Df
GENOTYPE 3
RESIDUALS 19

SumsOfSqgs

0.776
1.784

MeanSqgs

0.2585
0.0939

F Model R2

P-value
2.75 0.303 0.03
0.697

Pairwise ADONIS (different model) between genotypes, 1000 permutations

F Model
dAMP-Lys 0.8553
dAMP-Rel 0.88605
dAMP-w 3.7167
Lys-Rel 3.55123
Lys-w 3.55123
Rel-w 17.75694

0.078791
0.099713

0.25255
0.307433
0.052585
0.663639

P-value

0.491508
0.524476

0.01998
0.085914
0.497502
0.003996

P-adjusted (FDR)

0.524476
0.524476

0.05994
0.171828
0.524476
0.023976

Homogeneity of multivariate dispersions with Genotype as a factor, 1000 permutations

Df
GENOTYPE 3
RESIDUALS 19

F Model

2.84

P-vALUE

Pairwise comparisions from the same model:
Permuted P-value

dAMP-Lys 0.995
dAMP-Rel 0.0679
dAMP-w 0.28
Lys-Rel 0.015
Lys-w 0.13
Rel-w 0.02
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MAIN INTERACTION MODEL
ADONIS on relative abundances with genotype and age as interacting factors, 999 Permutations

Df SumsOfSqs  MeanSqgs F Model R2 P-value
GENOTYPE 3 1.0456 0.34855 6.678 0.17489 0.002
AGE 1 2.3922 2.39216 45.835 0.40009 0.001
GENOTYPE X AGE 3 0.4014 0.13379 2.564 0.06713 0.03
RESIDUALS 41 2.1398 0. 05219 0.35789

Pairwise ADONIS (different model) between ages, 1000 permutations
SumsOfSgs  MeanSgs F Model R2 P-value
10d - 29d 2.401378 2.401378 31.54751 0.401636 0.000999

10 DAYS OLD FLIES

ADONIIS on relative abundances with genotype as a factor, 999 Permutations
Df F Model R2 P-value

GENOTYPE 3 4.68 0.379 0.001

RESIDUALS 23 0.621

Pairwise ADONIS (different model) between genotypes, 1000 permutations

F Model R2 P-value P-adjusted (FDR)
dAMP-Lys 2.2833 0.17189 0.090909 0.109091
dAMP-Rel 4.2014 0.27638 0.042957 0.077922
dAMP-w 1.8614 0.12525 0.144855 0.144855
Lys-Rel 3.434 0.25562 0.051948 0.077922
Lys-w 5.3992 0.31031 0.002997 0.017982
Rel-w 7.8648 0.39592 0.005994 0.017982

Homogeneity of multivariate dispersions with Genotype as a factor, 1000 permutations
Df F Model P-vALUE

GENOTYPE 3 21.1 0.001

RESIDUALS 23

Pairwise comparisions from the same model:
Permuted P-value

dAMP-Lys 0.125
dAMP-Rel 0.002
dAMP-w 0.230
Lys-Rel 0.003
Lys-w 0.000
Rel-w 0.000

29 DAYS OLD FLIES

ADONIS on relative abundances with genotype as a factor, 999 Permutations
Df F Model R2 P-value

GENOTYPE 3 4.26 0.415 0.008

RESIDUALS 18 0.585

Pairwise ADONIS (different model) between genotypes, 1000 permutations

F Model R2 P-value P-adjusted (FDR)
dAMP-Lys 1.7118 0.134662 0.195804 0.29371
dAMP-Rel 0.29448 0.046784 0.926074 0.92607
dAMP-w 8.3592 0.481543 0.01998 0.03996
Lys-Rel 1.04833 0.104329 0.402597 0.48312
Lys-w 7.72731 0.391706 0.013986 0.03996
Rel-w 9.40865 0.573396 0.018981 0.03996
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Abstract

Iron is involved in numerous biological processes in both prokaryotes and eukaryotes and is
therefore subject to a tug-of-war between host and microbes upon pathogenic infections. In the
fruit fly Drosophila melanogaster, the iron transporter Transferrin 1 (Tsfl) mediates iron
relocation from the hemolymph to the fat body upon infection as part of the nutritional immune
response. The sequestration of iron in the fat body renders it less available for pathogens to
proliferate and enhances the host ability to fight the infection. Here we investigate the
interaction between host iron homeostasis and the facultative, vertically transmitted,
endosymbiont of Drosophila, Spiroplasma poulsonii. This low-pathogenicity bacterium is
devoid of cell wall and is able to thrive in the host hemolymph without triggering pathogen-
responsive canonical immune pathways. However, hemolymph proteomics revealed an
enrichment of Tsfl in infected flies. We find that S. poulsonii induces tsfl expression and
triggers an iron sequestration response similarly to pathogenic bacteria. We next demonstrate
that free iron cannot be used by Spiroplasma while Tsf1-bound iron promotes bacterial growth,
underlining the adaptation of Spiroplasma to the intra-host lifestyle where iron is mostly
protein-bound. Our results show that Tsfl is used both by the fly to sequester iron and by

Spiroplasma to forage host iron, making it a central protein in endosymbiotic homeostasis.
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Background

The sequestration of trace minerals by a host organism is increasingly recognized as part
of a “nutritional” immunity, as it limits microbes’ proliferation [1]. Iron in particular is involved
in numerous processes in both eukaryotes and prokaryotes, and has been identified as a critical
trace metal in determining the outcome of pathogenic infections [2]. Consequently, iron-
transporting proteins which are involved in iron sequestration upon infection are under strong
selective pressure in the arms race between hosts and pathogens [3].

Similarly to mammals, the fruit fly Drosophila melanogaster uses iron sequestration as
an immune defense mechanism [4]. Drosophila iron transport and storage rely on three Ferritin
(Fer) and three transferrin homologues (Tsfl, Tsf2 and Tsf3). Ferritins are involved in iron
absorption, transport and storage and are particularly important during embryonic development
[5-7]. More recently, Ferl has also been identified as a potent antioxidant in mitochondria [8].
Drosophila Transferrins are considered as transport proteins based on their homology with
mammalian Transferrins, although genetics and expression studies have revealed that the three
isoforms have distinct and initially unexpected functions. Tsf2 is an integral component of
epithelial septate junctions and may have no role in iron transport [9]. Tsf3 is poorly
characterized but possibly involved in the circadian rhythm regulation [10]. Tsf1 participates
in iron trafficking [11] and is inducible upon infection. Its involvement in nutritional immunity
has been experimentally demonstrated: by mediating iron sequestration from the hemolymph
to the fat body, it reduces iron availability in the hemolymph and consequently enhances fly
resistance to infections by Pseudomonas aeruginosa and Mucorales fungi [4].

Iron management is however not central in pathogenic interactions only: a growing
number of cooperative iron management strategies is getting described between host and
mutualistic microbes [12]. Insects are particularly concerned with associations with
endosymbiotic bacteria, i.e. bacteria living within host tissues [13]. Some endosymbionts are
intracellular and act as obligate for the host, as they provision nutrients without which the host
cannot develop properly [14]. Others are facultative (they do not systematically infect all
individuals of their host species) and provide the host with context-dependent ecological
advantages, such as a reduction of predation risk [15], feeding specialization [16] or protection
against natural enemies [17-21]. Some facultative endosymbionts also evolved the ability to
manipulate their host reproduction to enhance their own prevalence in the population [22,23].
As endosymbionts are confined within host tissues, they get supplied with nutrients by carrying

on intensive metabolic interactions with their host. These interactions were largely studied for
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organic molecules such as amino-acids and vitamins [24], but little is known about the function
of trace metals in endosymbiotic homeostasis. Proteomics on a free-living relative of the aphid
facultative endosymbiont Serratia symbiotica revealed several proteins involved in iron
metabolism suspected to participate in host iron acquisition at the nascent stage of symbiosis
[25]. The Tsetse fly facultative endosymbiont Sodalis glossinidius also expresses genes
encoding for iron uptake and transport [26] and a mutant defective for the outer membrane
heme transporter HemR has an impaired ability to colonize the host gut, indicating that iron
metabolism is important to sustain the tsetse fly symbiotic homeostasis [27]. Iron homeostasis
has also been highlighted as a key factor regulating Wolbachia interaction with its insect hosts.
Wolbachia is an extremely widespread endosymbiont that can efficiently manipulate the
reproduction of various arthropod hosts by four distinct mechanisms that helped it reach a
prevalence of over 80% in some host species [28-30]. It produces Bacterioferritins that
scavenge iron to sustain bacterial proliferation and consequently help the host coping with iron
overload in the diet [31]. Wolbachia infection also confers a fecundity benefit to Drosophila
melanogaster reared on both low-iron and high-iron diets, indicating a global buffering role of
Wolbachia for this nutrient [32]. These examples suggest that iron could be an important
nutrient in mediating homeostasis in a wider range of insect endosymbioses.

Spiroplasma poulsonii (hereafter Spiroplasma) is one of the two heritable
endosymbionts that naturally infect Drosophila flies, along with Wolbachia [33]. Spiroplasma
belongs to the Mollicutes, a class of bacteria that is devoid of a cell wall. As it does not expose
peptidoglycan or other known bacteria-associated molecular patterns on its surface,
Spiroplasma is not expected to be recognized by the fly immune system, although this
assumption is put into question by recent results suggesting a basal stimulation of the Toll
pathway [34]. In return, host immunity seems to have no effect on Spiroplasma proliferation,
suggesting that titer control is rather mediated by metabolic processes [35,36]. Spiroplasma
lives free in the host hemolymph and gets vertically transmitted by co-opting the yolk uptake
machinery of oocytes [37]. Most Spiroplasma strains also cause two remarkable phenotypes in
Drosophila: male killing, whereby infected male offspring is killed during early embryogenesis
by the action of a bacterial toxin [38], and protection the host against nematode and parasitoid
wasp infections [20,39-41].

The metabolic interactions between Spiroplasma and Drosophila are still largely elusive,
although previous reports showed that the bacterium relies on host circulating diacyglycerides
to proliferate [42]. The requirement for other nutrients (amino-acids, vitamins or trace metals

for example) has not been explored yet. The genome of Spiroplasma encodes for three ferritin-
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like genes of which one is induced upon host contact compared to in vitro culture, suggesting a
role of this in endosymbiosis [43]. This prompted us to investigate the role of iron homeostasis
in the Drosophila-Spiroplasma symbiosis. We first show that Drosophila generates a
nutritional immune response against Spiroplasma by sequestering iron. Using flies carrying a
loss-of-function allele of tsfl, we further demonstrate that Spiroplasma growth relies on host
Tsf1, and that the bacteria uptakes iron when it is Tsf1-complexed and not when it is free. This
indicates an evolved ability of Spiroplasma to highjack the Tsfl-related iron transport of the

host to get access to iron to sustain its own growth.
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Results

1. Tsflisenriched in Spiroplasma-infected flies

A recent proteomics profiling revealed an enrichment of Tsfl in Spiroplasma-infected
hemolymph of adult females [34]. Other proteins related to iron transport and storage were
identified in the fly hemolymph, notably FerlHCH and Fer2LL.CH, but Tsf1 was the only one to
be significantly more abundant upon Spiroplasma infection (Fig 1A). Tsf2 and Tsf3 were not
detected in the hemolymph.

We first sought to confirm Tsfl response to Spiroplasma infection by measuring the
expression of the tsfl gene across fly life stages in infected versus uninfected flies (Fig 1B).
Both the infection status and the life stage had a significant effect on tsf1 expression level (p-
value Infection = 10, p-value LifeStage = 10°, p-value Interaction = 10™#). Post-hoc testing
indicates that Tsfl increased expression upon Spiroplasma infection was markedly significant
only in 2-weeks old adults, but although non significant this tendency was also observed for

larval and pupal stages and for 1-week-old adults (Fig 1B).
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Fig 1 - Tsfl is enriched in Spiroplasma infected flies.

(A) Proteomics profiling of Spiroplasma-infected hemolymph from Masson, Rommelaere et
al. 2021 [34]. FC represents the fold-change between infected and uninfected flies. Dotted
lines indicate the significance thresholds (log2(FC) = -1 or 1 for vertical lines, p-value = 0.05
for the horizontal line). Each grey dot represents a protein or a protein group. Purple symbols
represent proteins related to iron transport and storage. (B) RT-qPCR quantification of tsfl
transcript levels in infected versus uninfected flies across life stages. Boxplots indicate the
mean and interquartile range. Isolated dots represent outliers. Data was analyzed by two-way
ANOVA followed by a Tukey HSD post-hoc testing. Indications in the upper part of the graph
display the ANOVA p-values for the factors “Developmental stage” (stage) and “genotype”.
*** = p-value < 0.001 ; ** = p-value < 0.01 ; * = p-value < 0.05.

2. Host Tsf1 is required for Spiroplasma growth but not for vertical transmission

The observation that tsf1 was induced by Spiroplasma infection, as well as the Tsf1 enrichment
in infected hemolymph, pointed to a possible role of Tsfl and iron in the regulation of the
Drosophila-Spiroplasma interaction. To test this we infected a mutant fly line carrying a null
tsf1 allele (tsf177%*, hereafter tsf1) [4] and compared the Spiroplasma titer to that of the control
w8 line over all developmental stages of the fly. Although tsf1 mutant larvae and early pupae
exhibited a normal Spiroplasma titer, a marked decreased was observed in late tsfl mutant
pupae compared to the control (Fig 2A). A similar decrease in Spiroplasma titer was also
observed in 4 weeks old females but not in 1 week old females (Fig 2B). In wild-type flies,

Spiroplasma titer increases over fly development and aging: It dramatically increases at mid-
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pupation and then grows exponentially during adulthood [35]. Our results suggest that tsfl is
required for Spiroplasma only at high titer, hence when the most bacteria are competing with
the host for iron usage.

Remarkably, the tsf1 mutant line was unusually difficult to infect by Spiroplasma injection and
required several attempts before being stably infected. Furthermore, we tried to confirm this
phenotype by infecting a stock carrying a chromosomal deficiency containing the tsf1 gene, and
we could not infect this line despite several attempts. This suggests that the lack of tsf1 makes
flies partially refractory to Spiroplasma artificial infections. We could however confirm the
requirement of tsfl for Spiroplasma proper growth using RNA interference (RNAI). A RNAI
targeting tsf1 driven by the ubiquitously expressed driver actin5C-GAL4 led to a normal titer in
1 week old flies and decreased titer in 4 weeks old flies, mimicking the phenotype of the tsfl
mutant (Fig 2C).

Spiroplasma infection severely reduces Drosophila lifespan [42]. The tsf1 mutant line infected
with Spiroplasma had an increased lifespan compared to infected controls, in accordance with

its decreased bacterial titer (Fig 2D).

The tsf1 mutation did not however impair vertical transmission, as evidenced by the stability of
the infection over generations and by the titer in embryos that was similar to that from control
flies (Fig 2E). Male-killing was also unaffected by the tsf1 mutation as the progeny of the
mutant line was 100% female for over two years after the initial infection.

The decreased titer and consequent increased lifespan of the tsf1 mutant upon Spiroplasma
poulsonii infection was also observed upon Spiroplasma citri acute infection (Figure S1). S.
citri is a closely related species that infects plants and insects with a strict horizontal
transmission. It causes lethal infections when injected into the hemolymph of Drosophila
[35,44]. Similar phenotypes between S. poulsonii and S. citri indicate tsfl requirement is a

general requirement of the Spiroplasma genus rather than a S. poulsonii specificity.
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Fig 2 - Tsfl is required for Spiroplasma growth at precise life stages of the host.

Spiroplasma qPCR quantification across developmental stages (A) and in adult females (B)
for w8 wild-type flies and tsf1 mutant flies. (C) Spiroplasma gPCR quantification in flies
expressing a dsRNA targeting tsfl under the control of the ubiquitous act5C-GAL4 driver.
Spiroplasma relative titer was calculated as the copy number of the dnaK gene normalized by
that of the host gene rpsl7 following the AACT method. Boxplots indicate the mean and
interquartile range. Isolated dots represent outliers. Data from panels A and B were split for
better readability but were analyzed as a whole using a two-way ANOVA followed by Tukey
HSD post-hoc testing. * = p-value < 0.05 at the post-hoc testing. (D) Lifespan of infected and
uninfected tsf1 mutant flies compared to their w''® wild-type counterparts (N = 344). Data
were analyzed by pairwise Log-Rank test with Benjamini-Hochberg correction for multiple
testing. *** = p-value < 0.001; * = p-value < 0.05. (E) Transmission ratio of tsf1 mutant flies
compared to their w'® wild-type counterparts. Transmission was calculated as the
Spiroplasma relative quantification in embryos normalized by the Spiroplasma relative
quantification in adult females at the time eggs were laid. Boxplots indicate the mean and
interquartile range. Isolated dots represent outliers. Data were analyzed with a Student t-test
(not significant).
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3. Spiroplasma infection triggers iron sequestration in the fat body

Pathogenic infections in Drosophila trigger a Tsfl-dependent nutritional immune response
whereby iron gets depleted from the hemolymph and sequestrated in the fat body to decrease
its availability for invading pathogens [4]. We proceeded with a quantification of total iron in
fly tissues to see if a similar defense response was observed upon Spiroplasma infection, in
wild type and tsf1 mutant flies (Fig 3A). Iron quantification made on whole flies indicated that
Tsfl does not regulate total iron in the fly, and that Spiroplasma causes iron depletion in both
genotypes (Fig 3A). Spiroplasma-induced iron depletion was stronger in tsf1 mutants (-40% in

infected flies in average) than in wild type controls (-24% in infected flies in average).

The iron depletion was specific to the hemolymph were Spiroplasma reside. The infection
caused a significant iron decrease of similar amplitude in both genotypes, although not
statistically significant. On the other hand, the iron amount in the fat body was tendentially
higher in both genotypes. The trend was statistically significant only in the wild type controls
for which iron increase in the fat body reached +59% in average upon infection versus only

+29% in average in tsfl infected mutants (Fig 3A).

To confirm this results, we then monitored iron sequestration in the fat body by an alternative
approach. We stained whole flies slices with Perl’s Prussian blue, a stain commonly used to
detect iron in tissues. The staining revealed iron inclusions in adipocytes from Spiroplasma-
infected wild-type flies, seen as blue deposits that were undetectable in the fat body of
uninfected flies (Fig 3B).

Collectively, these results show that Spiroplasma induces a nutritional immune response in
Drosophila. This response translates into iron depletion from the hemolymph and iron
sequestration in the fat body. It also indicates that Tsfl participates in maintaining total iron
levels in whole flies and in the iron sequestration in the fat body upon Spiroplasma infection,

although to a lesser extent compared to the case of an accute infection with pathogenic microbes

[4].
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Fig 3 - Iron quantification in fly tissues upon Spiroplasma infection.

(A) Iron quantification by ICP-OES in whole flies and in dissected tissues. Iron amount is
expressed as ng of iron normalized by mg of proteins in the samples. Boxplots indicate the
mean and interquartile range. Isolated dots represent outliers. As samples were independent,
data were analyzed by two-way ANOVA per tissue followed by Tukey HSD post-hoc testing.
Indications in the upper part of each graph display the ANOVA p-values for the factors
“Spiroplasma infection” (inf) and “genotype” (geno), when significant. *** = p-value < 0.001
; ** = p-value < 0.01 ; * = p-value < 0.05. (B) Prussian blue staining on w!® wild-type flies
infected or not by Spiroplasma. Iron is visible as blue deposits in the cytosol of adipocytes
from infected flies only.

4. Spiroplasma growth requires Tsf1l-complexed iron but not free iron

The negative impact of Tsfl absence on Spiroplasma growth suggests that Spiroplasma relies
on this protein to get iron. Therefore we investigated whether Spiroplasma growth relies on the
uptake of free iron or rather on Tsfl-complexed iron. For this, we compared Spiroplasma titer

in wild type flies raised on a diet either i) enriched in iron through ferric ammonium citrate
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(FAC) supplementation, or ii) in which iron was made biologically unavailable by adding the
iron chelator bathophenanthrolinedisulfonic acid (BPS). FAC and BPS supplementations were
performed on a standard diet (Fig 4A) or on an iron-poor diet (Fig 4B). We first verified that
iron manipulation in the diet had a significant impact on total iron in the flies (Fig S2), and then
performed Spiroplasma titer measurements over three weeks. None of the diet/treatment
combination had any significant impact on Spiroplasma titer, which indicates that free iron
availability is not required for nor detrimental to bacterial growth (Fig 4A and 4B).

Upon feeding, iron availability for bacteria living in the hemolymph is however dependent on
a series of processes: i) the reduction of free (ferric) iron Fe** into free (ferrous) iron Fe?* in the
gut lumen; ii) Fe?* uptake in the enterocytes through the metal transporter Malvolio; and iii)
iron provisioning to the tissues through Fe-S synthesis in the enterocytes, Fe3" complexation
with Ferritin or Tsf1, or direct Fe®* export in the hemolymph through multicopper oxidases
[6,45,46]. To circumvent all these steps and verify in a more direct fashion the effect of free
iron on Spiroplasma growth with the least possible bias, we proceeded in injecting FAC or BPS
directly in fly thorax and measured Spiroplasma titer one week later (Fig 4C). Here again we
observed no significant effect, although both treatments led to a slightly lower titer (possibly
because of the deleterious effects of the compound injection procedure regardless of their iron-
related effect, see Discussion section). We also tried to inject bovine hemin, a porphyrin that
contains a ferric ion Fe*. To our surprise, hemin injection caused an upwards trend on
Spiroplasma titer. The difference was not significant compared to PBS injection, but close to
the threshold when compared to other treatments (p-value of the pairwise comparison with FAC
injection = 0.041; with BPS injection = 0.059; Fig 4C). This could be an indication that iron
fosters Spiroplasma growth only when complexed to an organic carrier.

We thus wanted to verify if Tsf-complexed iron had a direct positive impact on Spiroplasma
growth. To this end, we injected commercial mammal Tsf carrying a Fe* ion (holo-Tsf) or not
bound to iron (apo-Tsf) and measured Spiroplasma titer after one week (Fig 4D). We observed
a significant positive effect on Spiroplasma growth upon holo-Tsf injection, but not upon apo-
Tsf injection. This provides a strong evidence that Spiroplasma requires iron complexed to Tsf,
and not the Tsf protein itself.

Remarkably, the positive effect of holo-Tsf injection was not observed in tsf1 mutant flies,
pointing that iron-protein complexes have an impact only in presence of the native Drosophila
Tsfl. Iron binding to Transferrins is a spontaneous, competitive, ionic bounding (illustrated by
the ability of other metal ions to replace Fe** upon competition for the binding site [47,48]),
hence ion-exchange from holo- to apo-Tsf are expectable in vivo, although this has not been
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formally demonstrated due to technical hurdles. An attractive hypothesis to explain
Spiroplasma titer increase upon holo-Tsf injection could be that iron gets transferred from fully
loaded bovine Tsf to partially loaded Drosophila Tsfl, where it becomes usable by
Spiroplasma.

Collectively, these results indicate that Spiroplasma is not able to benefit from free iron

availability but rather relies on iron complexed with host carrier proteins.
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Fig 4 - Spiroplasma growth is not affected by free iron but fostered by Tsf-complexed
iron.

Spiroplasma quantification in w''8 wild-type flies raised on standard (A) or iron poor (B) diet
supplemented with FAC or BPS. (C) Spiroplasma quantification in w'!'® flies one week after
injection of FAC, BPS or hemin. (D) Spiroplasma quantification in w8 wild-type flies or tsf1
flies one week after injection of holo-Tsf (iron bound) or apo-Tsf (not iron bound). Boxplots
indicate the mean and interquartile range. Isolated dots represent outliers. Spiroplasma relative
titer was calculated as the copy number of the dnaK gene normalized by that of the host gene
rpsl7 following the AACT method.

Data were analyzed with a two-way ANOVA for panels A and B (no significant effect of the
treatment) and C (p-value treatment = 0.099; p-value genotype = 10°) and with a one-way
ANOVA for panel C (p-value treatment = 0.030). TukeyHSD post-hoc testing was performed
for pairwise comparisons when the ANOVA p-value was below 0.05. *** = p-value < 0.001 ;
** = p-value <0.01 ; * = p-value < 0.05.
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Discussion

Iron is well established as a disputed nutrient between hosts and microbial pathogens.
Its function in insect interactions with their microbial symbionts remains however poorly
understood. Here, we demonstrate that iron is also disputed between Drosophila and its
heritable endosymbiont Spiroplasma poulsonii. We show that Spiroplasma infection causes an
induction of the Tsfl coding gene in Drosophila and a Tsfl enrichment in the hemolymph of
the fly, were Spiroplasma resides. By leveraging Drosophila genetics, we pinpoint the
requirement of tsf1 gene for a normal Spiroplasma growth, especially at the pupal stage and in
older flies. We also show that Tsfl participates in iron sequestration in the fat body upon
Spiroplasma infection to a lesser extent than upon pathogenic infections, and that Spiroplasma
requires Tsf-complexed iron to sustain its growth. Collectively, our results pinpoint Tsfl as a
regulator of endosymbiosis stability, as it is central for both the symbiont iron uptake and the
host iron transport and sequestration.

The requirement of Tsfl for Spiroplasma growth only at a specific host developmental
stage (late pupation) is intriguing. Developmental high-throughput analyses in Drosophila
revealed a peak of tsf1 expression at early pupation [49] that translates into steadily increasing
protein abundance during the whole pupation process [50]. This suggests an increasing
requirement for Tsfl during host pupation (possibly to sustain the massive tissue remodeling
and proliferation), hence a stronger competition with Spiroplasma for Tsfl at this
developmental stage specifically. The Tsfl loss-of-function also had a stronger effect on
Spiroplasma growth in aging flies, when Spiroplasma titer is the highest [35]. Taken together,
these results suggest that Tsf1 supply is not limiting bacterial growth when there is a low level
of host-symbiont competition for circulating iron. When host demand increases (at pupation)
or when symbiont demand increases (along with host aging and titer increase), Tsfl gets
undersupplied and does not cover bacterial needs anymore, which hinders Spiroplasma growth.

We show that in the case of the chronic, heritable, infection with Spiroplasma,
Drosophila mounts a nutritional immune response by sequestrating iron. This response
resembles that observed in the case of an acute pathogenic infection [4], with the difference that
it is only partially mediated by Tsfl. A conceivable explanation would be that Tsfl could
respond steadily to acute stresses, while other proteins, possibly Tsf3, Ferritins or other
unsuspected proteins, would mediate long-lasting sequestration.

Our experiments with FAC and BPS injection also proved intriguing as none of the

treatment had a positive impact on Spiroplasma growth. The BPS experiment indicates that the

99



bacteria do not directly require free iron. Yet Tsfl was expected to buffer the FAC
supplementation in vivo, hence increasing complexed iron availability. An explanation to the
lack of positive effect lies in the ability of free iron to produce reactive oxygen species through
the Fenton reaction, with deleterious consequences on cells [51,52]. FAC supplementation
positive impact could thus be offset by oxidative stress negative impact, resulting in an overall
impaired bacterial growth. On the other hand, hemin or holo-Tsf supplementation could provide
iron without triggering the Fenton reaction, hence fostering bacterial growth.

Eventually, we show that holo-Tsf extracted from bovine tissues does not improve Spiroplasma
growth if the native Drosophila Tsf1 is absent (in tsf1 mutant flies). Combined with the inability
of Spiroplasma to benefit from free iron supplementation, this is an indication that the bacteria
evolved an iron uptake mechanism from Drosophila Tsf1 that is protein-specific. The genome
sequencing of Spiroplasma poulsonii revealed evolutionary footprints of its adaptation from a
free-living to an intra-host lifestyle. An illustrative example is the pseudogenization of its
transporter for trehalose (the main circulating sugar in Drosophila hemolymph) that is
suspected to prevent bacterial overgrowth, hence assuring the long-term stability of the
interaction [53]. We believe the adaptation to Tsf1-complexe iron uptake and not free iron could
be another mechanisms coupling Spiroplasma growth rate to host metabolism. However, Tsfl
has no known receptor in Drosophila, hence the way the protein is internalized by host cells
remains elusive, as is the way Spiroplasma uptakes iron from it. Further investigation should
clarify whether bacterial cells directly internalize the protein, or if iron is scavenged from Tsfl

by means of secreted bacterial proteins.
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Material and Methods

Drosophila and Spiroplasma stocks

Standard wild type genotype was w!'® (Bloomington Stock Center BDSC #3605) for all
experiments except proteomics, tsfl expression measurements and iron feeding experiments for
which Oregon-R (BDSC #5) flies were used. The tsf1 mutant has been published previously [4]
and the UAS-tsf1-IR line is publicly available (BDSC #62968). All experiments were carried
out with Spiroplasma poulsonii strain Uganda-1 (Ug-1) [54] at 25°C.

Diet manipulation

Stocks breeding and experiments were carried out on standard cornmeal medium (35.28 g of
cornmeal, 35.28 g of inactivated yeast, 3.72 g of agar, 36 ml of fruits juice, 2.9 ml of propionic
acid and 15.9 ml of Moldex for 600 ml of medium) at 25°C. Iron poor diet consisted in 10%
yeast, 10% sucrose, and 0.6% agar (w/v) in water [55]. FAC (Sigma F5879) was supplemented
in the diet at 20 mM final concentration and BPS (Sigma 146617) at 200 puM final

concentration.

Spiroplasma quantification by gqPCR

Spiroplasma quantifications were performed as previously described [35] using DnaA109F 5'-
TTAAGAGCAGTTTCAAAATCGGG-3’ and DnaA246R 5'-
TGAAAAAAACAAACAAATTGTTATTACTTC-3' [56] to quantify Spiroplasma dnaA gene
and Dmel.rpsl7F  5'-CACTCCCAGGTGCGTGGTAT-3" and Dmel.rpsl7R  5'-
GGAGACGGCCGGGACGTAGT-3" [57] to quantify Drosophila rpsl7 gene. Relative
Spiroplasma quantification was calculated as the dnaA over rpsl7 ratio following the AACT

method [58]. Quantifications were made in three biological replicates.

tsfl expression measurement by RTqQPCR

Tsfl expression was measured by RT-gqPCR on pools of 10 individuals at each developmental
stage, with three biological replicates, as previously described [4]. Primers used were Tsfl-F
5’-GGATCGCCTGCTGAAGAAGA-3’ and Tsfl-R 5°- CCCGGCAGACCAAAGTACTT-3’
for tsfl and rpL32-F 5’-GACGCTTCAAGGGACAGTATCTG-3" and rpL32-R 5’-

101



AAACGCGGTTCTGCATGAG-3’ for the Drosophila housekeeping gene rpL32 (rp49) [59].
Relative quantification of tsfl transcript was calculated following the AACT method [58].

Iron measurement using Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES)

Flies (N = 10 per sample) were used as a whole or their fat body dissected in phosphate buffer
saline (PBS). Hemolymph extraction was performed on large batches of flies by centrifugation
on filter cartridges as previously described [4]. Sample preparation and iron quantification was
then performed as previously described [4] on a Perkin Elmer Optima 8300 ICP-OES at
Laboratoire de Géochimie Environnementale, University of Lausanne, Switzerland. Iron
measurements were normalized to the total protein amount in each sample measured using the
Pierce™ BCA Protein Assay Kit (Thermofisher).

Prussian blue staining

Prussian blue staining was performed at the Histology Core Facility of EPFL, Lausanne,
Switzerland. Briefly, whole flies were fixed in PBS with 4% paraformaldehyde and 0.1 Triton
X-100 overnight and embedded in paraffin in a Sakura VIP6. Sections of 5 uM were stained
with using a standard Perl’s Prussian blue protocol [60] and observed on a Zeiss Axiolmager
Z1.

Spiroplasma citri challenge

S. citri infections were performed using the G113 strain kindly provided by Laure Béven from
the UMR1332 “Biologie du Fruit et Pathologie,” INRAE Bordeaux, France [61,62]. S. citri
was grown at 32°C in SP4 medium from three days before being injected. 50 pL of culture were
centrifuged at 20 000 g for 10 minutes and resuspended in PBS. 9 nL of bacteria suspension or
PBS (mock control) were injected in the thorax of young females using a Nanoject Il

(Drummond) and survival was assessed once a day until all flies died.

Lifespan assessment

Female flies of each genotype/infection status (N = 20 per replicate) were selected within one
day after eclosion and kept at 25°C on standard cornmeal medium. Medium was changed and
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survival was assessed three times a week until all flies died. At least three replicates were done

for each experimental group.

Iron derivative injection

A 18 nL injection of each product (or PBS as mock control) was performed in the thorax of
young females using a Nanoject 1l (Drummond). Spiroplasma was quantified by gPCR 7 days
after the treatment. FAC (Sigma F5879) was injected at 50 mM, BPS (Sigma 146617) at 10
mM and bovine hemin (Sigma H9039) at 10 mM, bovine holo-Tsf (Sigma T1283) and human
apo-Tsf (Sigma T1147) at 300 pg per fly. Spiroplasma quantification was performed 7 days

after the treatment.

Statistical analyses

Statistical procedures are described in detail in the figure legends along with relevant results.
Briefly, RT-gPCR and Spiroplasma quantifications were analyzed by ANOVA followed by
TukeyHSD multiple comparison post-hoc testing when relevant. Lifespan assays were analyzed

by pairwise Log Rang tests with Benjamini-Hochberg correction for multiple testing.
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Supplementary material

S1. tsf1 mutant phenotype upon Spiroplasma citri acute infection.
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Fig S1. tsf1 mutant phenotype upon Spiroplasma citri acute infection.

(A) S. citri quantification in w!''® and tsf1 mutant flies 7 days after injection. Data were
analyzed with a Student t-test. *** = p-value < 0.001. (B) Survival of w''*® and tsf1 mutant
flies upon PBS buffer or S. citri injection (N = 137). Data were analyzed by pairwise Log-
Rank test with Benjamini-Hochberg correction for multiple testing. ** = p-value < 0.01. Black
crosses on control PBS treatments indicate censored data.
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S2. Iron measurement in flies raised on diets with altered iron content.

Standard medium . Iron poor medium

log(fold-change[lron (ng/mg of proteins)])

Fig S2. Iron measurement in flies raised on diets with altered iron content. Data is
represented as the fold-change in iron content normalized by protein content in flies raised on
manipulated diets compared to that of flies raised on control, standard, diet.
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Chapter IV

General discussion and perspectives

The aim of this thesis was to elucidate the molecular mechanisms involved in the control of
bacteria-host interactions and, more particularly, the role of immune effectors in symbiotic
interactions. To this end, | leveraged the numerous advantages of the genetically tractable
model Drosophila melanogaster to analyze the impact of immune effectors on the gut

microbiota and the endosymbiotic bacterium Spiroplasma poulsonii.

The Drosophila immune system is composed of several immune modules, some of which share
characteristics with the vertebrate innate immune system (53). A hallmark of the Drosophila
innate immune system is the synthesis of immune effectors and antimicrobials by the fat body
and some epithelia (e.g in the trachea and the gut). An extensive array of effectors have been
discovered, but their respective contribution to the elimination or control of specific microbes
is still elusive. The study of immune effectors is complicated by the fact that the host has
multiple strategies to combat microbial infection as such the modes of action of these effectors
are diverse. Some effectors directly target pathogens, as exemplified by antimicrobial peptides.
In contrast, many immune effectors indirectly contribute to survival by producing toxic
molecules (e.g. ROS), by detoxifying microbial toxins, by sequestering metabolites required
for microbial growth (e.g. iron sequestration by Transferrin) or by degrading the bacterial cell
wall components, making microbes more susceptible to the host weapons (e.g. lysozymes).
Many of these immune molecules induced upon infection contribute to a metabolic change that
prevents immune and pathogen-induced tissue damage or control bacterial growth, as in the
case of microbiota establishment.

It is crucial to consider that host-pathogen and host-symbiont interactions share much of the
same ‘language’ of cell and molecular biology, but result in different ‘conversations’, acting to
eliminate invaders in the first case, while maintaining beneficial or benign relationships in the
second. For example, the detection of MAMPs, which normally triggers immune system
activation and pathogen elimination in the host, can be essential for a successful symbiotic
establishment (231).

113



Thus, to fully understand immune effectors in a variety of roles, we must study how they control
not only pathogens but also symbionts, and how their function is integrated into host
metabolism and physiology.

In the following section, I will discuss the results of the two main projects of this thesis: a
clarification of the role of AMP and lysozyme antimicrobials in the establishment and control
of gut microbiota homeostasis, and the role of Transferrin 1 in regulation of the Drosophila

symbiont Spiroplasma poulsonii.

Role of immune effectors in the gut homeostasis

As in mammals, the fly gut microbiota contributes to physiological homeostasis (216).
However, the establishment of the gut microbiota population comes at a cost for the host. The
Imd pathway, which is a main defense against bacterial infection in the gut, has proved to be a
key regulator of gut microbiota growth and composition (178, 186, 216). However, the
mechanisms allowing the same effectors to establish a protective environment for the
microbiota while effectively targeting pathogenic infections are not yet fully established. In this
work, we aimed to understand the role of some of these effectors, AMPs and lysozymes, in
controlling the microbiota.

We found that AMPs, and to a lesser extent lysozymes, are necessary to regulate the abundance
of total gut bacteria and its relative composition, mainly during aging. We found that AMPs
are required for homeostatic control of predominantly the Gram-negative bacteria Acetobacter
during aging, while lysozymes had a minor impact on Gram-positive bacteria. These results are
consistent with the idea that the Imd pathway and expression of AMPs are mainly activated
upon Gram-negative bacterial infection (232, 233) and that lysozymes are thought to
specifically degrade Gram-positive bacterial cell walls but have little or no effect on Gram-
negative species (234). However, we did find a minor effect of antimicrobial peptides on some
Gram-positive bacterial species, suggesting that they may have a broader impact on microbiota
homeostasis. This raises the question of the specificity and mode of action that antimicrobial
peptides have against microbiota bacteria. It should be noted that our work relies on the use of
isogenic fly strains. While the isogenization process homogenizes the genetic background so
that more controlled comparisons are possible, it also increases the degree of homozygosity

with possible complex genetic interactions. Thus, our study using the isogenic Drosdel
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background should be reinforced by other studies in different backgrounds or using other
approaches.

Recently, Hanson et al. showed that AMPs can selectively target Gram-negative bacteria and
to lesser extent fungi, and that they can act in a synergistic or additive modes to kill pathogens
upon infection (110). These observations led us to speculate an analogous role for AMPs against
the microbiota community. We hypothesize that each antimicrobial peptide expressed in
response to the gut microbiota may act differently on the bacterial community, showing synergy
or additivity against bacterial species in the gut. By downregulating single or grouped AMPs,
further analysis should decipher how AMPs individually or collectively regulate microbiota.
Our work confirmed previous studies showing that gut microbiota composition of adult flies is
mainly affected during aging (203). Aging is associated with deterioration of gut
compartmentalization, notably the acidic zone (191, 235) that likely leads to bacterial
overgrowth, which negatively impacts Drosophila gut physiology (197, 202). This increased
load of microbiota in the gut with age likely explains the increased expression of AMPs due to
chronic activation of the Imd pathway (186). Here we show that specific Imd-related AMPs are
required to control gut microbiota composition and abundance, particularly during the aging
process. It is paradoxical that microbiota load increases with age despite increased expression
of AMPs that control it. This may suggest that most microbiota species can escape the action
of AMPs. Alternatively, it cannot be excluded that the increased AMP gene expression does
not translate into a higher peptide production. Moreover, studies on germ-free flies suggest that
while the microbiota has a positive impact in young flies, the presence of gut bacteria is
detrimental upon aging (236). The observation that aging defects are more pronounced in Imd-
deficient Relish mutants, previously indicated that this pathway plays an important role in gut-
microbiota homeostasis (186). Our results extend this by showing that AMPs do contribute to
the role of the Imd pathway in the gut during aging, likely by directly limiting microbiota
growth.

In Drosophila, transmission of the microbiota and colonization of embryo is ensured by the
parents, which lay eggs on food contaminated with their feces (178, 211, 212). The newly
emerged larvae feed on the contaminated substrate, colonizing the gut. It is also known that the
larval and adult microbiota is highly affected by the food content (213, 237). Since some
antimicrobial peptides and lysozymes are stable proteins (118), we cannot exclude that some of
these effectors produced in the gut lumen may be excreted to the environment in the feces with
the microbiota members. An AMP release process in the food may act as an additional early

“quality control” step in order to prevent the overgrowth of bacteria deleterious to either the
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larvae or adult flies, which re-ingest this microbial community as they feed. Intriguingly, we
have observed that certain AMP mutant flies are more difficult to raise due to the growth of
sticky bacterial biofilms on the medium (A. Marra, unpublished data). Further analysis will
focus on the role of AMPs in shaping the external environment.

The Drosophila gut microbiota is typically transient and continuous ingestion is necessary to
keep the gut colonized (178). Moreover, laboratory reared flies have an extremely reduced gut
community compared to those collected from natural population (209, 237, 238). For example,
Pais et al, have recently isolated a new bacterial species from the wild which can stably rather
than transiently colonize the fly gut, Acetobacter thailandicus (209). They showed that this
species is beneficial for the host and provides a fitness advantage in wild populations. Finally,
functional studies show that bacterial isolates from lab stocks have different properties
compared to isolates from wild Drosophila. For example, a wild Lactobacillus plantarum strain
can colonize the gut more efficiently than strains isolated from laboratory flies (239). How host
immune effectors can differentially control a stable gut colonizer or a wider natural community
throughout animal development is still an open question. This also raises the question of
whether antimicrobial peptides can act differently against microbiota from wild and lab
populations, and if they can show a high degree of specificity at the species or even strain level.
Signals derived from the gut microbiota are responsible for gut epithelium renewal, which is
part of the defense mechanisms against pathogenic insults (184). Altered control of gut
microbiota in immune-deficient or aged flies correlates with increased epithelium renewal and
dysplasia (184, 197, 240). Moreover, the gut microbiota can confer protection against bacterial
and viral infection through mechanisms such as immune priming or niche competition (219,
241). However, the role of immune system activation and immune effectors in these
mechanisms is elusive. AMPs and lysozymes are overexpressed in the gut upon bacterial oral
infections (177, 235), but their role towards the gut microbiota upon pathogenic infection is
unclear. Unpublished data show that after systemic infection with live and heat killed Gram-
negative bacteria, AMP mutant flies have an increased bacterial load in the gut compared to the
wild-type (M.A. Hanson, personal communication). We also found that germ-free flies lacking
AMPs or lysozymes were more susceptible to oral infection with the Gram-negative bacteria
Erwinia carotovora carotovora and Pseudomonas entomophila, compared to conventionally
reared flies (A. Marra, unpublished data,). This preliminary evidence suggests an interaction
between the gut antimicrobial effectors and the host microbiota in defending against pathogens.
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Endosymbiosis and nutritional immunity

Previous studies showed that Spiroplasma relies on the host diglycerides for growth (Herren et
al, 2014). Until recently, circulating lipids availability was the only known limiting factor that
can control Spiroplasma growth within fly hemolymph. Here, we revealed a significant role of
iron complexed to Transferrin 1 in the control of Spiroplasma growth. We showed that tsf1 is
upregulated upon Spiroplasma infection, and that this upregulation is associated with depletion
of iron from the hemolymph, which is relocated to the fat body. This process is reminiscent of
the role of Tsfl in nutritional immunity against pathogenic infections (242). latsenko et al.
showed that tsf1 transcription is regulated either by the Imd or by the Toll pathway, depending
on the microbial elicitors. This suggested that although Spiroplasma is devoid of
peptidoglycan, it can be detected by at least one of these pathways to trigger tsf1 upregulation
(242). An interesting hypothesis is that secreted proteases from Spiroplasma could trigger
peptidoglycan-independent activation of the Toll pathway via the circulating protease sensor
Perspephone (51). This hypothesis is reinforced by the detection of a low basal activation of
the Toll pathway in Spiroplasma infected flies (22), although further investigation will be
required to validate this. We also show that Spiroplasma takes up iron only when it is bound to
Tsfl. An alternative hypothesis to explain tsf1 induction in response to Spiroplasma is that iron
deprivation is sensed by the flies, prompting upregulation of the iron transporter and iron
sequestration in the fat body.

Preliminary data from our lab (F. Masson, personal communication) showed that Spiroplasma
can adapt to the lack of Tsfl in tsfl mutant flies, and after a small number of generations
proliferate in these mutants as efficiently as in wild-type flies. This is likely due to the high rate
of mutations of Spiroplasma poulsonii, which approaches rates observed in viruses (243). This
interesting observation led us to speculate that tsf1 upregulation and bacterial iron acquisition
may be a recent mechanism that Spiroplasma has evolved in order to hijack host iron more
efficiently, but that other Tsf1-independent mechanisms can take over if Tsf1 is absent.
Overall, this work identifies a new growth-limiting factor involved in Spiroplasma-Drosophila
symbiosis, and additionally shows that the host nutritional immune-effectors play a role in

endosymbiosis maintenance.
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Conclusion

The innate immune system is unable to specifically target microbial species, yet our results
highlight its incredible ability to respond differentially to the diverse categories of microbes
encountered by the fly (pathogenic, mutualistic or endosymbiotic). More importantly, it shows
that the effectors used to control symbiotic microbes (AMPs, Tsf1) are the very ones that fight
against pathogens upon acute infections. Further research will be needed to better understand
how host immunity distinguishes between symbionts and pathogens, beyond effector
specificity. Interesting candidates for this distinction are different sensing mechanisms or more
likely a fine-tuning of the pathway regulation, the identification of which should be the next
significant step in understanding the vast complexity of immune interactions between

Drosophila and microbes.
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Iron sequestration is a recognized innate immune mechanism
against invading pathogens mediated by iron-binding proteins
called transferrins. Despite many studies on antimicrobial activity
of transferrins in vitro, their specific in vivo functions are poorly
understood. Here we use Drosophila melanogaster as an in vivo
model to investigate the role of transferrins in host defense. We
find that systemic infections with a variety of pathogens trigger
a hypoferremic response in flies, namely, iron withdrawal from
the hemolymph and accumulation in the fat body. Notably, this
hypoferremia to infection requires Drosophila nuclear factor kB
(NF-xB) immune pathways, Toll and Imd, revealing that these
pathways also mediate nutritional immunity in flies. Next, we
show that the iron transporter Tsf1 is induced by infections down-
stream of the Toll and Imd pathways and is necessary for iron
relocation from the hemolymph to the fat body. Consistent with
elevated iron levels in the hemolymph, Tsf1 mutants exhibited
increased susceptibility to Pseudomonas bacteria and Mucorales
fungi, which could be rescued by chemical chelation of iron. Fur-
thermore, using siderophore-deficient Pseudomonas aeruginosa,
we discover that the siderophore pyoverdine is necessary for path-
ogenesis in wild-type flies, but it becomes dispensable in Tsf1
mutants due to excessive iron present in the hemolymph of these
flies. As such, our study reveals that, similar to mammals, Drosoph-
ila uses iron limitation as an immune defense mechanism mediated
by conserved iron-transporting proteins transferrins. Our in vivo
work, together with accumulating in vitro studies, supports the
immune role of insect transferrins against infections via an iron
withholding strategy.

transferrin | Drosophila | nutritional immunity | iron sequestration |
innate immunity

Iron plays an indispensable role in numerous physiological
processes, such as respiration, the trichloroacetic acid cycle,
oxygen transport, gene regulation, and DNA biosynthesis. Owing
to its versatile biological utility, iron is an essential element in the
biological processes of all living organisms, and is central to
metabolic function. As a consequence, iron sequestration by the
host is a potent defense against bacterial pathogens, a process
termed nutritional immunity (1-7). Early reports dating back to
the 1940s documented that intramuscular inoculation of dogs
with Staphylococcus aureus leads to a precipitous drop in plasma
iron levels, which was named hypoferremia of infection (8). This
hypoferremic response is an important facet of the innate im-
mune system aimed at limiting iron availability to invading mi-
crobes by withholding iron within the cells and tissues. In line
with this, individuals who suffer from iron overload due to mu-
tations affecting iron metabolism have an enhanced risk of in-
fection (9). To sequester iron from pathogens, the host relies on
a number of iron-binding proteins, among which members of
the transferrin family frequently play a prominent role (1, 10).
Transferrins are monomeric glycoproteins that are ubiquitous
in metazoans. Mammals have four types of transferrin: serum
transferrin, lactoferrin, melanotransferrin, and the inhibitor of
carbonic anhydrase (11, 12). Among these, serum transferrin and
lactoferrin have been implicated in nutritional immunity via iron

www.pnas.org/cgi/doi/10.1073/pnas.1914830117

sequestration from invading pathogens (5, 12). Serum transferrin
is abundant in the blood of mammals and primarily functions as
an iron transporter by shuttling the iron from the gut to pe-
ripheral sites of storage and use (13). Lactoferrin is found on
mucosal surfaces, and in biological fluids including milk and
saliva, indicating that it is part of the innate immune response;
however, there is no functional in vivo data supporting this role
(14-16). Due to their high affinity to iron, transferrins have been
shown to inhibit the growth of certain microbes (17). While
numerous studies reported the potent antimicrobial activity of
purified transferrins in vitro, in vivo studies addressing trans-
ferrin function are rather limited (10, 15, 18-24). Although
hypotransferrinemic (hpx) mice devoid of serum transferrin ex-
ist, how they respond to microbial infection has yet to be ex-
amined (25). Hence, the in vivo role of transferrins awaits further
investigation.

Due to its genetic tractability, Drosophila melanogaster has
been a model of choice to study innate host defense mechanisms
(26). The systemic antimicrobial response is probably the best-
characterized immune mechanism in Drosophila. It involves the
fat body, and, to a lesser extent, hemocytes, producing antimi-
crobial peptides that are secreted into the hemolymph. This re-
sponse is regulated at the transcriptional level by two nuclear
factor kB (NF-kB) pathways, Toll and Imd, whose inactivation
causes a high susceptibility to infection (26-29). However,
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whether nutritional immunity via iron sequestration constitutes a
part of the insect defense response has not been studied. There
are three transferrin homologs in Drosophila: Tsfl, Tsf2, and
Tsf3. Tsf2 is a component of epithelial septate junctions (30) and
is unlikely to play an antimicrobial role, whereas Tsf3 has not
been functionally characterized yet but might play a role in
circadian rhythms (31). Tsfl was recently shown to function as
an iron transporter in the hemolymph (the insect blood) similar
to mammalian serum transferrin (32). Specifically, fat body-
derived Tsfl is secreted into the hemolymph and trans-
ports iron from the gut and hemolymph to the fat body. The
Tsfl gene is induced upon infections, pointing to its role in
host defense (33-35). Proteomic analysis of hemolymph also
revealed Tsfl up-regulation after infection with the fungus
Beauveria bassiana (36). Transferrin genes have been shown to
be up-regulated in response to infection in other insect species,
including representatives from Diptera, Coleoptera, Hemi-
ptera, Hymenoptera, and Lepidoptera (21, 22, 37-39). Also,
the promoter region of Tsfl genes from several insects is
enriched in putative NF-xB binding sites, supporting the im-
mune role of Tsfl in these animals (37). Indeed, purified iron-
free transferrins from Sarcophaga bullata, Bombyx mori, and
Manduca sexta were shown to have antibacterial activity in vitro,
which was dependent on the transferrin’s ability to sequester iron
(21, 22, 40).

However, the in vivo role of insect transferrins in host defense
at the organismal level has never been addressed. In this study,
we used D. melanogaster as a genetically tractable model to in-
vestigate the role of iron and Tsfl in insect host defense.

Results

D. melanogaster Exhibits Infection-Induced Hypoferremia. Infections
in mammals induce a transient depletion of plasma iron (8),
motivating us to investigate whether infection-induced hypo-
ferremia also happens in Drosophila. To this end, we infected
flies by pricking with a range of pathogens, including the Gram-
positive bacterium Micrococcus luteus, the Gram-negative bac-
teria Pectobacterium carotovorum (Eccl5) and Pseudomonas
entomophila, and the yeast Candida albicans. We measured iron
content in the extracted hemolymph from unchallenged and in-
fected flies using inductively coupled plasma optical emission
spectrometry (ICP-OES). Compared to uninfected flies, there
was a significant decrease in hemolymph iron levels in all tested
infections (Fig. 14). Importantly, pricking with heat-killed bac-
teria triggered the same drop in hemolymph iron level as in-
fection with live bacteria (Fig. 1B). This suggests that iron
withdrawal from hemolymph is a host-mediated process, and
does not result from bacterial consumption. To track where
hemolymphatic iron might be redistributed to upon infection, we
monitored iron levels in other major tissues. The decrease of
hemolymph iron after M. luteus infection was correlated with a
concomitant increase in iron level in the fat body, while other
tissues were not affected (Fig. 1C). This result suggests that iron
was relocated from the hemolymph to the fat body after infection.

Infection-Mediated Hemolymph Iron Depletion Requires the Toll and
Imd Pathways. We next explored whether the Toll and Imd im-
mune pathways contribute to the depletion of hemolymphatic
iron upon infection. We found that, in contrast to wild-type flies,
Toll pathway-deficient mutants, including spz™’, GNBPI®*,
PGRP-54%"™ and ModSP' flies, were unable to remove iron
from the hemolymph after M. luteus infection, a challenge known
to predominantly activate the Toll pathway (27, 33). In fact, iron
amount after infection stayed at the same level as in uninfected
flies (Fig. 1D). Similarly, Imd pathway-deficient mutants PGRP-
SD**! PGRP-LCF'?, and Relish®’ were impaired in iron re-
moval from the hemolymph after pricking with Ecc15 heat-killed
bacteria (Fig. 1E), which potently activates Imd pathway but
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does not kill mutant flies (41). Interestingly, in PGRP-SD**!
mutant, we observed significant decrease in hemolymph iron, but
not as strong as in wild-type flies. This result is explained by the
fact that PGRP-SD**! mutants have only partial reduction in Imd
pathway activity, and therefore they have partial hypoferremic
response (41, 42). Thus, the Imd and Toll pathways appear to be
required for iron withdrawal from hemolymph after infections
that activate these pathways.

Transferrin 1 Is Required for Iron Relocation from Hemolymph to Fat
Body after Infection. The fact that the Toll and Imd pathways are
necessary for iron removal from hemolymph after infection
suggests that potential immune effectors downstream of these
pathways can transport iron from hemolymph to fat body. A
good candidate was the iron transporter transferrin 1 (Tsfl), as
transcriptomic studies have shown that this gene is induced upon
infection (33, 34). Using RT-qPCR, we showed that this gene is
strongly induced by M. luteus in a Toll pathway-dependent
manner, and by Eccl5 in an Imd pathway-dependent manner
(Fig. 2 A and B). Importantly, Tsfl up-regulation upon infection
was tissue-specific and was restricted to the fat body (SI Ap-
pendix, Fig. S14). Also, Tsfl is the only infection-responsive
transferrin in Drosophila, since none of the other two transfer-
rins was induced by M. luteus or Eccl5 (SI Appendix, Fig. S1 B
and C). Using an endogenously GFP-tagged TsfI transgenic line,
we additionally confirmed that Tsfl protein abundance is
strongly increased in the hemolymph after both M. luteus and
Eccl5 infections (Fig. 2C). To further explore the role of Tsfl in
infection-induced iron transport, we generated a Tsf/ mutant
(Tsf1’™**) using CRISPR-Cas9. The mutant has two nucleotide
substitutions and a single nucleotide deletion, which leads to a
frameshift with a premature stop codon at position 19 (Fig. 2D).
Using qPCR, we showed that there was no Tsf1 transcript in the
Tsf1’*** mutant in contrast to wild-type flies after M. luteus in-
fection (SI Appendix, Fig. S1D). Tsf1’"* mutants were viable and
did not show any obvious morphological defects under standard
laboratory conditions. Also, both Toll and Imd pathways were
induced properly in this mutant, as illustrated by the level of Drs
and Dpt expression after M. luteus and Eccl5 infections, re-
spectively (SI Appendix, Fig. S1 E and F). Next, we compared
iron distribution between wild-type and 7Tisf1’" 4 mutant tissues
after M. luteus infection. There was no difference in iron content
between uninfected wild-type and TsfI’"** mutant in the hemo-
lymph and fly tissues. Strikingly, after M. luteus infection,
TsfI’"* mutant contained significantly more iron in the hemo-
lymph and significantly less in the fat body compared to wild-type
flies (Fi%. 2F). Overexpression of a wild-type copy of Tsfl in
the TsfI’"* mutant background rescued the phenotype (Fig.
2F). This result suggests that Tsfl contributes to the iron reloc-
alization from hemolymph to fat body after infection. To confirm
this result and identify the source of Tsfl, we performed tissue-
specific RNA interference (RNAi)-mediated 7sf7 knockdown.
Similar to TsfI’"?, flies with ubiquitous TsfI knockdown retain
high iron load in the hemolymph after infection (Fig. 2F). Fat
body-specific, but not gut- or hemocyte-specific, TsfI knockdown
recapitulated this phenotype, indicating that the fat body is the
major source of Tsfl (SI Appendix, Fig. S1G). This result is
consistent with a recent study (32) that showed Tsf1 is produced
by the fat body and is secreted into the hemolymph (Fig. 2C),
where it binds to iron and transports it to the fat body. DmTsf1 is
homologous to human plasma Transferrin that has been func-
tionally and structurally well characterized. Structure—function
analysis has shown that five amino acid residues of hTsf are re-
quired for iron binding (11, 12). Sequence homology analysis
showed that three out of these five residues are conserved in
Drosophila Tstl (SI Appendix, Fig. S2). We substituted these
three residues with alanine and generated a fly line that over-
expresses this mutated form of T'sfl (UAS-TsfI™ ™) that should
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Fig. 1. D. melanogaster exhibits infection-induced hypoferremia. (A and B)
Iron content of flies’ hemolymph after indicated infections. Asterisks indicate
statistical significance relative to unchallenged (UC) (one-way ANOVA) (n = 50
flies per treatment). (C) Iron content in indicated tissues of wild-type (WT) flies
24 h after M. luteus infection compared to uninfected controls (n = 20 organs
per group, n = 50 flies for hemolymph). (D and E) Hemolymph iron content (D)
in Toll pathway mutants (spz™’, GNBP1°%, PGRP-SA>™, and ModSP') 24 h
after M. luteus infection and (E) in Imd pathway mutants (PGRP-SD**', PGRP-
LCF™2, and Relish®°) 24 h after heat-killed Ecc15 injection (n = 50 flies per
group). For all graphs, iron content in uninfected wild-type flies was set to 100,
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not bind iron. Overexlg)ression of this mutated version of TsfI did
not rescue the TsfI”"*? mutant (Fig. 2F). This reinforces our
conclusion that the ability of Tsfl to bind iron is necessary to
relocate the metal from hemolymph to fat body.

Transferrin 1 Mutants Are Susceptible to Pseudomonas and Mucorales
Fungal Infections. Having shown that Tsfl mediates the trans-
port of iron upon infection, we investigated the relevance of
this immune process in host survival to various pathogens.
As shown in SI Appendix, Fig. S3, TsfI’™** mutants exhibited
wild-type levels of survival after systemic infection with Eccl5,
Enterobacter cloacae, Listeria monocytogenes, Streptococcus
pyogenes, S. aureus, Enterococcus faecalis, C. albicans, and B.
bassiana (natural infection). We next explored TsfI”"*# mutants’
susceptibility to fungi of the order Mucorales and Pseudomonas
bacteria, the virulence of which is known to be strongly modu-
lated by iron availability (43-45). Interestingly, we observed
an increased susceptibility of Tsf1’** mutant and TsfI RNAi
flies to systemic infection with Cunninghamella bertholletiae, a
representative Mucorales that infects humans (Fig. 3 4 and
B). Notably, Toll pathway activation by C. bertholletiae was not
affected in the TsfI'"*? mutant (Fig. 3C). Overexpression of
wild-type Tsf1, but not the iron binding sites mutated form of
Tsfl, rescued the increased susceptibility of Tsf1’?# mutants
to this fungus (Fig. 3D). We could almost completely rescue
the susceptibility of TsfI’"* mutants to C. bertholletiae by
injection of the iron chelator bathophenanthrolinedisulfonic
acid disodium (BPS) (46), suggesting that excessive iron in the
hemolymph of TsfI"* mutants contributes to their increased
susceptibility to C. bertholletiae (Fig. 3E). BPS injection also has a
protective effect in wild-type flies, although not as significant as in
TsfI’™* mutants. We obtained similar increased sensitivity of
TsfI’P* mutants to another Mucorales representative, Rhizopus
oryzae (Fig. 3F), suggesting that transferrins are important for the
defense against this group of fungi.

We also observed an increased susceptibility of TsfI’"** and
Tsfl RNAi flies to systemic infections with two Pseudomo-
nas species, Pseudomonas aeruginosa (Fig. 4 A and B) and P.
entomophila (SI Appendix, Fig. S4 A and B). Consistent with the
impaired resistance of TsfI"™* flies, P. aeruginosa (Fig. 4C) and P,
entomophila gSI Appendix, Fig. S4C) reached significantly higher
loads in TsfI’™ mutants. As TsfI’"** mutants showed wild-type
levels of Imd pathway activation after P. entomophila and P.
aeruginosa infections (SI Appendix, Fig. S4D), the increased
susceptibility of these mutants was not due a general immune
deficiency but rather due to their inability to sequester iron away
from the hemolymph. Consistent with this, injection of the iron
chelator BPS into the hemolymph significantly improves survival
of TsfI’™* mutants upon P. aeruginosa infection (Fig. 4D).
Ubiquitous overexpression of wild-type but not the mutated Tsfl
form was sufficient to rescue the enhanced susceptibility of
TsfI’"* mutants to P. aeruginosa (Fig. 4E) and P. entomophila
(SI Appendix, Fig. SAE). Similarly, P. aeruginosa elevated load
in Tsf1'7** mutants was not observed when wild type but not the
mutated Tsfl form was ubiquitously overexpressed (Fig. 4F).
Interestingly, overexpression of wild type but not the mutated
Tsfl form in wild-type background led to a significant reduction
in P. aeruginosa load (Fig. 4F), which correlated with improved
survival of the flies (Fig. 4B). This protective effect of Tsfl
overexpression is comparable to the effect of BPS injection
(Fig. 4D), indicating that Tsfl may function as endogenous iron
chelator.

and all other values were expressed as a percentage of this value. The mean
and SD of three independent experiments are shown. *P < 0.05; **P < 0.01;
***p < 0.001; ****P < 0.0001; ns, nonsignificant, P > 0.05.
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Fig. 2. Contribution of Tsf1 to infection-induced hypoferremia. (A and B) Tsf1 expression (A) in wild type and spz"™” mutants after M. luteus infection and (B)
in wild type and Re/f?° mutants after Ecc15 infection, measured by RT-qPCR (n = 10 flies per group). (C) Western blot of Tsf1-GFP hemolymph extracted 24 h
after M. luteus or Ecc15 infection showing Tsf1 induction after these infections. Lipophorin (a-Lpp) was used as a loading control. A representative Western blot out
of three independent experiments is shown (n = 30 flies per group). (D) Nucleotide and amino acid sequence alignment of wild-type and Tsf1"** transferrin. (E) Iron
content in indicated tissues of wild-type and Tsf1?* flies 24 h after M. luteus infection compared to uninfected controls (n = 20 organs per group, n = 50 flies for
hemolymph). Asterisks above the red bars indicate significance relative to wild-type UC. (F) Hemolymph iron content of indicated fly genotypes 24 h after M. luteus
infection compared to uninfected controls (n = 50 flies per group). Asterisks above bars indicate significance relative to act-GAL4 > w1118 M. luteus-infected. Iron
content in uninfected wild-type or act-GAL4 > w1118 flies was set to 100, and all other values were expressed as a percentage of this value. The mean and SD of

three independent experiments are shown unless otherwise stated. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, nonsignificant, P > 0.05.

Pyoverdine-Mediated Iron Acquisition Is Essential for P. aeruginosa
Infection in Drosophila. Siderophore production by pathogens is a
key mechanism for scavenging iron from a variety of host iron
sources. Siderophores are small ferric iron chelators capable of
binding iron with high affinity, and can therefore effectively
outcompete host transferrin (1). P. aeruginosa produces large
amounts of pyoverdine and pyochelin siderophores that scavenge
iron and deliver it to the bacteria (47). We next compared
the susceptibility of wild-type and Tsf***# mutant flies to wild-
type P. aeruginosa PA14 and to its transposon insertion deriva-
tives pchE and pvdP that lack the siderophores pyochelin and
pyoverdine, respectively (48). As shown in Fig. 54, the pchE
mutant was as efficient as wild-type P. aeruginosa at killing both
wild-type and TsfI’** mutant flies, indicating that pyochelin
is not required for P. aeruginosa virulence in Drosophila. Inter-
estingly, the virulence of pvdP mutant was attenuated com-
pared to wild-type P. aeruginosa in wild-type flies, indicating that
pyoverdine contributes to Pseudomonas pathogenicity. In con-
trast, the pathogenicity of pvdP was similar to that of wild-type P.
aeruginosa when assayed in TsfI’"** mutant background (Fig.
4B). In line with this, pvdP colony-forming unit (cfus) were the
same as for wild-type P. aeruginosa in TsfI'™* mutant but were
significantly lower in wild-type flies (Fig. 5C). To further rein-
force the role of pyoverdine, we assessed the survival of flies
preinjected prior to infection with flucytosine, a known repressor
of pyoverdine (49). We observed that flucytosine was protective in
wild-type flies but had no effect in Tsf7’"** mutant (Fig. 5D),
which is similar to what we found with the genetic disruption of
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pyoverdine (Fig. 5B). Using another P. aeruginosa strain (PAO1)
and its derived pyochelin and pyoverdine mutants (50), we
confirmed that pyoverdine is essential for virulence in wild-type
flies but not in TsfI*"* mutant (Fig. SE). This result suggests that
1) pyoverdine is necessary for P. aeruginosa to acquire iron from
wild-type Drosophila, and 2) pyoverdine becomes dispensable in
Tsf1'"** mutant due to excessive iron present in the hemolymph.
Additionally, we assessed the virulence of P. aeruginosa PAO1
tonB1 mutants that are defective for siderophore-mediated iron
uptake (51). These mutants were severely attenuated in both
wild-type and TsfI""** mutant flies. Nevertheless, they still killed
Tsf1’"? mutants faster than wild-type flies, likely due to high iron
levels in the hemolymph of TsfI"* mutants (Fig. 5F). Thus,
using bacterial and fly genetics, we could show that Tsfl is re-
quired for the Drosophila defense against certain pathogens, by
sequestering iron from hemolymph and limiting pathogen access
to this essential element.

Transferrin 1 Plays a Role in Intestinal Immunity. Considering that
Tsfl is induced by Ecc15 and P. entomophila oral infections in the
gut in an Imd pathway-dependent manner (Fig. 6 A and B) (52),
we explored whether this iron transporter is also implicated
in intestinal immunity. As shown in Fig. 6C, TsfI’"** mutants
succumbed faster to P. entomophila oral infection compared to
wild-type flies. Enterocyte-specific Tsfl knockdown by RNAi
also resulted in increased sensitivity to P. entomophila oral in-
fection (Fig. 6D). This increased susceptibility was not due
to an impaired Imd pathway activity (SI Appendix, Fig. S5SA) or
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Fig. 3. Tsf1 is required for the defense against Mucorales. (A) Survival rates of wild-type, spz™”, and Tsf1’7** flies infected with C. bertholletiae (10° spores
per ml). (B) Survival rates of flies with ubiquitous knockdown of Tsf1 is significantly reduced compared to wild-type flies after infection with C. bertholletiae.
(C) Drs expression in wild-type, spz™, and Tsf1’7** flies after C. bertholletiae infection measured by RT-gPCR (n = 10 flies per group). The mean and SD of
three independent experiments are shown. (D) Increased susceptibility of Tsf1/??* mutant flies to C. bertholletiae infection is rescued by the ubiquitous
overexpression of the wild-type (UAS-Tsf1"") but not mutated form of Tsf1 (UAS-Tsf17® ™u27% (F) Survival rates of wild-type and Tsf1’"** flies preinjected
with 13.4 nL of H,0 (control) or with 13.4 nL of 200 uM iron chelator BPS prior to infection with C. bertholletiae. (F) Survival rates of wild-type, spz"™’, and
Tsf1’7%4 flies infected with R. oryzae (10° spores per mL). Survival graphs show one representative experiment out of three independent experiments with
similar results with two or three cohorts of 20 male flies per treatment. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, nonsignificant, P > 0.05.

compromised gut repair, as PH3 staining revealed that Tsf1’"**
mutants had the same number of proliferating stem cells after
Eccl5 infection as wild-type flies (SI Appendix, Fig. S5B). In line
with this, upd3, a ligand of the JAK-STAT pathway playing
a crucial role in epithelial renewal (52), was expressed in Tsf1’"**
mutants at wild-type levels after both Eccl5 and P. entomophila
infections (SI Appendix, Fig. S5C). Importantly, we found that
the susceptibility of 7sfI""*? mutants to P. entomophila oral in-
fection could be rescued by gut-specific overexpression of wild-
type but not iron binding-defective Tsfl (Fig. 6E), indicating that
the ability of Tsf1 to bind iron is necessary for defense against P.
entomophila intestinal infection, similar to its effect in systemic
infection. Therefore, Tsfl plays a similar role in the gut as in the
hemolymph. To further reinforce this conclusion, we performed
oral infection with P. aeruginosa PAl14 and observed that
Tsf1"7** mutants were also more susceptible to this pathogen
(Fig. 6F). Consistent with systemic infections, pyoverdine-
deficient pvdP mutant virulence was attenuated in wild-type
but not in 7sfI’*** mutant flies, while pyochelin-deficient mu-
tant virulence was comparable to wild-type P. aeruginosa (Fig.
6F). The fact that pyoverdine is unnecessary for virulence in
Tsf1'7** mutant suggests that there is enough available iron in
the guts of these flies. Indeed, we could detect significantly
more iron in Tsf**? mutant guts compared to wild-type un-
challenged guts (SI Appendix, Fig. S5D). We conclude that iron
sequestration by transferrin is also a potent mechanism con-
tributing to intestinal immunity.

Discussion

Despite the well-established role of iron and iron-binding
proteins in mammalian immunity, their role in insect immu-
nity remains understudied. Using D. melanogaster as a model,
we found that 1) flies trigger a hypoferremic response after
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infection to limit iron availability to invading microbes, and 2)
the iron transporter Tsfl mediates nutritional immunity by
sequestering iron from invading pathogens (see model in S/
Appendix, Fig. S6).

In mammals, hypoferremia of infection has been known since
the 1940s and is characterized by iron withdrawal from the serum
and accumulation in storage organs, like the liver (8). Consistent
with mammalian studies, we discovered that flies trigger a
hypoferremic response upon challenge with a variety of patho-
gens. During this response, iron was relocated from the hemo-
lymph to the fat body, which is the equivalent of mammalian
liver. Given that the same response was also triggered by heat-
killed bacteria, depleting hemolymph iron appears to be a host-
mediated process. Notably, this mechanism requires the Dro-
sophila Toll and Imd pathways, since mutants for these pathways
were not able to induce a hypoferremic response to infection.
Thus, beyond regulating antimicrobial effector-mediated immu-
nity, the Toll and Imd pathways also mediate nutritional im-
munity in flies.

We hypothesized that Tsfl might play a major role in Dro-
sophila nutritional immunity downstream of Toll and Imd
pathways. Out of the three Drosophila transferrins, Tsfl is con-
sistently induced by a variety of immune challenges (33, 34, 36).
Using a Transferrin null mutant, we indeed found that Tsfl is
required for iron trafficking from the hemolymph to the fat body
after infection. Therefore, our study agrees with a recently
published work that Tsfl is indeed an iron transporter (32).
However, in contrast to Xiao et al. (32), who used a Tsfl RNAi,
we did not observe any lethality or developmental defects in
TsfI’"* mutants and Tsfl RNAi. This discrepancy could be due
to the fact that we used different RNAI lines targeting different
parts of the transcript or because, in contrast to Xiao et al., we
used conditional knockdown specifically during adult stage.
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Fig. 4. Tsf1-mediated iron sequestration protects against P. aeruginosa infection. (A) Survival rates of wild-type, Relf?°, and Tsf1’7* flies infected with
P. aeruginosa. (B) Survival rates of flies with ubiquitous knockdown of Tsf1, and overexpression of either wild-type (UAS-Tsf1"") or mutated Tsf1 after
P. aeruginosa infection. (C) Measurement of P. aeruginosa burden at different time points after infection of wild type and Tsf1/*?* mutant. (D) Survival rates

of wild-type and Tsf1/7* flies preinjected with 13.4 nL of H,0 (control) or with 13.

4 nL of 200 pM iron chelator BPS prior to infection with P. aeruginosa. (E) Increased

susceptibility of Tsf1”"** mutant flies to P. aeruginosa infection is rescued upon ubiquitous overexpression of wild-type (UAS-Tsf1"7) but not mutated form of Tsf1
(UAS-Tsf1e mutanty (F) pseudomonas aeruginosa load 16 h after infection of flies with indicated genotypes. For cfu counts, each dot represents cfus from a pool of
five animals, calculated per fly. The mean and SD are shown. Survival graphs show one representative experiment out of three independent experiments with
similar results with two or three cohorts of 20 male flies per treatment. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, nonsignificant, P > 0.05.

Our study raises an intriguing question regarding how Tsfl
relocates iron specifically to the fat body and not to other tissues.
One possibility could be that fat body expresses transferrin re-
ceptor that directs iron transport by Tsfl. To date, no transferrin
receptor homolog has been identified in Drosophila (and other
insects). Finding this receptor and mechanism of iron uptake by
the fat body during infection would be an interesting future
research avenue.

Despite the elevated level of iron in the hemolymph, Tsf1"7%*
mutants did not show any increased susceptibility to the majority
of pathogens that we tested, including several Gram-positive and
Gram-negative bacteria, fungi, and yeast. However, we observed
increased susceptibility of TsfI’"** mutants to Mucorales fungi
and to Pseudomonas bacteria. This increased susceptibility was
linked to the ability of Tsfl to bind iron, as we could not rescue
Tsf1’*** mutants’ susceptibility with a form of 7sfl mutated in
iron binding sites. Given that Mucorales virulence is known to be
enhanced by increased iron supply (43), it is reasonable to as-
sume that TsfI"7*? flies are more susceptible to these infections
because of elevated hemolymph iron levels. P. aeruginosa viru-
lence is also known to be strongly regulated by iron. The im-
portance of iron to P. aeruginosa is exemplified by the fact that
6% of its transcribed genes are iron responsive (44, 45). Not
surprisingly, these bacteria evolved a diversity of mechanisms to
scavenge iron from a variety of host iron sources. Siderophore
production is one such mechanism. Pyoverdine and pyochelin
are two major siderophores produced by P. aeruginosa (47), and
pyoverdine is essential for P. aeruginosa pathogenesis in various
mammalian and invertebrate host models (48, 53-55). A recent
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study showed that P. aeruginosa mutants for the algR regulator
are deficient for pyoverdine production, and virulence is at-
tenuated in the algR mutant in a Drosophila oral infection
model (56). In line with this, we showed that the P. aeruginosa
pyoverdine mutant is less pathogenic compared to its wild-type
counterpart during both systemic and oral infections. Impor-
tantly, TsfI’"** mutant flies were killed by the P. aeruginosa
pyoverdine mutant as efficiently as by wild-type bacteria. This
suggests that 1) pyoverdine is necessary for iron acquisition
by P. aeruginosa during Drosophila infection and, 2) in the
absence of transferrin, pyoverdine becomes unessential, as
there is an excess of free iron. The extreme dependence of P.
aeruginosa on iron makes these bacteria vulnerable to iron
chelation therapy by transferrin, which has been proposed as a
novel antimicrobial therapy (24). Efficacy of such therapy is
also supported by our results showing that Tsfl overexpression
is sufficient to increase the survival of flies to Pseudomonas
infections.

Why Tsf1 flies are not sensitive to the majority of pathogens is
an intriguing question that our work raises. A likely explanation
for this result is that, beyond iron sequestration, the host relies
on other arms of defense, like phagocytosis or production of
antimicrobial peptides, to combat pathogens. Those additional
arms of defense might be sufficient to eliminate most pathogens
at the infectious doses we used, even if iron sequestration is
impaired. There is accumulating evidence that some elements of
the immune system are specifically required against certain
pathogens. For instance, from Drosophila studies, it is known
that melanization is important to survive S. aureus infection (57),
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Fig.5. Pyoverdine is required for P. aeruginosa virulence against wild-type but not Tsf1’"? flies. (A and B) Survival rates of wild-type and Tsf1/"?* mutant flies
infected with (A) wild-type, pyochelin-deficient pchE or (B) pyoverdine-deficient pvdP P. aeruginosa PA14. (C) Measurement of wild-type and pvdP PA14 load
16 h after infection of wild-type and Tsf1’79 flies. Each dot represents cfus from a pool of five animals, calculated per fly. The mean and SD are shown. (D)
Survival rates of wild-type and Tsf17?4 flies preinjected with 13.4 nL of H,O (control) or with 13.4 nL of 100 uM repressor of pyoverdine flucytosine prior to
infection with P. aeruginosa. (E and F) Survival rates of wild-type and Tsf17P# flies infected with wild-type, (E) ApchD, ApvdA, and (F) ATonB1 P. aeruginosa
PAO1. Survival graphs show one representative experiment out of three independent experiments with similar results with two or three cohorts of 20 male
flies per treatment. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, nonsignificant, P > 0.05.

phagocytosis [S. aureus and Salmonella typhimurium (58, 59)],
the antimicrobial peptide Diptericin [Providencia rettgeri (60,
61)], and Drosocin [E. cloacae (61)]. Our study suggests that iron
sequestration is an important defense mechanism against Mucorales
and Pseudomonas, while, in the case of other pathogens, other
arms of defense might play a more prominent role. It will be an
interesting avenue for future research to explore functional re-
dundancy between different arms of the host defense against
specific pathogens.

Taken together, our results reveal that nutritional immunity is
an important arm of innate immune defense in Drosophila. Using
fly and bacterial genetics, we showed that the iron transporter
Tsfl mediates nutritional immunity by sequestering iron from
the pathogens in vivo on the whole-organism level. So far, two
studies have identified immune-related phenotypes resulting
from RNAi-mediated knockdown of transferrin: increased
prevalence of trypanosome infections in Glossina morsitans, and
increased mortality of Bacillus thuringiensis-infected Plutella
xylostella (62, 63). Those in vivo and accumulating in vitro studies
support the immune role of insect transferrins against infections
via an iron withholding strategy. Considering the multifactorial
function of iron beyond immunity, our work opens avenues for
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future research addressing the role of transferrins in the host
physiology.

Materials and Methods

Pathogen Strains and Survival Experiments. The bacterial strains used and
their respective optical densities (OD) at 600 nm were, unless otherwise
stated, the Gram-negative bacteria P. carotovorum (Ecc15, OD 200), E.
cloacae 12 (OD 200), P. entomophila (OD 1), P. aeruginosa PA14 (OD 1),
P. aeruginosa PA14 pvdP (OD 1), P. aeruginosa PA14 pchE (OD 1), P. aeruginosa
PAO1 (OD 1), P. aeruginosa PAO1 ApvdA (OD 1), P. aeruginosa PAO1 ApchD
(OD 1), and P. aeruginosa PAO1 AtonB1 (OD 1); the DAP-type peptidoglycan-
containing Gram-positive bacteria L. monocytogenes BUG2377 (, OD 40); the
Lys-type peptidoglycan containing Gram-positive bacteria M. luteus (OD
200), S. aureus (OD 0.5), S. pyogenes ATCC19615 (OD 200), and E. faecalis
OG1RF (OD 15); and the yeast C. albicans (OD 200). Microbes were cultured
in Brain-Heart Infusion Broth (L. monocytogenes and E. faecalis), Yeast
extract-Peptone-Glucose Broth (C. albicans), or Luria Broth (all others) at
29 °C (E. carotovora, M. luteus, C. albicans, and P. entomophila) or 37 °C (all
others). To compare the virulence of P. aeruginosa wild type and
siderophore mutants, bacteria were grown in M9 minimal media at 37 °C to
stimulate siderophore production. P. aeruginosa PAO1 AtonB1 mutant was
grown in media supplemented with 100 uM FeSO4. The pvdP and pchE
P. aeruginosa PA14 mutants were grown in the presence of 15 pg/mL genta-
micin. Spores of the entomopathogenic fungus B. bassiana 802 and
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Fig. 6. Tsf1 contributes to intestinal immunity. (A and B) Tsf1 expression in wild-type and Re/®?° guts after (A) Ecc15 and (B) Pe infection, measured by RT-
gPCR (n = 20 guts per group). The mean and SD of three independent experiments are shown. (C) Survival rates of wild-type, Rel?°, and Tsf17** flies orally
infected with P. entomophila. (D) Survival rates of flies with gut-specific (Myo1A) knockdown of Tsf1 are significantly reduced compared to wild-type flies
after Pe oral infection. (E) Increased susceptibility of Tsf1’"*? mutant flies to Pe oral infection is rescued by gut-specific overexpression of the wild-type (UAS-
Tsf1"7) but not mutated form of Tsf1 (UAS-Tsf17 mutant) (F) Survival rates of wild-type and Tsf1/*?4 flies orally infected with wild-type, pchE, and pvdP P.
aeruginosa PA14. Survival graphs show one representative experiment out of three independent experiments with similar results with two to three cohorts of
20 flies per treatment. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, nonsignificant, P > 0.05.

Mucorales C. bertholletiae 506313 and R. oryzae 557969 were grown on
malt agar plates at 29 °C for ~3 wk until sporulation. Natural infections were
performed by shaking anesthetized flies in a Petri dish containing a sporu-
lating culture of B. bassiana. Systemic infections (septic injury) were
performed by pricking adult flies (2 d to 5 d old) in the thorax with a thin
needle previously dipped into a concentrated pellet of a bacterial culture or
in a suspension of fungal (C. bertholletiae and R. oryzae) spores. Infected
flies were subsequently maintained at 29 °C (most of the infections) or at
25 °C (E. faecalis, S. aureus, S. pyogenes, and P. aeruginosa). In some ex-
periments, flies were injected prior to infection with 13.4 nL of 200 uM BPS
(iron chelator) or with 13.4 nL of 100 pM Flucytosine using a Nanoject ap-
paratus (Drummond). Oral infections were performed as described previ-
ously (42, 52, 64). At least two vials of 20 flies were used for survival
experiments, and survivals were repeated at least three times.

Iron Measurement Using ICP-OES. Flies were infected with different pathogens
as described above. Right before hemolymph collection, 50 flies were pricked
in the thorax to breach the cuticle and increase hemolymph yield. These flies
were placed on a 10-um filter of an empty mobicol spin column (MoBiTec),
covered with glass beads, and centrifuged for 5 min at 4 °C, 5,000 rpm. Then
5 uL of hemolymph per each sample were digested with 0.5 mL of 32%
ultrapure hydrochloric acid (VWR Chemicals) under heating conditions (60 °C)
for 2 h; 9.5 mL of nitric acid was added to each sample, and the total iron
concentration was measured using ICP-OES (Perkin-EImer Optima 8300 ICP-
OES). To measure iron content of tissues, tissues of interest were dissected
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22 Abstract

23 The fruit fly Drososphila melanogaster combats microbial infection by

24  producing a battery of effector peptides that are secreted into the haemolymph.

25  Technical difficulties prevented the investigation of these short effector genes until

26  therecent advent of the CRISPR/CAS era. As a consequence, many putative immune
27  effectors remain to be characterized and exactly how each of these effectors

28  contributes to survival is not well characterized. Here we describe a novel

29  Drosophila antifungal peptide gene that we name Baramicin A. We show that BaraA
30 encodes a precursor protein cleaved into multiple peptides via furin cleavage sites.

31  BaraAis strongly immune-induced in the fat body downstream of the Toll pathway,
32  butalso exhibits expression in the nervous system. Importantly, we show that flies

33 lacking BaraA are viable but susceptible to the enomopathogenic fungus Beauveria

34  bassiana. Consistent with BaraA being directly antimicrobial, overexpression of

35  BaraA promotes resistance to fungi and the IM10-like peptides produced by BaraA
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36  synergistically inhibit growth of fungi in vitro when combined with a membrane-
37  disrupting antifungal. Surprisingly, BaraA males but not females display an erect
38  wing phenotype upon infection. Collectively, we identify a new antifungal immune
39 effector downstream of Toll signalling, improving our knowledge of the Drosophila
40 antimicrobial response.

41

42 Introduction

43

44 The innate immune response provides the first line of defence against

45  pathogenic infection. This reaction is usually divided into three stages: i) the

46  recognition of pathogens through dedicated pattern recognition receptors, ii) the
47  activation of conserved immune signalling pathways and iii) the production of

48 immune effectors that target invading pathogens [1,2]. The study of invertebrate
49  immune systems has led to key observations of broad relevance, such as the

50 discovery of phagocytosis [3], antimicrobial peptides (AMPs) [4], and the

51 implication of Toll receptors in metazoan immunity [5]. Elucidating immune

52  mechanisms, genes, and signalling pathways has greatly benefited from

53 investigations in the fruit fly Drosophila melanogaster, which boasts a large suite of
54  molecular and genetic tools for manipulating the system. One of the best-

55 characterized immune reactions of Drosophila is the systemic immune response.
56  This reaction involves the fat body (an analog of the mammalian liver) producing
57 immune effectors that are secreted into the haemolymph. In Drosophila, two NF-«kB
58 signalling pathways, the Toll and Imd pathways, regulate most inducible immune
59 effectors: the Toll pathway is predominantly activated in response to infection by
60  Gram-positive bacteria and fungi [5,6], while the immune-deficiency pathway (Imd)
61 responds to the DAP-type peptidoglycan most commonly found in Gram-negative
62  bacteria and a subset of Gram-positive bacteria [7]. These two signalling pathways
63  regulate a transcriptional program that results in the massive synthesis and

64  secretion of humoral effector peptides [6,8]. Accordingly, mutations affecting the
65 Toll and Imd pathways cause extreme susceptibilities to systemic infection that

66 reflect the important contribution of these pathways to host defence. The best-
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67  characterized immune effectors downstream of these pathways are antimicrobial
68 peptides (AMPs). AMPS are small and often cationic peptides that disrupt the

69 membranes of microbes, although some have more specific mechanisms [9].

70  Multiple AMP genes belonging to seven well-characterized families are induced

71  upon systemic infection [10]. However transcriptomic analyses have revealed that
72  the systemic immune response encompasses far more than just the canonical AMPs.
73  Many uncharacterized genes encoding small secreted peptides are induced to high
74  levels downstream of the Toll and Imd pathways, pointing to the role for these

75  peptides as immune effectors [11]. In parallel, MALDI-TOF analyses of the

76  haemolymph of infected flies revealed the induction of 24 peaks - mostly

77  corresponding to uncharacterized peptides - that were named “IMs” for Inmune-

78  induced Molecules (IM1-IM24) [8]. Many of the genes that encode these components
79  of the immune peptidic secretome have remained largely unexplored. This is mainly
80  due to the fact that these IMs belong to large gene families of small genes that were
81  until recently difficult to disrupt by mutagenesis.

82

83 The CRISPR/Cas9 gene editing approach now allows the necessary precision
84  to delete small genes, singly or in groups, providing the opportunity to dissect

85 effector peptide functions. In 2015 a family of 12 related IM-encoding genes, unified
86  under the name Bomanins, were shown to function downstream of Toll. Importantly,
87  adeletion removing 10 out of the 12 Bomanins revealed their potent contribution to
88  defence against both Gram-positive bacteria and fungi [12]. While Bomanins

89  contribute significantly to Toll-mediated defence, their molecular functions are still
90 unknown and it is unclear if they are directly antimicrobial [13]. Two other IMs

91 encoding IM4 and IM14 (renamed Daishol and DaishoZ, respectively) were shown
92  to contribute downstream of Toll to resistance against specific fungi. Interestingly,
93  Daisho peptides bind to fungal hyphae, suggesting direct antifungal activity [14].

94  Finally a systematic knock-out analysis of Drosophila AMPs revealed that they play
95 animportant role in defence against Gram-negative bacteria and some fungi, but

96  surprisingly little against Gram-positive bacteria [15]. An unforeseen finding from

97  these recent studies is the high degree of AMP-pathogen specificity: this is perhaps
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98 bestillustrated by the specific requirement for Diptericin, but not other AMPs, in

99  defence against Providencia rettgeri [15,16]. Collectively, these studies in Drosophila
100 reveal that immune effectors can be broad or specific in mediating host-pathogen
101 interactions. Understanding the logic of the Drosophila effector response will thus
102  require a careful dissection of the remaining uncharacterized immune induced
103  peptides.
104
105 Previous studies identified an uncharacterized Toll-regulated gene called
106  IMPPP/CG33470, which we rename “BaraA” (see below), that encodes several IMs,
107  indicating a role in the humoral response. Here, we have improved the annotation of
108 IMs produced by BaraA to include: IM10, IM12 (and its sub-peptide IM6), IM13 (and
109  its sub-peptides IM5 and IM8), IM22, and IM24. Using a BaraA reporter, we show
110  that BaraA is not only immune-induced in the fat body, but also expressed in the
111  head, and nervous system tissue including the eyes, and ocelli. Importantly, we show
112  thatflies lacking BaraA are viable but susceptible to specific infections, notably by
113  the entomopathogenic fungus Beauveria bassiana. Consistent with this, the IM10-
114  like peptides produced by BaraA inhibit fungal growth in vitro when combined with
115  the antifungal Pimaricin. Surprisingly, BaraA deficient males also display a striking
116  erect wing behaviour upon infection. Collectively, we identify a new antifungal
117  immune effector downstream of Toll signalling, improving our knowledge of the
118  Drosophila antimicrobial response.
119

120 Results:

121

122 BaraA is regulated by the Toll pathway

123

124  Previous microarray studies from De Gregorio et al. [11] suggest that BaraA is

125  primarily regulated by the Toll pathway, with a minor input from the Imd pathway
126  (Fig. 1A). Consistent with this, we found several putative NF-kB binding sites

127  upstream of the BaraA gene (guided by previous reports [17-19]). Notably there are
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128

129  Figure 1: BaraA is an immune-induced gene regulated by the Toll pathway. A)

130  Expression profile of BaraA upon bacterial challenge by a mixture of E. coli and M. luteus
131 (from De Gregorio et al. [11]). Induction coefficient is a complex calculation of log-fold

132 change reported in De Gregorio et al. [11], and values are given relative to wild type

133 unchallenged expression levels. B) BaraA expression profiles in wild-type, spz'™m7 and Relt20
134 flies upon septic injury with the Gram-negative bacterium E. coli and the yeast C. albicans.
135  DptA and BomBc3 were used as inducible control genes for the Imd and Toll pathways
136  respectively. Floating asterisks indicate significance relative to iso-UC where: * = p <.05 and,
137  ** =p<.001.C) Use of a BaraA reporter reveals that BaraA induction upon infection is
138  primarily driven by the fat body in adults, and results in a much stronger GFP signal upon
139  pricking with M. luteus (which stimulates the Toll pathway) compared to E. coli (which
140  stimulates the Imd pathway). Representative images taken 60h (adults) after handling
141  alone (UC) or infection with E. coli or M. luteus (0D=200). D-G) BaraA>mGFP is highly

142 expressed in the head (D), at the border of the eyes and in the ocelli (E), in the wing veins
143 (F-G yellow arrows), and beneath the cuticle in the thorax (H, orange arrows).
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144  two putative binding sites for Relish, the transcription factor of the Imd pathway
145 and three putative binding sites for the Dif/Dorsal transcription factors acting

146  downstream of Toll (Fig. S1A). We challenged wild type flies and Imd or Toll

147  pathway mutants (Relf2? and spz™” respectively) with the Gram-negative bacterium
148  Escherichia coli, the yeast Candida albicans, or the Gram-positive bacterium

149  Micrococcus luteus. RT-qPCR analysis confirms that BaraA is induced by infection
150  with E. coli, C. albicans, or M. luteus (Fig. 1B and Fig. S1B). BaraA remains highly

151 inducible in a Relish mutant background, albeit at slightly reduced level compared to
152  the wild type. However BaraA expression is abolished in spz™” flies. Collectively, the
153  expression pattern of BaraA is reminiscent of the antifungal peptide gene

154  Drosomycin with a primary input by the Toll pathway and a minor input from the
155 Imd pathway [10,20].

156

157 To further characterize the expression of BaraA, we generated a BaraA-Gal4
158 transgene in which 1675bp of the BaraA promoter sequence is fused to the yeast
159  transcription factor Gal4. Use of BaraA-Gal4>UAS-mCD8-GFP (referred to as

160  BaraA>mGFP) reveals that BaraA is strongly induced in the fat body 60h post

161 infection by M. luteus, but less so by E. coli pricking (Fig. 1C); dissections confirmed
162  this GFP signal is produced by the fat body. Larvae pricked with M. luteus also show
163  arobust GFP signal primarily stemming from the fat body when examined 2hpi (Fig.
164  S1C). We also observed a strong constitutive GFP signal in the headcase of adults
165  (Fig. 1D), including the border of the eyes and the ocelli (Fig. 1E). Dissection

166  confirmed that the BaraA reporter is expressed in brain tissue, notably in the central
167  ventral brain furrow. Other consistent signals include GFP in the wing veins and

168  subcutaneously along borders of thoracic pleura in adults (Fig. 1F-G), and in

169  spermatheca of females (Fig. S1D). There was also sporadic GFP signal in other

170 tissues that included the larval hindgut, the dorsal abdomen of developing pupae,
171  and the seminal vesicle of males. These expression patterns largely agree with data
172  reported in FlyAtlas1 [21].

173
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175  Baramicin A encodes a precursor protein cleaved into multiple peptides

176

177 Previous studies using bioinformatics and proteomics have suggested that
178  four highly immune-induced peptides (IM10, IM12, IM13, and IM24) are encoded in
179 tandem as a single polypeptide precursor by IMPPP/BaraA [8,22]. Some less-

180 abundant sub-peptides (IM5, IM6, and IM8) are also produced by additional

181 cleavage of IM12 and IM13 [22]. Using a newly generated null mutant (“4Bara4,”
182  described below), we analyzed haemolymph samples of wild type and ABara flies
183  infected with a bacterial mixture of E. coli and M. luteus by MALDI-TOF analysis. We
184  confirmed the loss of the seven immune-induced peaks corresponding to IMs 5, 6, 8,
185 10,12, 13, and 24 in ABaraA flies (Fig. 2A). We also noticed that an additional

186 immune-induced peak at ~5975 Da was absent in our BaraA mutants. Upon re-

187  visiting the original studies that annotated the Drosophila IMs, we realized this peak
188  corresponded to IM22, whose sequence was never determined [8,22] (see

189  supplementary information for details). We subjected haemolymph from infected
190 flies to LC-MS proteomic analysis following trypsin digestion and found that in

191 addition to the known IMs of BaraA (IMs 5, 6, 8, 10, 12, 13, and 24), trypsin-digested
192  fragments of the BaraA C-terminus peptide were also detectable in the haemolymph
193  (Fig. S2). The range of detected fragments did not match the full length of the C-

194  terminus exactly, as the first four residues were absent in our LC-MS data (a

195 truncation not predicted to arise via trypsin cleavage). The BaraA C-terminus

196 lacking these four residues has a calculated mass of 5974.5 Da, exactly matching the
197  observed mass of the IM22 peak absent in BaraA mutant flies. Furthermore in other
198  Drosophila species these four residues of the BaraA C-terminus are instead an RXRR
199  furin cleavage motif (Fig. S3A). Therefore IM22 cleavage in other species, even by an
200 alternate cleavage process, should result in the same maturated IM22 domain as
201 found in D. melanogaster. Taken together, we conclude that IM22 is the mature form
202  of the BaraA protein C-terminus.

203
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205  Figure 2: The BaraA gene structure. A) MALDI-TOF analysis of haemolymph from iso
206 w8 wild-type and iso ABaraA flies 24 hours post-infection (hpi) confirms that BaraA

207  mutants fail to produce the IM10-like and IM24 peptides. iso ABaraA flies also fail to

208  produce an immune-induced peak at ~5794 Da corresponding to IM22 (the C-terminal
209 peptide of BaraA, see supplementary information). B) The BaraA gene encodes a precursor
210  protein that is cleaved into multiple mature peptides at RXRR furin cleavage sites. The sub-
211  peptides IMs 5, 6, and 8 are additional minor cleavage products of IM12 and IM13. IM22 is
212  additionally cleaved following its GIND motif (Fig. S2 and S3A). C) There is a BaraA locus
213  duplication event present in the Dmel_R6 reference genome. This duplication is not fixed in
214 laboratory stocks and wild-type flies (Hanson and Lemaitre, 2020; in prep.).

215

216 Thus, a single gene, BaraA, contributes to one third of the originally

217  described Drosophila IMs. These peptides are encoded as a polypeptide precursor
218 interspersed by furin cleavage sites (e.g. RXRR) (Fig. 2B). We note that the IM10,
219 IM12 and IM13 peptides are tandem repeats of related peptides, which we

220  collectively refer to as “IM10-like” peptides (Fig. S3B). The IM22 peptide also

221  contains a similar motif as the IM10-like peptides (Fig. S3A-B), suggesting a related
222  biological activity. We name this gene “Baramicin A” (symbol: BaraA) for the

223  Japanese idiom Bara Bara (#X 7 /37 ), meaning “to break apart;” a reference to the
224  fragmenting structure of the Baramicin precursor protein and its many peptidic

225  products.
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226 A BaraA duplication is present in some laboratory stocks

227

228 Over the course of our investigation, we realized that IMPPP (CG18279) was
229  identical to its neighbour gene CG33470 owing to a duplication event of the BaraA
230 locus present in the D. melanogaster reference genome. The exact nature of this

231  duplication is discussed in a separate article (Hanson and Lemaitre; in prep). In

232 brief, the duplication involves the entire BaraA gene including over 1kbp of 100%
233  identical promoter sequence, and also the neighbouring sulfatase gene CG30059 and
234  the 3’ terminus of the ATP8A gene region (Fig. 2C). We distinguish the two daughter
235 genes as BaraAl (CG33470) and BaraAZ2 (CG18279). Available sequence data

236  suggests the BaraAl and BaraAZ transcripts are 100% identical. We analyzed the
237  presence of the BaraA duplication using a PCR assay spanning the junction of the
238  duplicated region (supplementary data file 1). Interestingly, BaraA copy number is
239  variable in common lab strains and wild flies, indicating this duplication event is not
240  fixed in D. melanogaster (Hanson and Lemaitre; in prep).

241

242  Over-expression of BaraA improves the resistance of immune deficient flies

243

244 Imd, Toll deficient flies are extremely susceptible to microbial infection as
245  they fail to induce hundreds of immune genes, including antimicrobial peptides [11].
246 It has been shown that over-expression of even a single AMP can improve the

247  resistance of Imd, Toll deficient flies [23]. As such, immune gene over-expression in
248  Imd, Toll immune-compromised flies provides a direct assay to test the ability of a
249  gene to contribute to defence independent of other immune effectors. We applied
250  this strategy to Baramicin A by generating flies that constitutively express BaraA
251  using the ubiquitous Actin5C-Gal4 driver (Act-Gal4) in an immune-deficient Relf40,
252 spz'7 double mutant background (Fig. S4A). In these experiments, we pooled

253  results from both males and females due to the very low availability of homozygous
254  Rel, spz adults, particularly when combined with Act-Gal4. Overall, similar trends
255  were seen in both sexes, and separate male and female survival curves are shown in

256  Fig. S4.
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258  Figure 3: Overexpression of BaraA partially rescues the susceptibility of Rel, spz flies
259  against fungi and BaraA IM10-like peptides inhibit fungal growth in vitro. A-C)

260  Overexpression of BaraA (Act>BaraA) rescues the susceptibility of Rel, spz flies upon

261  systemic infection with C. albicans (A), or natural infection with either N. crassa or A.

262  fumigatus (B-C). Survivals represent pooled results from males and females (see Fig. S4 for
263  sex-specific survival curves). D) A 300uM cocktail of the three IM10-like peptides improves
264  the killing activity of the antifungal Pimaricin against C. albicans yeast. Error bars and the
265  shaded area (IM10-likes alone) represent +1 standard deviation from the mean. Killing
266  activity (%) was compared against no-peptide controls, then normalized to the activity of
267  Pimaricin alone. E) The IM10-like peptide cocktail also synergizes with Pimaricin to inhibit
268  mycelial growth of B. bassiana strain R444. The diameters of individual colonies of B.

269  bassiana were assessed after four days of growth at 25°C after peptide treatment, and

270  surface area calculated as mr2.

271 Ubiquitous BaraA expression marginally improved the survival of Rel, spz
272  flies upon infection with M luteus bacteria, however there was no effect upon

273  infection with E. coli (Fig. S4B-C). On the other hand, ubiquitous expression of

274  BaraA provided a more pronounced protective effect against infection by a variety
275  of fungal pathogens. This was true upon pricking with C. albicans (Fig. 3A), or upon
276  natural infections using Aspergillus fumigatus or Neurospora crassa filamentous
277  fungi (Fig. 3B-C). This over-expression study reveals that BaraA alone can partially
278  rescue the susceptibility of Imd, Toll deficient flies to infection, and points to a more

279  prominent role for BaraA in antifungal defence.
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280  IM10-like peptides display antifungal activity in vitro

281

282 The Baramicin A gene encodes a polypeptide precursor that ultimately

283  produces multiple mature peptides. However the most prominent BaraA products
284  are the 23-residue IM10, 12, and 13 peptides (collectively the “IM10-like” peptides);
285 indeed three IM10-like peptides are produced for every one IM24 peptide (Fig. 2B),
286  and IM22 also bears an IM10-like motif (Fig. S3). This prompted us to explore the in
287  vitro activity of the BaraA IM10-like peptides as potential AMPs.

288

289 We synthesized IM10, IM12, and IM13 and performed in vitro antimicrobial
290  assays with these three IM10-like peptides using a 1:1:1 cocktail with a final

291  concentration of 300uM (100 pM each of IM10, IM12, and IM13). Using a protocol
292  adapted from Wiegand et al. [24], we monitored the microbicidal activity of this

293  peptide cocktail either alone, or in combination with membrane-disrupting

294  antibiotics that facilitate peptide entry into the cell. We based this approach on

295  previous studies that showed that the microbicidal activities of Abaecin-like

296  peptides, which target the bacterial DNA chaperone DnaKk, increase exponentially in
297  combination with a membrane disrupting agent [25-27]. We did not detect any

298  Kkilling activity of our IM10-like peptide cocktail alone against Pectobacterium

299  carotovora Ecc15 (hereafter “Ecc15”), Enterococcus faecalis, or C. albicans. We also
300 found no activity of IM10-like peptides against Ecc15 or E. faecalis when co-

301 incubated with a sub-lethal dose of Cecropin or Ampicillin respectively. However,
302  we observed a synergistic interaction between IM10-like peptides and the

303  antifungal Pimaricin against C. albicans (Fig. 3D). Co-incubation of the IM10-like
304  cocktail with Pimaricin significantly improved the killing activity of Pimaricin at
305 32pg/mL relative to either treatment alone. While not statistically significant, the
306 combination of IM10-like cocktail and Pimaricin also outperformed either the IM10-
307  like cocktail alone or Pimaricin alone across the entire range of Pimaricin

308  concentrations tested.

309
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310 We next co-incubated dilute preparations of B. bassiana strain R444 spores
311  under the same conditions as used previously with C. albicans, plated 2uL droplets,
312 and assessed the diameters and corresponding surface area of colonies derived from
313 individual spores after 4 days of growth at 25°C to assess growth rate. We found
314 that neither the IM10-like cocktail nor Pimaricin alone affected surface area relative
315 to PBS buffer control alone (Tukey’s HSD: p = 0.656 and 0.466 respectively).

316 However in combination, the IM10-like cocktail plus Pimaricin led to significantly
317 reduced colony size compared to either treatment alone, corresponding to a 19-29%
318 reduction in surface area relative to controls (Fig. 3E, Tukey’s HSD: p <.01 in all

319 cases). This indicates that incubation with IM10-like peptides and Pimaricin

320 synergistically inhibits B. bassiana mycelial growth, revealing an otherwise cryptic
321 antifungal effect of the BaraA IM10-like peptides.

322

323 Overall, we found that IM10-like peptides alone do not kill C. albicans yeast
324  or impair B. bassiana mycelial growth in vitro. However, IM10-like peptides seem to
325 synergize with the antifungal Pimaricin to inhibit growth of both of these fungi.

326

327  BaraA deficient flies broadly resist like wild type upon bacterial infection

328

329 To further characterize BaraA function, we generated a null mutation of

330  BaraA by replacing the ‘entire’ BaraA locus with a dsRed cassette using CRISPR

331 mediated homology-directed repair with fly stocks that contain only one BaraA gene
332  copy (BL2057 and BL51323). After isolation, this mutation (BaraAs"1) was then

333  backcrossed once to a lab strain of w118 (used in [12-14]) to remove a second site
334 mutation (see materials and methods). The resulting w!118; BaraAS"! flies are hereon
335 referred to as “w; ABaraA.” Finally, the BaraAS"! mutation was isogenized by seven
336  rounds of backcrossing into the w18 DrosDel isogenic genetic background (iso

337  w!118) [28] as described in Ferreira et al and are hereon referred to as “iso ABaraA”
338 [29]. Relevant to this study, both our OR-R and DrosDel iso w118 wild type lines

339  contain the duplication and thus have both BaraA1l and A2 genes, while w; ABaraA

12


https://doi.org/10.1101/2020.11.23.394148
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.23.394148; this version posted February 1, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

340 and iso ABaraA flies lack BaraA entirely. In the following experiments, we compare
341  the immune response of both w; ABaraA and iso ABaraA and focused only on

342  phenotypes that were consistent in both genetic backgrounds.

343

344 We validated these mutant lines by PCR, gPCR and MALDI-TOF peptidomics
345  (Fig. 2A, supplementary data file 1). BaraA-deficient flies were viable with no

346 morphological defect. Furthermore, ABaraA flies have wild type Toll and Imd

347  signalling responses following infection, indicating that BaraA is not required for the
348 activation of these signaling cascades (Fig. SS5A-C). Moreover, BaraA mutant flies
349  survive clean injury like wild type (Fig. S5D), and have comparable lifespan to wild
350 type flies (Fig. S5E). We next challenged BaraA mutant flies using our two genetic
351 backgrounds with a variety of pathogens. We included susceptible Imd deficient

352  Relf?Yflies, Toll deficient spz'™7 flies and Bomanin deficient Bom4°5C flies as

353  comparative controls. We observed that BaraA null flies have comparable resistance
354  as wild type to infection with the Gram-negative bacterium Ecc15 (Fig. S6A), or with
355  the Gram-positive bacterium B. subtilis (Fig. S6B). In contrast, we saw a mild

356 increase in the susceptibility of w; ABaraA flies to infection by the Gram-positive

357  bacterium E. faecalis (HR = +0.73, p =.014). We also saw an early mortality

358 phenotype in iso ABaraA flies (at 3.5 days, p <.001), although this was not ultimately
359  statistically significant (Fig. 4A; p =.173). This mild susceptibility was also observed
360 using flies carrying the BaraA mutation over a deficiency (ABaraA/Df{(BaraA)), as
361 well as in flies ubiquitously expressing BaraA RNAi (Fig. S7); however none of these
362  sets of survival experiments individually reached statistical significance. Overall, the
363  susceptibility of BaraA mutants to E. faecalis is mild, but consistent using a variety of

364 genetic approaches.
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366 Figure 4: ABaraA flies are most susceptible to fungal infection. A) BaraA mutants with
367  two different genetic backgrounds (here called w or iso) display a mild susceptibility to
368  systemic infection with E. faecalis. This presents as an earlier mortality in the iso
369  background (dotted line, p <.001). However, survival in iso ABaraA flies was not
370 significantly different from wild type at seven days post-infection (p =.173). B) BaraA
371  mutants in both backgrounds are susceptible to natural infection with the
372  entomopathogenic fungus B. bassiana. C-D) Increased susceptibility (C) and fungal load (D)
373  of ABaraA flies upon systemic infection by B. bassiana strain R444.
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374  BaraA mutant flies are highly susceptible to Beauveria fungal infection

375

376 Entomopathogenic fungi such as B. bassiana represent an important class of
377 insect pathogens [6]. They have the ability to directly invade the body cavity by

378  digesting and crossing through the insect cuticle. The Toll pathway is critical to

379  survive fungal pathogens as it is directly responsible for the expression of Bomanin,
380  Daisho, Drosomycin and Metchnikowin antifungal effectors [12,14,15,30,31]. The fact
381 thati) BaraA is Toll-regulated, ii) BaraA IM10-like peptides display antifungal

382  activity in vitro, and iii) BaraA overexpression improves the resistance of Imd, Toll
383  deficient flies against fungi all point to a role for BaraA against fungal pathogens.
384

385 We infected BaraA mutants and wild type flies by rolling flies in sporulating
386  B. bassiana petri dishes. Strikingly, both w; ABaraA and iso ABaraA flies displayed a
387 pronounced susceptibility to natural infection with B. bassiana (HR = +2.10 or +0.96
388 respectively, p <.001 for both) (Fig. 4B). An increased susceptibility to fungi was
389 also observed using flies carrying the BaraA mutation over a deficiency (Fig. S8A) or
390 that ubiquitously express BaraA RNAI (Fig. S8B). Moreover, constitutive BaraA

391  expression (Act-Gal4>UAS-BaraA) in an otherwise wild type background improves
392  survival to B. bassiana relative to Act-Gal4>0R-R controls (HR =-0.52, p =.010) (Fig.
393  S8C). Finally, we used a preparation of commercial B. bassiana R444 spores (BB-
394 PROTEC, Andermatt Biocontrol) to perform controlled systemic infections by

395 pricking flies with a needle dipped in spore solution. In these experiments we

396 monitored both survival and fungal load using qPCR primers specific to the B.

397  bassiana 18S rRNA gene [32]. As seen with natural infection, BaraA mutants were
398 highly susceptible to Beauveria systemic infection (Fig. 4C). Moreover, BaraA

399 mutants suffered increased fungal load by 48 hours after infection (Fig. 4D).

400

401 Collectively, our survival analyses point to an important role for BaraA in
402  defence against the entomopathogenic fungus B. bassiana. Consistent with a direct
403  effect of BaraA on fungi, we observe a susceptibility of BaraA mutants to infection

404  thatis correlated with increased proliferation of B. bassiana.
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405

406  Figure 5: BaraA contributes to antifungal defence independent of Bomanins. A)

407  ABaraA, Bom455¢ double mutant flies were more susceptible than either mutation alone to
408 natural infection with A. fumigatus (see Fig. S6C-D for sex-specific survival curves). B)
409  ABaraA, Bom455¢ double mutant flies were similarly more susceptible than individual
410  mutants when given a mild (30mg of spores) Beauveria natural infection by B. bassiana
411  R444.

412  BaraA contributes to antifungal defence independent of Bomanins

413

414 Use of compound mutants carrying multiple mutations in effector genes has
415 shown that some of them additively contribute to host resistance to infection [15].
416 Compound deletions of immune genes can also reveal contributions of immune
417  effectors that are not detectable via single mutant analysis [15,33,34]. Recent

418  studies have indicated that Bomanins play a major role in defence against fungi
419  [12,13], though their mechanism of action is unknown. It is possible that Bomanin
420  activity relies on the presence of BaraA, or vice versa. This prompted us to

421 investigate the interaction of Bomanins and BaraA in defence against fungi. To do
422  this, we recombined the Bom4>°¢ mutation (that removes a cluster of 10 Bomanin
423  genes) with ABaraA. While natural infection with Aspergillus fumigatus did not

424  induce significant mortality in BaraA single mutants (Fig. S6C-D), we observed that
425  combining ABaraA and Bom45°C mutations increases fly susceptibility to this

426  pathogen relative to Bom45°C alone (HR =-0.46, p =.003; Fig. 5A). We next exposed
427  these ABaraA, Bom45°¢, double mutant flies to natural infection with 30mg of

428  commercial spores of B. bassiana R444, which we found to be a less virulent

429  Beauveria infection model. This is equivalent to approximately 60 million spores,
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430  much of which are removed afterwards upon fly grooming. When using this

431 infection method, we found that BaraA mutation markedly increases the

432  susceptibility of Bom455¢ mutant flies (HR = -0.89, p <.001), approaching spz™”

433  susceptibility (Fig. 5B).

434

435 We conclude that the contribution of BaraA to defence does not rely on the
436  presence of Bomanins, and vice versa. This finding is consistent with the ability of
437  constitutively expressed BaraA to improve survival outcome even in Imd, Toll

438 deficient flies. Taken together, these results suggest BaraA improves survival

439  against fungi independent of other effectors of the systemic immune response,

440  consistent with a direct effect on invading fungi.

441

442  ABaraA males display an erect wing phenotype upon infection

443

444 While performing infections with A. fumigatus, we observed a high

445  prevalence of BaraA mutant flies with upright wings (Fig. 6A-B), a phenotype

446  similar to the effect of disrupting the gene encoding the “erect wing” (ewg)

447  transcription factor [35]. Curiously, this erect wing phenotype was most specifically
448 observed in males. Upon further observation, erect wing was observed not only
449  upon A. fumigatus infection, but also upon infections with all Gram-positive bacteria
450 and fungi tested (Table S1). Increased prevalence of erect wing flies was observed
451 upon infection with both live (Fig. 6C) and heat-killed E. faecalis (Fig. 6D), but less
452  soupon clean injury or via infection with the Gram-negative bacteria Ecc15 (Fig.
453  S9A-B). Thus, the erect wing phenotype appears to be observed in BaraA mutants in
454  response to stimuli known to activate the Toll pathway, but does not require a live
455 infection.

456

457 Such a phenotype in infected males has never been reported, but is

458 reminiscent of the wing extension behaviour of flies infected by the brain-

459  controlling “zombie” fungus Enthomopthera muscae [36]. Intrigued by this

460 phenotype, we further explored its prevalence in other genetic backgrounds. We
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461

462 Figure 6: ABaraA males display an erect wing phenotype upon infection. A) ABaraA
463  males displaying erect wing six days after A. fumigatus natural infection. B-D) spz™” and
464  ABaraA males, but not Bom455¢ or Relf20 flies display the erect wing phenotype upon natural
465 infection with A. fumigatus (B), or septic injury with live (C) or heat-killed E. faecalis (D).
466  Barplots show the percentage of flies displaying erect wing following treatment, with

467  individual data points reflecting replicate experiments. Additional challenges are shown in
468  Table S1.

469 next confirmed that this phenotype was also observed in other BaraA-deficient

470  backgrounds such as Df{BaraA)/ABara; however the penetrance was variable from
471  one background to another. Erect wing was also observed in ABaraA/+

472  heterozygous flies (Df(BaraA)/+ or ABaraA/+), indicating that the lack of BaraA on
473  one chromosome was sufficient to cause the phenotype (Fig. S9C and Table S1).
474  Moreover, spz™ flies that lack functional Toll signalling phenocopy ABaraA flies and
475  display erect wing, but other immune-deficient genotypes such as mutants for the
476  Toll-regulated Bomanin effectors (Bom4%5¢), or Relf20 mutants that lack Imd

477  signalling, did not readily display erect wing (Fig. 6C-D, Table S1). Thus the erect
478  wing phenotype is not linked to susceptibility to infection, but rather to loss of

479  BaraA upon stimuli triggering the Toll immune pathway. This phenotype suggests
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480 an additional effect of BaraA on tissues related to the wing muscle or in the nervous
481  system.
482

483 Discussion:

484

485 Seven Drosophila AMP families were identified in the 1980s-1990s either by
486  homology with AMPs characterized in other insects or owing to their abundant
487  production and microbicidal activities in vitro [37]. In the 2000s, genome

488 annotations revealed the existence of many additional paralogous genes from the
489  seven well-defined families of AMPs [38,39]. At that time, microarray and MALDI-
490 TOF analyses also revealed the existence of many more small immune-induced

491  peptides, which may function as AMPs [8,22]. Genetic analyses using loss of function
492  mutations have recently shown that some of these peptides do play an important
493  role in host defence, however key points surrounding their direct microbicidal

494  activities remain unclear. In 2015, Bomanins were shown to be critical to host

495  defence using genetic approaches, but to date no activity in vitro has been found
496  [12,13]. Two candidate AMPs, Listericin [40] and GNBP-like3 [41], were shown to
497  inhibit microbial growth upon heterologous expression using S2 cell lines or

498  bacteria respectively. Most recently, Daisho peptides were shown to bind to fungal
499  hyphae ex vivo, and are required for resisting fungal infection in vivo [14]. However
500 the mechanism and direct microbicidal activity of these various peptides at

501 physiological concentrations was not assessed.

502

503 In this study, we provide evidence from four separate experimental

504 approaches that support adding BaraA to the list of bona-fide antifungal peptides.
505  First, the BaraA gene is strongly induced in the fat body upon infection resulting in
506 abundant peptide production. BaraA is also tightly regulated by the Toll pathway,
507  which orchestrates the antifungal response. Second, loss of function study shows
508 that BaraA contributes to resistance against fungi. BaraA mutation increases

509 susceptibility to B. bassiana, and this is coupled with increased B. bassiana
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510 proliferation. Third, the antifungal activity of BaraA is independent of other key

511 effectors. Over-expression of BaraA in the absence of other inducible peptides

512 increased resistance of Imd, Toll deficient flies to various fungi including C. albicans,
513 A. fumigatus, and N. crassa. Moreover BaraA, Bomanin double mutants suffered

514  greater susceptibility than Bomanin mutants alone upon natural infection, even with
515 arelatively avirulent fungal pathogen (A. fumigatus). Fourth, and lastly, a cocktail of
516 the BaraA IM10-like peptides possesses antifungal activity against C. albicans and B.
517  bassiana in vitro when co-incubated with the membrane disrupting antifungal

518 Pimaricin.

519

520 While it is difficult to estimate the concentration of BaraA peptides in the

521 haemolymph of infected flies, it is expected based on MALDI-TOF peak intensities
522  that the IM10-like peptides should reach concentrations similar to other AMPs (up
523  to 100uM) [10,20]; our in vitro assays used a peptide cocktail at the upper limit of
524  this range. AMPs are often - but not exclusively - positively charged. This positive
525 charge is thought to recruit these molecules to negatively charged membranes of
526  microbes [10]. However the net charges at pH=7 of the IM10-like peptides are: IM10
527 +1.1,IM12 +0.1, and IM13 -0.9. Given this range of net charge, IM10-like peptides
528 are not overtly cationic. However some AMPs are antimicrobial without being

529 positively charged, exemplified by human Dermicidin [42] and anionic peptides of
530 Lepidoptera that also synergize with membrane-disrupting agents [43]. More

531 extensive in vitro experiments with additional fungi should confirm the range of
532  BaraA peptide activities, and assay the potential activities of IM22 and IM24, which
533  were notincluded in this study.

534

535 Our study also reveals that the Baramicin A gene alone produces at least 1/3
536  ofthe initially reported IMs. In addition to the IM10-like peptides and IM24 that
537  were previously assigned to BaraA [22], we show IM22 is encoded by the C terminus
538 of BaraA, and is conserved in other Drosophila species. The production of multiple
539 IMs encoded as tandem repeats between furin cleavage sites is built-in to the BaraA

540 protein design akin to a “protein operon.” Such tandem repeat organization is rare,
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541  butnot totally unique among AMPs. This structure was first described in the

542  bumblebee AMP Apidaecin [44], and has since also been found in Drosocin of

543  Drosophila neotestacea [45]. In D. melanogaster, several AMPs are furin-processed
544  including Attacin C and its pro-peptide MPAC, wherein both parts synergize in

545  Kkilling bacteria [25]. Therefore, furin cleavage in Attacin C enables the precise co-
546  expression of distinct peptides with synergistic activity. It is interesting to note that
547  IM10-like peptides did not show antifungal activity in the absence of membrane
548 disruption by Pimaricin. An attractive hypothesis is that longer peptides encoded by
549  BaraA such as IM22 and IM24 could contribute to the antifungal activity of BaraA by
550 membrane permeabilization, allowing the internalization of IM10-like peptides.

551 Indeed, the BaraA IM24 peptide is a short Glycine-rich peptide (96 AA) that is

552  positively-charged (charge +2.4 at pH=7). These traits are shared by amphipathic
553 membrane-disrupting AMPs such as Attacins [10], however the precise role for the
554  Baramicin IM24 domain remains to be determined.

555

556 An unexpected observation of our study is the display of an erect wing

557  phenotype by BaraA deficient males upon infection. Our study suggests that this is
558 nota consequence of the genetic background, but rather relies on the activation of
559 the Toll pathway in the absence of BaraA. Erect wing is also induced by heat-killed
560 bacteria, and is not observed in Bomanin or Relish mutants, indicating that the erect
561 wing phenotype is not a generic consequence of susceptibility to infection. The erect
562  wing gene, whose inactivation causes a similar phenotype, is a transcription factor
563 thatregulates synaptic growth in developing neuromuscular junctions [35]. This
564 raises the intriguing hypothesis that immune processes downstream of the Toll

565 ligand Spaetzle somehow affect wing neuromuscular junctions, and that BaraA

566  modulates this activity. Another puzzling observation is the sexual dimorphism

567  exhibited for this response. Male courtship and aggression displays involve similar
568 wing extension behaviours. Koganezawa et al. [46] showed that males deficient for
569  Gustatory receptor 32a (Gr32a) failed to unilaterally extend wings during courtship
570 display. Gr32a-expressing cells extend into the subesophageal ganglion where they

571  contact mAL, a male-specific set of interneurons involved in unilateral wing display
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572  [46]. One possible explanation for the male specific effects of BaraA could be that
573  BaraA mediates this effect through interactions with such male-specific neurons.
574  BaraA is highly produced in the fat body upon infection but also expressed in the
575 nervous system (Fig. 1D-E and FlyAtlas1 [21]). Further studies should decipher
576  whether the preventative effect of BaraA on the erect wing phenotype is cell

577  autonomous or linked to BaraA peptides secreted into the haemolymph. Recent
578 studies have highlighted how NF-kB signalling in the brain is activated by bacterial
579  peptidoglycan [47], and that immune effectors expressed either by fat body

580  surrounding the brain or from within brain tissue itself affect memory formation
581 [41]. Moreover, an AMP of nematodes regulates aging-dependent

582  neurodegeneration through binding to its G-protein coupled receptor, and this

583 pathway is sufficient to trigger neurodegeneration following infection [48]. Thus
584 immune-inducible AMPs can have striking interactions with neurological processes.
585  As such, future studies characterizing the role of BaraA in the erect wing phenotype
586  should provide insight on interactions between systemic immunity and host

587  physiology more generally.

588

589 Here we describe a complex immune effector gene that produces multiple
590 peptide products. BaraA encodes many of the most abundant immune effectors

591 induced downstream of the Toll signalling pathway, and indeed BaraA promotes
592  survival upon fungal infection. How each peptide contributes to the immune

593 response and/or erect wing behaviour will be informative in understanding the
594  range of effects immune effectors can have on host physiology. This work and others
595 also clarifies how the cocktail of immune effectors produced upon infection acts

596  specifically during innate host defence reactions.
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597 Materials and methods:
598

599  Fly genetics and sequence comparisons

600

601 Sequence files were collected from FlyBase [49] and recently-generated

602  sequence data [45,50] and comparisons were made using Geneious R10. Putative
603  NF-kB binding sites were annotated using the Relish motif “GGRDNNHHBS”

604  described in Copley et al. [18] and a manually curated amalgam motif of

605 “GGGHHNNDVH” derived from common Dif binding sites described previously

606 [17,19]. Gene expression analyses were performed using primers described in

607  supplementary data file 1, and further microarray validation for BaraA expression
608 comes from De Gregorio et al. [11].

609

610 The UAS-BaraA and BaraA-Gal4 constructs were generated using the TOPO
611 pENTR entry vector and cloned into the pTW or pBPGUw Gateway™ vector systems
612  respectively. The BaraA-Gal4 promoter contains 1675bp upstream of BaraA1l (but
613  also BaraAZ2, sequence in supplementary information). The BaraA-Gal4 construct
614  was inserted into the VK33 attP docking site (BDSC line #24871). The BaraAS"!

615  (4ABaraA) mutant was generated using CRISPR with two gRNAs and an HDR vector
616 by cloning 5’ and 3’ region-homologous arms into the pHD-dsRed vector, and

617  consequently ABaraA flies express dsRed in their eyes, ocelli, and abdomen. ABaraA
618  was generated using the Bloomington stocks BL2057 and BL51323 as these

619  backgrounds contain only one copy of the BaraA locus. The induction of the immune
620 response in these flies was validated by qPCR and MALDI-TOF proteomics, wherein
621 we discovered an aberrant DsoZ locus in these preliminary BaraAS"! flies. We thus
622  backcrossed the BaraAS"! mutation once with a standard w118 background (used in
623  [12-14]) and screened for wild type DsoZ2 before use in any survival experiments.
624  Additionally, ABaraA was isogenized into the DrosDel w118 jsogenic background for
625 seven generations before use in isogenic fly experiments as described in Ferreira et

626  al.[29].
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627

628 A full description of fly stocks used for crosses and in experiments is provided in
629  supplementary data file 1.

630

631  Microbe culturing conditions

632

633 Bacteria and C. albicans yeast were grown to mid-log phase shaking at

634  200rpm in their respective growth media (Luria Bertani, Brain Heart Infusion, or
635  Yeast extract-Peptone-Glycerol) and temperature conditions, and then pelleted by
636  centrifugation to concentrate microbes. Resulting cultures were diluted to the

637  desired optical density at 600nm (OD) for survival experiments, which is indicated
638 in each figure. The following microbes were grown at 37°C: Escherichia coli strain
639 1106 (LB), Enterococcus faecalis (BHI), and Candida albicans (YPG). The following
640 microbes were grown at 29°C: Erwinia carotovora carotovora (Ecc15) (LB) and
641  Micrococcus luteus (LB). For filamentous fungi and molds, Aspergillus fumigatus was
642  grown at 37°C, and Neurospora crassa and Beauveria bassiana were grown at room
643  temperature on Malt Agar in the dark until sporulation. Beauveria bassiana strain
644  R444 commercial spores were produced by Andermatt Biocontrol, product: BB-
645 PROTEC.

646

647  Survival experiments

648

649 Survival experiments were performed as previously described [15], with 20
650 flies per vial with 2-3 replicate experiments. 3-5 day old males were used in

651  experiments unless otherwise specified. As Rel, spz double mutant flies and largely
652  wild type backgrounds differ drastically in their immune competence, we selected
653  pathogens, infection routes, and temperatures to provide infection models that
654  could best reveal phenotypes in these disparate genetic backgrounds. For fungi
655 natural infections, flies were flipped at the end of the first day to remove excess

656  fungal spores from the vials. Otherwise, flies were flipped thrice weekly. Statistical
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657 analyses were performed using a Cox proportional hazards (CoxPH) model in R

658  3.6.3. We report the hazard ratio (HR) alongside p-values as a proxy for effect size in
659  survival experiments. Throughout our analyses, we required p <.05 as evidence to
660 report an effect as significant, but note interactions with |[HR| near or above 0.5 as
661 potentially important provided p-value approached .05, and tamp down importance
662  of interactions that were significant, but have relatively minor effect size (|[HR| less
663  than 0.5) in our discussion of the data.

664

665  Erect wing scoring

666

667 The erect wing phenotype was scored as the number of flies with splayed
668  wings throughout a distinct majority of the period of observation (30s); if unclear,
669 the vial was monitored an additional 30s. Here we define splayed wings as wings
670 notatrest over the back, but did not require wings to be fully upright; on occasion
671  wings were held splayed outward at ~45° relative to the dorsal view, and often

672  slightly elevated relative to the resting state akin to male aggressive displays.

673  Sometimes only one wing was extended, which occurred in both thoracic pricking
674  and fungi natural infections; these flies were counted as having erect wing. In

675 natural infections, the typical course of erect wing display developed in two fashions
676  atearly time points, either: i) flies beginning with wings slightly splayed but not
677  fully upright, or ii) flies constantly flitting their wings outward and returning them
678  torest briefly, only to flit them outward again for extended periods of time. Shortly
679  after infection, some flies were also observed wandering around with wings beating
680 ata furious pace, which was not counted as erect wing. However at later time points
681  erect wing flies settled more permanently on upright splayed wings. Erect wing

682 measurements were taken daily following infection, and erect wing flies over total
683 flies was converted to a percent. Data points in Fig. 6B-D represent % with erect
684  wing in individual replicate experiments with ~20 flies per vial. Flies stuck in the
685  vial, or where the wings had become sticky or mangled were not included in totals.

686 Table S1 reports mean percentages across replicate experiments for all pathogens
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687  and genotypes where erect wing was monitored. Days post-infection reported in
688  Table S1 were selected as the final day prior to major incidents of mortality. For E.
689  faecalis live infections, Bom455¢ and spz'™7 erect wing was taken at 1dpi due to major
690 mortality events by 2dpi specifically in these lines.

691

692 Erect wing measurements were performed in parallel with survival

693  experiments, which often introduced injury to the thorax below the wing possibly
694 damaging flight muscle. It is unlikely that muscle damage explains differences in
695 erect wing display. First: we noticed erect wing initially during natural infections
696  with A. fumigatus, and observed erect wing upon B. bassiana R444 and Metarhizium
697  rileyi PHP1705 natural infections (Table S1; M. rileyi = NOMU-PROTEC, Andermatt
698  Biocontrol). Second: only 1 of 75 total iso w118 males displayed erect wing across 4
699  systemic infection experiments with E. faecalis. For comparison: 19 of 80 total iso
700  ABaraA and 48 of 80 w; ABaraA flies displayed erect wing (Table S1). Future studies
701  might be better served using an abdominal infection mode, which can have different
702  infection dynamics [51]. However we find erect wing display to be robust upon

703  either septic injury or natural infection modes.

704

705  IM10-like peptide in vitro activity

706

707 The 23-residue Baramicin peptides were synthesized by GenicBio to a purity

708  of >95%, verified by HPLC. An N-terminal pyroglutamate modification was included
709  based on previous peptidomic descriptions of Baramicins IM10, IM12, and IM13
710  [52], which we also detected in our LC-MS data (Fig. S2). Peptides were dissolved in
711  DMSO and diluted to a working stock of 1200uM in 0.6% DMSO; the final

712  concentration for incubations was 300uM in 0.15% DMSO. For microbe-killing

713  assays, microbes were allowed to grow to log-growth phase, at which point they
714  were diluted to ~50cells/pL. Two pL of culture (~100 cells), and 1pL water or

715 antibiotic was mixed with 1pL of a 1:1:1 cocktail of IM10, IM12, and IM13 peptides
716  to afinal concentration of 300uM total peptides; 1puL of water + DMSO (final

717  concentration = 0.15% DMSO) was used as a negative control. Four pL microbe-
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718  peptide solutions were incubated for 24h at 4°C. Microbe-peptide cultures were
719  then diluted to a final volume of 100uL and the entire solution was plated on LB
720  agar or BiGGY agar plates. Colonies were counted manually. For combinatorial

721  assays with bacteria, C. albicans yeast, and B. bassiana R444 spores, peptide cocktails
722  were combined with membrane disrupting antimicrobials effective against relevant
723  pathogens beginning at: 10 pM Cecropin A (Sigma), 500pg/mL ampicillin, or

724  250pg/mL Pimaricin (commercially available as “Fungin,” InVivogen), serially

725  diluted through to 0.1 uM, 0.5ug/mL, and 4ug/mL respectively.

726

727 Beauveria bassiana R444 spores were prepared by dissolving ~30mg of

728  sporesin 10mL PBS, and then 4pL microbe-peptide solutions were prepared as

729  described for C. albicans followed by incubation for 24h at 4°C; this spore density
730  was optimal in our hands to produce distinct individual colonies. Then, 4uL PBS was
731 added to each solution and 2pL droplets were plated on malt agar at 25°C. Colony
732  diameters were measured 4 days after plating by manually analyzing colony

733  diameters in InkScape v0.92. Experimental batches were included as co-variates in
734  one-way ANOVA analysis. The initial dataset approached violating Shapiro-Wilk
735  assumptions of normality (p = 0.061) implemented in R 3.6.3. We subsequently

736  removed four colonies from the analysis, as these outliers were over two standard
737  deviations lower than their respective mean (removed colonies: PBS 0.15cm, PBS
738  0.25cm, IM10-like+Pimaricin 0.21cm, and a second IM10-like+Pimaricin colony of
739  0.21cm); the resulting Shapiro-Wilk p-value = 0.294, and both QQ and residual plots
740  suggested a normal distribution. Final killing activities and colony surface areas
741  were compared by One-way ANOVA with Holm-Sidak multiple test correction (C.
742  albicans) and Tukey’s honest significant difference multiple test correction (B.

743  bassiana R444).

744

745

746

747
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748  Gene expression analyses

749

750 RNA was extracted using TRIzol according to manufacturer’s protocol. cDNA
751  wasreverse transcribed using Takara Reverse Transcriptase. qPCR was performed
752 using PowerUP mastermix from Applied Biosystems at 60°C using primers listed in
753  supplementary data file 1. Gene expression was quantified using the PFAFFL

754  method [53] with Rp49 as the reference gene. Statistical analysis was performed by
755  one-way ANOVA with Holm-Sidak’s multiple test correction or student’s t-test. Error
756  bars represent one standard deviation from the mean.

757

758  Proteomic analyses

759

760 Raw haemolymph samples were collected from immune-challenged flies for
761  MALDI-TOF proteomic analysis as described in [14,15]. MALDI-TOF proteomic

762  signals were confirmed independently at facilities in both San Diego, USA and

763  Lausanne, CH. In brief, haemolymph was collected by capillary and transferred to
764  0.1% TFA before addition to acetonitrile universal matrix. Representative spectra
765  are shown. Peaks were identified via corresponding m/z values from previous

766  studies [8,22]. Spectra were visualized using mMass, and figures were additionally
767  prepared using Inkscape v0.92.
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977 Supplemental figure and table captions:

978
979  Figure S1: Supplemental BaraA expression patterns. A) 400bp of upstream
980 sequence from BaraA annotated with putative Rel or Dif/dl binding sites (included
981 in supplemental data file 1). B) Expression of BaraA in wild-type and spz™’ flies
982  following injury with the Gram-positive bacteria M. luteus . C) The BaraA>mGFP
983  reporter line shows a robust induction of GFP 2hpi upon pricking with M. luteus in
984 larvae. D) Expression of BaraA>mGFP in the spermatheca of females (yellow arrow).
985  Representative images shown.
986
987  Figure S2: LCMS coverage of trypsin-digested and detected BaraA peptides
988 aligned to the protein coding sequence. Peptide fragments cover the whole
989 precursor protein barring furin site-associated motifs. Additionally, two peptide
990 fragments are absent: i) the first 4 residues of the C-terminus (“GIND,” not predicted
991  a priori), and ii) the C-terminus peptide’s “RPDGR” motif, which is predicted as a
992  degradation product of Trypsin cleavage and whose size is beyond the minimum
993  range of detection. Without the GIND motif, the mass of the contiguous C-terminus is
994  5974.5 Da, matching the mass observed by MALDI-TOF for IM22 (Fig. 2A). The N-
995  terminal Q residues of IM10, IM12, IM13, and IM24 are pyroglutamate-modified, as
996  described previously [22]. The asparagine residues of IM10-like peptides are
997  sometimes deamidated, likely as a consequence of our 0.1% TFA sample collection
998 method as “NG” motifs are deamidated in acidic conditions [54].
999
1000  Figure S3: Alignments of BaraA peptide motifs. A) Aligned IM22 peptides of
1001  Drosophila Baramicin A-like genes, with the IM10-like ‘VWKRPDGRTV’ motif noted.
1002  The GIND residues at the N-terminus are cleaved off in Dmel\BaraA by an unknown
1003  process, and this site is similarly cleaved at RXRR furin cleavage site in subgenus
1004 Drosophila flies. As a consequence, the mature IM22 peptide is predicted to be the
1005 same across species even when different cleavage mechanisms are utilized. B)
1006  Alignment of the three IM10-like peptides of D. melanogaster BaraA with the
1007  “VXRPXRTV” motif noted.
1008
1009 Figure S4: Over-expression of BaraA partially rescues Rel, spz double mutant
1010 susceptibility to infection in both males and females. A) validation of the UAS-
1011  BaraA construct in the Rel, spz background. B) Overexpressing BaraA did not
1012  improve the survival of Rel, spz flies upon E. coli infection. C) Overexpressing BaraA
1013  only marginally improves survival of Rel, spz females, but not males, upon M. luteus
1014 infections. Infections using a higher dose tended to kill 100% of Rel, spz flies
1015 regardless of sex or expression of BaraA, suggesting that if BaraA overexpression
1016  does affect susceptibility to M. luteus, this effect is possible within only a narrow
1017  window of M. luteus concentration. D-F) Overexpressing BaraA improves survival of
1018  Rel, spz male and female flies upon injury with C. albicans (D) or natural infection
1019  with A. fumigatus (E) and N. crassa (F). P-values are shown for each biological sex in
1020 anindependent CoxPH model not including the other sex relative to Rel, spz as a
1021  reference.
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1022

1023  Figure S5: RT-qPCR shows that the expression of BomBc3 (A) Drs (B) and DptA (C)
1024  is wild-type 18hpi in iso ABaraA flies. D) BaraA mutants survive clean injury like
1025  wild-type flies. E) iso ABaraA flies have similar lifespan compared with the iso w1118
1026  wild-type (males + females, iso vs. iso ABaraA: HR = 0.26, p =.118).

1027

1028 Figure S6: Additional survivals using ABaraA flies in two distinct genetic

1029 backgrounds upon infection by a diversity of microbes. A) No significant

1030  susceptibility of ABaraA flies to Ecc15 infection. B) w; ABaraA but not iso ABaraA
1031 flies exhibit a marginal susceptibility to B. subtilis (HR > 0.5, p =.099). C-D) w;

1032  ABaraA males were slightly susceptible to A. fumigatus natural infection (HR > 0.5, p
1033  =.078), but not females, nor isogenic flies. Additional infections using ABaraA,

1034  BomA55¢ double mutant flies reveal that BaraA mutation increases the susceptibility
1035  of Bom455¢ flies in both males and females (cumulative curves shown in Fig. 5A).
1036  Blue backgrounds = Gram-negative bacteria, orange backgrounds = Gram-positive
1037  bacteria, yellow backgrounds = fungi.

1038

1039 Figure S7: Additional survival analyses reveal only a minor contribution of
1040 BaraA to defence against infection by E. faecalis. A) Crosses with a genomic
1041 deficiency (Df{BaraA)) leads to increased susceptibility in both the w background
1042  and isogenic DrosDel background, with Df{BaraA)/ABaraA flies suffering the

1043  greatest mortality in either crossing scheme. Both deficiency crosses yielded an
1044  earlier susceptibility in BaraA-deficient flies (shown with dotted black lines),

1045 however neither experiment ultimately reached statistical significance. B) BaraA
1046  RNAi flies (Act>BaraA-IR) suffered greater mortality than Act>OR-R or OR-R/BaraA-
1047 IR controls, but this was not statistically significant at a =.05; p-values reported are
1048 comparisons to Act>BaraA-IR flies.

1049

1050 Figure S8: Additional survival analyses reveal a consistent contribution of
1051 BaraA to defence against natural infection with B. bassiana. A) Crossing with a
1052  genomic deficiency (Df{BaraA)) leads to increased susceptibility of

1053  Df{BaraA)/ABaraA flies for both the w background and isogenic DrosDel

1054  background relative to wild-type controls (p <.05). B) Act>BaraA-IR flies were more
1055  susceptible than the OR-R wild-type (p =.008) and OR>BaraA-IR (p = .004), although
1056  not significantly different from our Act>OR-R control (p =.266). C) Overexpressing
1057  BaraA (Act>UAS-BaraA) improved survival against B. bassiana relative to Act>OR-R
1058  controls (HR =-0.52, p = 0.010).

1059

1060 Figure S9: Frequency of erect wing display following additional challenges. A-
1061 B) Erect wing frequencies 2dpi after clean injury (A), or Ecc15 septic injury (B). The
1062  erect wing frequencies of flies pricked by HK-E. faecalis (Fig. 6D) are included in
1063  brown in A and B to facilitate direct comparison with the frequency observed upon
1064  Toll pathway activation. C) The frequency of erect wing display is increased

1065 following E. faecalis septic injury in ABaraA/+ or Df(BaraA)/+ flies. Data points are
1066  pooled from w; ABaraA and iso ABaraA crosses after E. faecalis infections shown in
1067  Fig. S7A and data in Table S1.
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Table S1: Erect wing frequencies from various infection experiments.
Following initial erect wing observations upon A. fumigatus natural infection, we
scored erect wing frequency in all subsequent survival experiments. Data represent
the mean % of males displaying erect wing + one standard deviation. n exp =
number of replicate experiments performed, and dpi ewg taken = days post-
infection where erect wing data were recorded. We additionally performed natural
infections with Metarhizium rileyi that generally did not cause significant mortality
even in ABaraA, Bom45°¢ double mutant males, but nevertheless induced erect wing
specifically in ABaraA males and spz™’ controls. Bacterial infections were
performed by septic injury, while fungal challenges were natural infections
performed by rolling flies in spores.
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1081 Supplementary information:
1082
1083  Identification of the BaraA C-terminus as IM22 from Uttenweiler-Joseph et al.

1084 In 1998, Uttenweiler-Joseph et al. [8] described 24 immune-induced

1085 molecules by MALDI-TOF and informed predictions suggested that BaraA could
1086  encodes several of them [22]. We generated a knock out mutant for the BaraA gene
1087  (BaraAS"1), which we validated by MALDI-TOF peptidomic analysis. Strikingly, we
1088 noticed an immune-induced peak at ~5981 Da in Linear mode collections that is
1089  absentin ABaraA flies (Fig. 2A); this mass closely resembled the 5984 Da estimated
1090 mass of IM22 from Uttenweiler-Joseph et al. [8], for which sequence was never
1091 determined. We took the Linear masses reported for then-unknown IMs from

1092  Uttenweiler-Joseph et al. [8] and post-hoc generated a standard curve with now-
1093  confirmed mass values from Levy et al. [22]. Our post-hoc standard curve corrects
1094  the mass of IM22 as found in Uttenweiler-Joseph et al. [8] to be 5973.5 Da. Using the
1095 same approach with our own linear data we find a mass of 5975.1 Da for our 5981
1096  Da peak (supplementary data file 1). With LCMS proteomics, we confirmed that the
1097  BaraA C-terminus is cleaved to remove 4 N-terminal residues, which should produce
1098 a putative 5974.5 Da peptide (Fig S2). Together these observations indicate the
1099  BaraA C-terminus encodes the following 53-residue mature peptide, matching the
1100 estimated mass of IM22: ARVQGENFVA RDDQAGIWDN NVSVWKRPDG

1101  RTVTIDRNGH TIVSGRGRPA QHY.

1102

1103 The BaraA gene is therefore involved in the production of over one third of
1104 the classical Drosophila IMs from Uttenweiler-Joseph et al. [8], including: IM5, 6, 8,
1105 10,12,13, 20 (doubly-charged IM24 [22]), 22, and 24.

1106

1107

1108

1109

1110

1111
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1112  Sequence of the BaraA-Gal4 promoter construct

1113

1114 The following 1675bp sequence was cloned from the DrosDel isogenic

1115  background into the pBPGUw vector to drive a downstream Gal4 gene, and inserted

1116  into the VK33 attP docking site using BDSC line #24871:

1117

1118  Dif/dorsal binding site (bold):  GGGHHNNDVH
1119  Rel binding site (underline): GGRDNNHHBS
1120

1121  >iso_DrosDel_BaraA_promoter-Gal4

1122 CTGCTACTCCTCTACACATTCGACTCCTTCGCCTTGCTGGCTGGGAAAAAATTTTGCATA
1123  ATTTATGTGGGTGCCGCGCACACGGAGGTCCCGACGGATTCGAAGTATCCGAAGGATTCG
1124  AAAGGAAAACAACGCACGAGCACCACGGCCAACTGATTTAAATGCAATTGCACTGAAGT
1125 ATTTTGTTTGGCGAACGAAGCTGGATGAAATAGGGGGGTGTGGGGTTTTCTATTGAGAC
1126  ATCTGCACGTGCAACCGGAAACATCCGAAGAGAACAGCACAGGCCGGGCTACGCCGGGCA
1127  ATTTCTTTTCATTTGCCAAGGTGTTGAGTTGCACCAACATTCGACATCGACGTGGCCAGA
1128  AGCCAACAAAAGCCAAGAGCCAAACCCCTTTTTGTGGTCACAAGTGTCGTCTATTTGTCG
1129  TGGGCATCTTGGGCACCTTGGGCATCCTCGACATCCTTGCCATTTTGGTCTGGCCAAGAC
1130  AAACAACCAGCAAATTTAGTGTATTTTGTGCATTTTTAAAATTGTCCAAATTTATGTGA
1131  CACGCTGCGCCAATTGATCAGATTAAATAAACATGAGGCCAAGCGAATCGAATTTGGCTT
1132 CACCAAGAAGACAATGCAGTCTGTATTCAAATGGGTGGGCGCATCCACCAAGCGGTGAAT
1133 ACAGTGACCGCTCGCTATAATGGACGGTCAGGTGTTACTTTAACTTAAAAAAATATGTA
1134  ACAAATCTTATCAAGTTTGAAATAGATTGAAATAGATTTGGTTATTGCATTCGAAAGAT
1135 ATATATTAAATTCGAATATTCCAAGAAATTTCATGAGAATGTCACTTATGTCATGAGAT
1136  TATATTAACGTACGAATAAACAATGTATTTTCCAAAATTAAAAATAAAATTTAATTTAA
1137 TTACGCAGTACCTTTACACTATCAGTCGGAGGTAATAACTCATATAATTAGATTAGCATT
1138 AGATTTTAAAGCGAAAAACACTTAAAAGCTGAAATTATTAGACAACACTCTTAAATTAG
1139  TCGAGCTGATATATAGCCTCAAGTTTTGCTTAAATCCAAAGATAAAGGAATGCCTTCAA
1140  AAATATATTTTGTTTTATACCAAGTGACAGCAGAGAATGGGGTTGCAATATCTTAAAAG
1141  AGTTTCACTTAGCCAATATTTACTGCCATTGTTGGCCACCAAATAGTAGCAACCAGAGAC
1142 TTCCAGGAATATATTCTCGTGTCAAATGCAATCCACTTTAAATGCAACTATCTGGCGGCT
1143  AAGAAAACCCGACAGTTTGATTCAAGTCGACGAAACAATATAAGCACGTGCTAAATAAA
1144  GAGACCTATGCAGTTAATACTCTTGTCATATTATAATATAATTTAGTGACATAAGTTGC
1145 ATGGTATACGAGTACTGAACAAGTTATGGCAGCTTTTCCAAATAAGCGATCACATATTCC
1146  GCGGGATGATGGGTGGATTTCTAGCATATGTGGATGCTTAATGGCTTATTGCRGGICAG
1147 [@GEGGCGCAATCTGTTCAGARARTICEEGAACGCACACCCATTTCAGATCAGATTGTGAC
1148  GTTTTHGGARATEEE TGACGATCGGTGTAAACAAGCTCAGCAACCAGATTCGATGGCTA
1149 TTTGCCGGCTATAAATACTAGAAACCATTCGATTGCACTCAGTTGAAGCTGGGCTCTGGA
1150  ACAGATCACA

1151
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