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Preface

In their environment, multicellular organisms are permanently in contact with
potential microbial invaders, a situation already encountered by the common ancestor to
metazoans.

On one side, these organisms have developed different strategies to protect
themselves and to destroy the pathogens. Even though the first layer of defense against
invaders is a physical barrier, the stronger arm is the immune system. In all vertebrates, the
immune system is composed by the innate and the adaptive immune response.

With regards to insects, the immune system is composed of only an innate immune
system that is however sufficient to ensure a strong protection against a variety of
microorganisms. Strong homologies between mammalians and insects innate immunity exist
as has been shown with the identification of the Toll-like receptor, homologous to the
Drosophila Toll receptor. Indeed, Drosophila melanogaster is a powerful genetic organism

model that carry many avantages compared to mammalian model.

On the other side, invaders co-evolu with their hosts and constantly develop novel
virulence strategies. One of these invaders, Pseudomonas aeruginosa, is an opportunistic
Human pathogen and the fourth most commonly isolated nosocomial pathogen. Even though,
P. aeruginosa infection are mostly curable, an acute fulminant infection like pneumonia, burn
wound infection or sepsis, leads to a very strong mortality rate. Treatments against P.
aeruginosa are principally based on antibiotics which become progressively less efficient
with the apparition of resistant strains.

New therapeutics are under investigation, like molecules that could function as
quorum sensing inhibitors. Some compounds have already been identified but their curative
effect on a P. aeruginosa remains to be confirmed. Moreover, there is a need to deeper

understand the bacteria virulence in order to better target specific strains.

Therefore the goal of my PhD was to use the power of the Drosophila model organism

to study P. aeruginosa virulence systems.






General Introduction

I. Drosophila melanogaster

A. A genetic model organism

The fruit fly Drosophila melanogaster is an insect from the order Diptera. Drosophila
have a short life-cycle (10 days at 25°C), a small size (2 mm) and thus small infrastructural
requirements are needed to culture them.

Following a suggestion from Charles Woodworth, William E. Castle started studying
Drosophila melanogaster and published a monograph in 1906 in PNAS : « The Effects of
Inbreeding, Cross-Breeding, and Selection Upon the Fertility and Variability of Drosophila ».
Following this work, Thomas H. Morgan isolated his first Drosophila mutant in 1909 and
later on developed “The chromosomal theory of heredity”” (Nobel Prize, 1933).

Thomas H. Morgan's students constituted the next generation of Drosophila
researchers, Drosophilists. His students, especially A. H. Sturtevant, C. B. Bridges and H. J.
Muller developed the Drosophila organism model by developing the balancers chromosomes,
identification of larval salivary glands giant polytene chromosomes and mapping of genes on
the chromosomes. In 1927, Hermann J. Muller showed that ionizing radiation (x-rays) causes
genetic damage including chromosomal rearrangements (Nobel Prize, 1946). More recently,
Edward B. Lewis developed a chemical mutagenesis that allowed to generate point mutations
and thus ushered the first genome-wide saturating mutagenesis screens (Nobel Prize, 1995,

together with Christian Niisslein-Volhard and Erich Wieschaus).

In the time of a few decades, Drosophila melanogaster became a model organism of
choice in the field of genetic. Today, physical methods, chemicals, and even transposons can
be used to generate mutants and genome-wide analysis.

Associated to the generation of Drosophila mutants, balancer chromosomes are of
particular importance. Because they carry a lethal mutation, they allow the maintenance of
lethal or sterile mutant stocks by preventing the loss of these mutations that are "equilibrated"

by the balancer lethal chromosome, hence their name. They possess multiple inverted
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Figure 1. The thermosensitive UAS-Gal4 tissue- or cell type-specific expression
system.

A fly line carrying the Gal4 driver and the Gal80ts sequences under promoters (ubiquitous for
Gal80ts and in the tissue or cell type of choice for Gal4) are crossed with a fly line harboring a
transgene of choice expressed under the control of UAS sequences (F0). Crosses are done at
18°C. At that temperature, all three sequences are present in the progeny flies (F1) and a
functional Gal4 repressor, Gal80 is expressed. Gal4 is inhibited thus blocking the transcription of
the transgene. When F1 flies are transferred to 29°C, the conformation of Gal80 changes and it is
unable to bind to Gal4, thus allowing the binding of Gal4 to UAS sequences and the recruitment of
the RNA polymerase.



sequences that prevent meiotic recombination between homologous chromosomes. In
addition, they contain marker genes allowing its tractability through fly generations.

Recently, the introduction of the yeast Upstream Activation Sequence (UAS)
associated with the galactose4 gene (Gal4) permits the spatial control of transgene
expression. Later on, the development of a thermo-sensitive Gal80 (Gal80ts), in addition to
the UAS-Gal4 system, allowed the temporal and the spatial control of the transgene
expression (Fig. 1).

In parallel to the UAS-Gal4 system, the RNA interference (RNA1) has been developed
using transgenic technology. A transgenic construct allows the expression under the control of
Gal4 of a hairpin or a miRNA designed to target the transcripts of a given gene. It is a
powerful tool to silence the expression of target genes. A library of more than 10,000
transgenic Drosophila strains covering more than 88% of the fly genome is kept at the Vienna
Drosophila Research Center and is available to the Drosophila community (Dietzl et al.,

2007). Other resources are available in the US (TRiP) or in Japan (NIG-Fly).

B. Drosophila innate immunity

The Drosophila innate immunity is composed of two branches of defense: the
systemic humoral response and the cellular response. The systemic response involves mainly
the Toll and the Immune deficiency (Imd) pathway while the cellular immune response
corresponds predominantly to the phagocytosis ability of specialized macrophage-like cells
referred to generically as hemocytes. The Toll and Imd pathways induce the expression of
different genes like those encoding antimicrobial peptide (AMPs), opsonins, components of

the melanization or clotting system, among others.

1. Cellular response

Like all insects, Drosophila melanogaster uses a tracheal respiratory system and its
circulatory system is open. At the adult stage, the dorsal vessel drives a continuous flow of the
hemolymph in the general cavity of the fly. In addition, hemocytes, use this flow to patrol the
whole body.

Hemocytes are a phagocytic cell type that can be divided in two categories at the adult

stage: “free-floating” hemocytes (around 10% of the total) and sessile hemocytes (around






90% of the total) (Meister, 2004). The latter cells are fixed directly on the inner side of the

cuticle.

a) Drosophila hematopoiesis

Hemocytes present at the adult stage of Drosophila originate from two periods of
hematopoiesis separated in a spatial and temporal manner (Holz et al., 2003).

The first wave of hematopoiesis takes place at the embryonic stage, in the head
mesoderm. This pool of hemocytes constitutes all mature hemocytes found at the larval stage
in the absence of a immune challenge (Tepass et al., 1994).

The second wave of hematopoiesis occurs in the larva in a specialized organ called the
lymph gland (Jung et al., 2005). This set of hemocytes is only released shortly before
metamorphosis (in the absence of a immune challenge) and participates in the remodeling of
the tissue during metamorphosis. Their phagocytic function is especially activated by the peak
of ecdysone hormone that induces metamorphosis. It has been shown in vivo that hemocytes
unable to receive the ecdysone signal are unable to efficiently phagocytose bacteria and
apoptotic corpses during metamorphosis (Regan et al., 2013).

During the adult stage, no hematopoietic activity has been detected thus far. Therefore,
in adult Drosophila, there is a defined number of hemocytes (in the order of two thousand per

fly) that cannot be replaced (Meister, 2004).

b) Different types of blood cells

At larval stages, blood cells or hemocytes are composed by three cell types: crystal
cells, plasmatocytes and lamellocytes. All three cell types originate from prohemocyte cells
and exhibit different functions.

Most hemocytes are plasmatocytes (90-95%) that phagocytose apoptotic corpses and
microbes. These cells are either “free-floating” in the hemolymph or sessile and connected to
ventral nerve cord. It has recently been shown that the “free-floating” plasmatocytes are also
able to localize to the gut proventriculus and exert there their phagocytic function (Zaidman-
Rémy et al., 2012). Upon infection, they are also involved in the secretion of AMPs by the fat
body and have been described to secrete Spitzle (Charroux and Royet, 2009; Shia et al.,
2009).






Lamellocytes are easily recognizable with their large and flat form. They are involved
in an anti-parasitic activity called encapsulation, which consists in surrounding large structure
like parasite eggs with a cellular insulating layer that becomes melanized. Lamellocytes
represent a very low number of hemocytes in healthy larvae and this number dramatically
increases upon parasitic infection such as the injection of eggs from a parasitoid wasp.

The last type, crystal cells, are present as a low number (5%). They are round cells
recognizable by the large proPO (pro-phenol oxidase) crystals present in their cytoplasm.
Upon activation, crystal cell membrane is disrupted and releases the proPO crystals which

then initialize the melanization process.

At the adult stage, only one blood cell type has been identified, the plasmatocytes, thus
often referred to as hemocytes at this stage. Both lamellocytes and crystal cells seem to be
eliminated during metamorphosis. Similarly to the larval stage, these hemocytes are either
“free floating” in the hemolymph or sessile.

These “free-floating” hemocytes are also able to localize to the gut proventriculus
(Zaidman-Rémy et al., 2012). Moreover it has been recently shown that the phagocytic
abilities of hemocytes decrease with aging in adult flies (Horn et al., 2014). Besides their
phagocytic function, hemocytes have been described to secrete cytokines such as Upd3

(Agaisse et al., 2003).

¢) Phagocytic receptors and opsonins

At larval or adult stages, the phagocytic function is accomplished by plasmatocytes.
However, this function requires a detection of the elements that need to be phagocytozed by

the plasmatocytes. This recognition involves specific receptors.

So far, a few phagocytic or potential phagocytic receptors have been identified and
only some of them have been well-characterized. Among them, the Eater receptor is the most
studied one.

The Eater receptor has been shown to bind directly to diverse live Gram-positive
bacteria like Staphylococcus aureus and Enterococcus faecalis. 1t is required for controlling
several systemic or intestinal infections (Kocks et al., 2005; Nehme et al., 2011). However,

Eater receptor binding to Gram-negative bacteria (Escherichia coli, Serratia marcescens and






Pseudomonas aeruginosa) required a partial disruption of the bacterial membrane, which can
be fulfilled by AMPs like the Cecropin A (Chung and Kocks, 2011).

Other phagocytic or potential phagocytic receptors like Down Syndrome Cell-
Adhesion Molecule (DSCAM), Scavenger Receptor CI (SR-CI) and Croquemort (CRQ) have,
so far, only been identified as being required for phagocytosis in Drosophila cultured cell

models and will not be described any further.

In addition to the phagocytic receptors, six genes homologous to the complement/a:2-
macroglobulin family of genes, thioester-containing protein (Tep) have been identified in
Drosophila (Lagueux et al., 2000), although one of them, TepJ, is likely a pseudo-gene. They
could potentially play a role in microbial opsonisation and would thus facilitate the
engulfment of microbes by phagocytes, like complement molecules in mammals.

Indeed, Anopheles gambiae Tepl has been shown to function as an opsonin against
some bacteria (Levashina et al., 2001). It also plays a major role in the defense against
Plasmodium infections (Blandin et al., 2008).

Among the Drosophila Tep proteins, four possess a canonical thioester motif hence
the name of the family. The last protein lacks the thioester motif and is referred as either Tep6
or Mcr (Macroglobulin-complement related). Unexpectedly, it has been shown to be a
component of Drosophila septate junctions in epithelia of ectodermal origins (Bétz et al.,

2014; Hall et al., 2014).

The Tepl-Tep4 proteins are potentially secreted in Drosophila hemolymph as they all
possess a signal peptide. Moreover at least three of them (Tepl, Tep2, and Tep3) are up-
regulated upon a mixed Gram-positive (Micrococcus luteus) and Gram-negative (E. coli)
challenge (Lagueux et al., 2000). Furthermore, with a RNA1i assay in Drosophila S2 cells,
Tep2 and Tep3 were shown to be required for efficient phagocytosis of E. coli and S. aureus
respectively (Stroschein-Stevenson et al., 2006). In the same study, Candida albicans was
significantly less phagocytosed in fep6 down-regulated cells than in wild-type. However, on
the contrary to 4. gambiae, no demonstration of a role in vivo for Tep proteins in Drosophila

immunity has been achieved so far (Bou Aoun et al., 2011).

d) Host-pathogen interactions in phagocytosis






Following the detection of bacteria by phagocytic receptors, the cell membrane driven
by the cytoskeleton invaginates around the particle. This invagination goes deeper until the
bacteria is fully engulfed in a vesicle, the phagosome (Fairn and Grinstein, 2012; Ismail et al.,
2002). From this step, host cells developed mechanisms to destroy these bacteria while some
bacteria have evolved to escape or resist against these mechanisms.

The first mechanism is the acidification of the phagosome by successive fusions of the
phagosome with mature endosomes and in finally with lysosomes. Acidification of the
phagosome mainly requires the activity of the vacuolar H+ATPase (vATPase) and activates
some proteases and lipases (Soldati and Neyrolles, 2012). Some pathogen like Leishmania
donovani evolved to resist to this acidic and hostile environment (Peltan et al., 2012). Others
(Mycobacterium marinum, Chlamydia trachomatis and Francisella tularensis) inhibit the
phagosome-lysosome fusion by diverting the host ubiquitin ligase CDC27 (Akimana et al.,
2010; Dionne et al., 2003; Elwell and Engel, 2005).

The second mechanism is to highly increase the concentration of toxic molecules like
reactive oxygen species and reactive nitrogen intermediates inside the phagosome (Soldati
and Neyrolles, 2012). It has been shown that among Francisella novida virulence factors
some were involved in oxidative stress resistance like for instance oxyR (Ahlund et al., 2010;
Moule et al., 2010).

Moreover, some bacteria have developed a mechanism that allows them to escape
from the phagosome into the cytoplasm of the host cell. For instance, one study in Drosophila
S2 cells demonstrated that the well studied Listeria monocytogenes uses its pore forming
toxin Listeriolysin O to escape from the phagosome and this mechanism is vATPase

dependent (Cheng and Portnoy, 2003).

2. The humoral immune response

Upon a septic injury, 80% of the genes induced are regulated by the Toll or the Imd
pathway showing the importance of these two pathways in the immune defense of
Drosophila. One major difference between the Imd and the Toll pathway is the kinetic of
activation (Ferrandon et al., 2007; Ganesan et al., 2010; Lemaitre and Hoffmann, 2007). The
Imd pathway is much faster activated than the Toll pathway. Imd pathway activation takes
places within the first hours of the infection and the peak of Diptericin expression is reached

at around 6 hours and then decreases to the normal state at around 30 hours. On the contrary






Toll pathway activation needs more time and the peak of Drosomycin expression is reached at
around 24-30 hours and then decreases slowly (Lemaitre et al., 1996, 1997; Rutschmann et
al., 2000a).

The Drosophila humoral immune response involves the expression of several genes in
the fat body, a functional equivalent of a composite of the mammalian liver and adipose
tissue, under the activation of the Toll and/or the Imd pathway. Among these genes, 20
encode antimicrobial peptides (AMPs). These AMPs are cationic peptides with different anti-
bacterial or anti-fungal activities and can be grouped into seven classes (Imler and Bulet,
2005). Diptericin, Drosocin and Attacin are all three efficient against Gram-negative bacteria.
Defensin is the only AMP active against Gram-positive bacteria. Drosomycin and
Metchnikowin are efficient anti-fungals and Cecropin is active against both bacteria and some

fungi.

a) Microbial recognition

Both Gram-positive and Gram-negative bacteria are able, in various proportions, to
induce a humoral immune response. These microbes are detected or recognized by a variety
of host proteins referred to as Pattern Recognition Receptor (PRR). These PRRs are
positioned upstream of the Toll and the Imd pathway and are either transmembrane or
circulating receptors. They belong to the families of peptidoglycan recognition proteins
(PGRPs) and Gram-negative binding proteins (GNBPs).

These PRR mainly recognize specific forms of microbe peptidoglycan (PGN). PGN is
a composite polymer, a highly complex and fast evolving molecule, with marked differences
from one bacterium to the other and restricted to the cell wall of both Gram-negative and
Gram-positive bacteria. It consists of long chains of alternating N-acetylglucosamine and N-
acetylmuramic acid residues that are cross-linked to each other by short peptidic bridges
(Leulier et al., 2003; Stenbak et al., 2004).

A major difference in the PGN of most Gram-positive and Gram-negative bacteria is
the presence of lysine residue (Lys-type PGN) instead of meso-diaminopimelic acid (DAP-
type PGN) at the third position in the peptide chain of PGN from some Gram-positive
bacteria. Classically, DAP-type PGN is known to activate the Imd pathway and Lys-type
PGN 1s known to activate the Toll pathway (Leulier et al., 2003). One exception is the

Bacillus species (Gram-positive bacteria), which contain an amidated-DAP-type PGN, and
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Figure 2. The Toll pathway in immunity

There are two ways to activate the Toll pathway, either through the recognition of microbial cell
wall components by PRR like GNBP3 (B-glucans from fungi), PGRP-SA and GNBP1 (Lys-type
PGN from Gram-positive bacteria), and PGRP-SD (could potentially bind to DAP-type PGN from
Gram-negative bacteria), or through the detection by Persephone of virulence factor enzymatic
activity (some bacterial or fungal proteases). These recognition events activate a proteolytic
cascade involving different serine proteases until SPE ultimately cleaves pro-Spatzle into an
active ligand able to bind the Toll receptor, which then activates the intracellular part of the
pathway involving Myd88, Tube and Pelle. DIF, the NF-kB transcription factor of the Toll pathway,
is anchored by Cactus in the cytoplasm and thus preventing its translocation to the nucleus. Upon
Toll pathway activation, Cactus is phosphorylated (possibly by Pelle) and then polyubiquitylated,
leading to its degradation. “Free” DIF can then ftranslocate to the nucleus to regulate the
expression of Toll pathway target genes.

The pathway is described in more details in the main text.

(Scheme adapted from Ferrandon et al. 2007).



that activated both the Imd pathway and the Toll pathway. However, these Bacillus species
fail to induce the Imd pathway at least in an oral ingestion of the PGN (Zaidman-Rémy et al.,
20006).

Another strong difference in the PGN between Gram-positive and Gram-negative
bacteria is the location of the PGN. For Gram-positive bacteria, there is a multi-layered PGN
surrounding the cell-wall and directly exposed at the surface of the bacteria. Gram-negative
bacteria have a thinner layer of PGN inside of the periplasm, located between the inner cell
membrane and the outer cell membrane. In this case the PGN is not directly exposed at the
surface and small PGN fragments are released during the cell wall remodeling that
accompanies bacterial growth and division.

PGRPs are highly conserved from insects to mammals and contains the PGRP domain
(160 amino acid), a zinc-dependent N-acetylmuramoyl-L-alanine amidase domain, which
shares similarities to the bacteriophage T7 lysozyme. In Drosophila, 13 PGRPs have been
identified and they can be divided into two subgroups with either recognition or enzymatic
properties (Werner et al., 2000). On one side, the first subgroup is composed by PGRP-SA,
SD, LA, LC, LD, LE, and LF. These molecules lack zinc-binding residues necessary for
amidase activity but are still able to recognize and bind PGN to function as PRR. On the other
side, the second subgroup is composed by PGRP-SC1, SC2, LB, SB1 and SB2. These
molecules are catalytic PGRPs as they have a zinc-dependent amidase activity (demonstrated
for PGRP-SCI1, LB and SB1 and predicted for PGRP-SC2 and SB2) that removes peptides
from the glycan chains, thereby reducing or eliminating the immune elicitor activity of PGN.
In addition, some PGRPs are able to modulate the immune response by scavenging PGN
(Basbous et al., 2011; Bischoff et al., 2006; Maillet et al., 2008; Mellroth and Steiner, 2006;
Mellroth et al., 2003; Zaidman-Rémy et al., 2006).

b) The Toll pathway

It 1s an evolutionary conserved signaling pathway. The Toll intracellular signaling
pathway shares significant similarities with the signaling pathways activated downstream of
Interleukin-1 and some TLRs, suggesting a common ancestry. However, one major difference
between vertebrates and Drosophila is that in the former the Toll receptor does not work as a
pattern recognition receptor (as the Toll-like receptors are in vertebrates) but is activated by

the binding of a cytokine, Spitzle. The Drosophila genome encodes 9 Toll proteins and only
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one is clearly implicated in Drosophila immunity (Ooi et al., 2002; Tauszig et al., 2000).
Moreover, in Drosophila, the Toll pathway functions both during embryonic development

(formation of the dorso-ventral axis) and in innate immunity.

The Toll pathway is activated upon some Gram-positive bacterial and fungal
infections (Fig. 2). Two types of receptors, PGRPs and GNBPs, are involved in the activation
of the Toll pathway. PGRP-SA is a secreted protein, detected in the hemolymph and involved
in the recognition of Lys-type PGN from Gram-positive bacteria, together with GNBP1
(Gobert et al., 2003; Michel et al., 2001). PGRP-SA and GNBPI form complexes in the
hemolymph (Gottar et al., 2006; Pili-Floury et al., 2004). GNBP1 might hydrolyze Gram-
positive PGN into small fragments detectable by PGRP-SA (Filipe et al., 2005; Wang et al.,
2006), which however does not explain how the overexpression of both genes is sufficient to
induce the Toll pathway in the absence of any infection (Gobert et al., 2003). Moreover,
PGRP-SD is another secreted PRR that would function in partial redundancy with the PGRP-
SA/GNBP1 complex but which would rather bind to DAP-type PGN than Lys-type PGN
(Bischoff et al., 2004; Leone et al., 2008).

Another GNBP protein, GNBP3 is a circulating PRR that shares homologies with
bacterial glucanases (Kim et al., 2000). GNBP3 contains an N-terminal domain that binds to
the fungal B(1,3)-glucan (Mishima et al., 2009) and a C-terminal domain that is homologous
to the catalytic domain of B-glucanases; however, the absence of conserved key residues in
the catalytic site suggests that this domain is not functional. This PRR has a key role in the
detection of fungal infections and subsequent activation of the Toll pathway and melanization
cascades (Gottar et al., 2006; Matskevich et al., 2010).

An alternative mechanism of Toll pathway activation has been identified with
entomopathogenic fungi but can also be triggered by some bacteria. Entomopathogenic fungi
enter the Drosophila hemocoel by boring a microscopic hole through the cuticle. To this end,
they secrete proteases such as PR1, as well as chitinases. The PR1 protease has been shown to
cleave a host protease, Persephone, which upon cleavage functions as a sensor and activates
Spétzle maturation through a downstream proteolytic cascade (Gottar et al., 2006).
Persephone may also be activated by bacterial proteases that are released as virulence factors
(El Chamy et al., 2008). Thus, this branch of Toll pathway activation relies on sensing the
enzymatic activities of microbial virulence factors. Persephone self-activation is inhibited by

the serpin Necrotic (Levashina et al., 1999; Ligoxygakis et al., 2002a)

12






After the detection of the microbe either by recognition of PGN or B-glucans, a
proteolytic cascade is activated consisting of several serine proteases (ModSP, Grass...) that
undergo zymogen activation (Buchon et al., 2009a). This protease cascade allows an
amplification of the activating signal and can be down regulated by specific inhibitors such as
serpins, for instance in the case of inappropriate activation or to terminate signaling
(Ligoxygakis et al., 2002b).

On the other side of Toll pathway activation, it is not yet clear if Persephone is able to
cleave directly or not SPE (an immune-regulated protein). At the end of the activation
cascade, the serine protease SPE cleaves pro-Spitzle in the activated form of Spétzle able to
bind to the Toll receptor (Jang et al., 2006; Kambris et al., 2006). Once clived, Spitzle binds
with a high affinity to the N-terminal part (extracellular) of the Toll receptor (Weber et al.,
2003). This extracellular part of the receptor contains multiple leucine-rich repeats (LRR) and
the intracellular part is referred as the TIR domain (homologous to the intracytoplasmic
signaling domain of the mammalian interleukin-1 receptor and to all TLRs).

Spétzle binding to the Toll receptor triggers conformational changes of the Toll
receptor and signaling (Weber et al., 2005). In the intracellular space, the Toll-induced
signaling complex (TISC) is composed by three proteins that interact with each other via their
Death-Domain (DD). Myd88 (myeloid differentiation primary-response gene 88) is directly
linked to Toll receptor via its TIR domain (Tauszig-Delamasure et al., 2002). Linked to
Myd88, there is first Tube and then Pelle (a member of the IL-1R-associated kinase (IRAK)
family of serine proteases), all three interacting through their DD (Sun et al., 2004).

The NF-«B transcription factor DIF (dorsal-related immunity factor) is retained in the
cytoplasm by the Cactus inhibitor (an homologue of the mammalian inhibitor of NF-xB, IxB)
(Belvin et al., 1995; Lu et al., 2001; Rutschmann et al., 2000a). Toll pathway activation
induces the phosphorylation and cleavage of Cactus, and its subsequent degradation (probably
through polyubiquitylation) (Nicolas et al., 1998). However the mechanism through which
Cactus is phosphorylated remains unknown. In Drosophila embryos, it has been reported that
the complex Dorsal/Cactus can interact with Tube (associated to the TISC) and therefore
Cactus could potentially be phosphorylated by Pelle (Edwards et al., 1997; Yang and Steward,
1997).

Cleavage and degradation of Cactus leads to the release of DIF that than translocate to
the nucleus to modulate the expression of Toll pathway target genes. However, it is likely that
DIF activation requires some post-translational modifications as it has been shown that Dorsal

phosphorylation is required for its nuclear import (Drier et al., 1999).
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Figure 3. The IMD pathway

The Drosophila IMD pathway is activated through the detection of DAP-type PGN (Gram-negative
bacteria) by PRR like PGRP-LC and PGRP-LE. Binding of PGN to the receptor directly activate
the intracellular part of IMD pathway through the recruitment at the receptor of Imd followed by
Fadd and Dredd. Dredd cleaves Imd which is polyubiquitinated by the complex formed with
DIAP2, UEV1A, Effete and Bendless (UBC13). Next, Imd recruits both TAK1/TAB2 and IRD5/
Kenny. TAK1 phosphorylates IRD5 that then phosphorylates the NF-kB transcription factor Relish.
Relish is likely cleaved by DREDD and the N-terminal part of Relish translocates to the nucleus to
regulate the expression of Imd target genes.

The pathway is described in more details in the main text.

(Scheme adapted from Ferrandon et al. 2007).



¢) The Imd pathway

In contrast to the Toll pathway, no developmental role has been identified for the
Drosophila Imd pathway. This pathway shares similarities with the TNF-R pathway of
vertebrates.

The Drosophila Imd pathway 1is activated by polymeric and monomeric DAP-type
PGN (Fig. 3). A specific monomer, GlcNAc-MurNAc(anhydro)-L-Ala-y-D-Glu-meso-DAP-
D-Ala, also known as tracheal cytotoxin (TCT), was shown to be the minimal PGN motif able
to induce efficiently the Imd pathway (Chang et al., 2006; Kaneko et al., 2004; Lim et al.,
2006; Stenbak et al., 2004). TCT is generated from the ends of the PGN strands and is

released during bacterial cell growth and division.

PGRP-LC is a transmembranar protein and is the major receptor of the Imd pathway
(Choe et al., 2002; Gottar et al., 2002; Ramet et al., 2002). Alternative splicing of the mRNA
can produce three proteins PGRP-LCa, LCx and LCy. These three proteins share the same
intracellular domain (involved in signaling) but have different extracellular domains (involved
in sensing) (Kaneko et al., 2004; Werner et al., 2000). PGRP-LCx seems to be involved in
sensing of polymeric PGN whereas PGRP-LCa and LCy would be involved in recognition of
monomeric PGN. PGRP-LE presents affinity to DAP-type PGN and is supposedly expressed
both in extra and intra-cellular compartment. In the extra-cellular compartment, PGRP-LE
seems to enhance PGRP-LC recognition of PGN, whereas in the intra-cellular compartment,
PGRP-LE permits the induction of the Imd pathway without the recognition of PGN by
PGRP-LC (Bosco-Drayon et al., 2012; Kaneko et al., 2006; Takehana et al., 2004).

The binding of PGN to the PGRP-LC receptor and dimerization of the receptor induce
the direct recruitment of the Immune deficiency (Imd) adaptor through their RHIM (RIP
(receptor-interacting protein) homotypic interaction motif)-like domain (Choe et al., 2005;
Georgel et al., 2001; Kaneko et al., 2006; Takehana et al., 2004). On one side, Imd possesses
a death domain (DD) through which it recruits Drosophila FAS-associated death domain
(dFADD) that contains also a death effector domain (DED) through which it recruits the
caspase death-related ced-3/Nedd2-like protein (Dredd) (Hu and Yang, 2000; Leulier et al.,
2000). Once recruited, Dredd cleaves Imd, which is then polyubiquitinated by the complex
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Bendless/Effete/DIAP2/UEV1A. UEVI1A is the ubiquitin-conjugating enzyme E2 variant 1
and DIAP2 is the D. melanogaster inhibitor-of-apoptosis protein 2 (Paquette et al., 2010).

Polyubiquinated Imd is thought to recruit both TAK1/TAB2 (TGFp-activated kinase
1/ TAK1-binding protein 2) and the IKK complex.

This last complex is composed by a catalytic subunit IRD5 (immune-response
deficient 5) and the regulatory Kenny, (homologue to IKKy) (Lu et al., 2001; Rutschmann et
al., 2000b). TAK1 phosphorylates IRDS that in turn phosphorylates the NF-kB transcription
factor Relish. Phosphorylated Relish is then cleaved (possibly by Dredd) into N-Relish (N-
terminal Relish) and C-Relish (C-terminal Relish) and the N-Relish domain translocates into
the nucleus to regulate the expression of Imd pathway target genes, the phosphorylated sites
promoting transcriptional activation, and not Relish cleavage as thought for a long time

(Erturk-Hasdemir et al., 2009). So far, no function has been identified for C-Relish.

As described earlier, some PGRPs, especially PGRP-LB and SC have an amidase
activity. This amidase activity is involved in the modification of PGN, reducing its
recognition by PGRPs and therefore setting the threshold of Imd pathway activation (Paredes
et al., 2011). PGRP-LB is active specifically on DAP-type PGN, whereas PGRP-SC modifies
both DAP-type PGN and Lys-type PGN (Mellroth et al., 2003; Zaidman-Rémy et al., 2006).
PGRP-LB protein is secreted in the hemolymph. Other negative regulators of Imd pathway
act at the level the cytoplasmic cascade of activation, like Pirk (also referred as Pims) that
impede the interaction Imd/PGRP-LC and remove the receptor from the membrane
(Aggarwal et al., 2008; Kleino et al., 2008; Lhocine et al., 2008). PGRP-LB, PGRP-SC and
pirk gene expressions are controlled by the Imd pathway. Other Imd pathway regulators
acting at different level of Imd pathway have been identified but will not be described here.

The control of the Imd pathway activation seems to be critical to avoid the tissue
damages caused by a strong and prolonged immune reaction (Bischoff et al., 2006; Lee and

Ferrandon, 2011).

3. Intestinal immunity

a) The structure of the Drosophila intestine
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Figure 4. The digestive tract of Drosophila melanogaster.

(A) A schematic representation of the whole digestive tract of Drosophila. At the anterior part of
the oesophagus is the cibarium, to which the salivary glands connect. At its posterior part, the
crop branches away from the digestive tract and represents a food storage organ. The foregut is
followed by the midgut with the proventriculus forming a valve at the border between fore-and
midgut. It is also the place where the peritrophic matrix is initially synthetized, the anterior midgut,
the Copper cell region and the posterior midgut. The Malphigian tubules(that filters the
hemolymph, equivalent to the mammalian kidney) connect with the gut at the junction between
the posterior midgut and the hindgut. Then there is the hindgut and at the end of the digestive
tract, the rectum. (B) The midgut can be subdivided in different regions referred to as RO to R5.
RO: the proventriculus, R1 and R2: anterior midgut, R3: Copper cell region, and R4 and RS5:
posterior midgut.



The digestive tract is one of the most important structure for Drosophila. 1t is
composed by the crop (a storage organ), the foregut (equivalent to the mammalian
oesophagus), the midgut (equivalent to the mammalian small intestine), the hindgut
(equivalent to the mammalian big intestine) and the rectum (Fig. 4A). The crop, the foregut
and the hindgut are originating from the ectoderm embryonic layer while the midgut has an
endodermic origin. Moreover, according to the pattern of gene expression, the midgut can be
subdivided in six main regions referred to as RO to R5 while RO corresponds to the
proventriculus (at the anterior extremity of the midgut) and RS represents the very last
posterior part of the midgut. In the middle of the midgut, the R3 region corresponds to the
Copper cell region (CCR) which is an acidic compartment while the anterior and the posterior
midgut are more alkaline regions (Buchon et al., 2013) (Fig. 4B).

The first and most effective protection against invaders is a physical barrier. The crop,
foregut, and hindgut epithelia are covered by a cuticle layer, which strongly decreases
potential exchanges between the lumen and the epithelial cells. The midgut, where digestion
occurs, is protected by a semi-permeable membrane, the peritrophic matrix. It is a noncellular
matrix synthesized by the proventriculus and the midgut epithelium, which is composed of
chitin and glycoprotein fibrils. It lines the invertebrate midgut and separates the food bolus
from the epithelium. (Lemaitre and Miguel-Aliaga, 2013)

Two major cell types have been identified so far in the Drosophila midgut: enterocytes
(EC) (more than 95%) and enteroendocrine cells (EE) (less than 5%) (Fig. 5). Enterocytes are
columnar, octoploid epithelial cells that secrete digestive enzymes and absorb nutriments. So
far, little is known about EE functions but they have been reported to secrete hormones and
are involved in the control of the gut physiology (Amcheslavsky, et al, Cell Reports, in
press).

Moreover, the adult Drosophila midgut is capable of regeneration and intestinal
homeostasis is controlled by the activation of the JAK/STAT pathway in ISCs (Beebe et al.,
2009; Lin et al., 2010). ISC niche maintenance has been reported to involve Wingless
pathway from intestinal visceral muscles (Lin et al., 2008). In addition, a gradient of Dpp
signaling released from the anterior and posterior part of the posterior midgut is involved in
the determination between ISCs and gastric stem cell fate choice. It has been shown that Dpp
signaling is required for the maintenance of the Copper cell region and is sufficient to
promote the copper cell fate in the anterior midgut (Li et al., 2013). More recently, a role of
EE in ISCs homeostasis through the Bursicon/DLGR2 signaling has been described.
Drosophila deficient for the Bursicon ligand (secreted by EE) or its receptor DLGR2 (in
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Figure 5. Constitution of the Drosophila midgut epithelium

The intestinal barrier in the midgut is composed by the peritrophic matrix, which protect the
epithelial cells from a direct contact with the elements inside of the gut lumen, and the epithelium.
This epithelium is a cellular mono-layer constituted by two distinct cell types: polyploid enterocytes
(EC) and enteroendocrine cells (EE) both derived from intestinal stem cells (ISCs). ISCs may
undergo asymetric division which results in the formation of one ISC and one enteroblast (EB).
The EB cell will differentiate either into an EE or an EC. Before the EC stage, there will be an
intermediate stage referred to as early-EC during which the cell undergoes a few endonuclear
replications.



visceral muscles) present a hyperproliferation of ISCs (Scopelliti et al., 2014). Tachykinin
expressed by a subset of EEs also functions in a similar manner (Amcheslavsky, et al, Cell
Reports, in press).

On a regular basis, intestinal stem cells (ISCs) undergo asymmetric divisions (Fig. 5).
After division, one daughter cell is maintained as ISC. Depending on the level of Notch
pathway activation, the second daughter cell, referred to as an enteroblast (EB), differentiates
either into EC or EE (Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006, 2007).
Moreover, it has been recently reported that EE are involved in fate decision EC/EE of EB
through the Slit/Robo2 signaling in the posterior midgut. The ligand Slit was shown to be
secreted by EE while its receptor Robo2 is localized in ISCs. Drosophila down-expressing
Robo2 specifically in ISCs displayed an increased number of Prospero positive cell (a marker
for EE) suggesting that the fate decision takes place in ISC and that this Slit/Robo2 signaling
acts upstream of the Notch signaling (Biteau and Jasper, 2014).

Upon infection or aging, EC damages induce JNK pathway in these cells, which in
turn secrete Upd cytokine that over-activate JAK/STAT pathway in ISCs and lead to an
increased ISC proliferation to repair gut damages (Biteau et al., 2008; Buchon et al., 2009b;
Cronin et al., 2009; Jiang et al., 2009). Moreover other pathways like EGF, Dpp and Hippo
have been shown to be required for a tight control of ISCs proliferation and regulation (Biteau
and Jasper, 2011; Buchon et al., 2010; Jiang and Edgar, 2009; Jiang et al., 2010; Mathur et al.,
2010). Recently, Bursicon/DLGR2 signaling was shown to repress EGF signaling in ISCs by
down-regulating EGF ligand Vein in visceral muscle (Scopelliti et al., 2014).

The Drosophila intestinal lumen is colonized by an abundant commensal flora referred
as microbiota. In mammals and Human, strong alterations in the intestinal microbiota
composition are linked to various pathologies like obesity, inflammatory bowel diseases and
even cancer. Moreover it has been shown that in Human and Drosophila the microbiota is
directly linked to the diet composition and evoluates during aging (Claesson et al., 2011,
2012). Indeed, there is not a real colonization as the microbiota needs constant replenishment:
flies fed sterile food ultimately lose their microbiota (Blum et al., 2013).

The intestinal commensals of laboratory and wild strains Drosophila has been
extensively studied (Broderick and Lemaitre, 2012). They have a relative simple microbiota
constituted by only a few bacterial families like Lactobacillaceae, Enterococcaceae,
Acetobacteriaceae and Enterobacteriaceae. Moreover it has been shown that, in the majority

of cases, four to eight bacterial species are present in the intestinal commensals (Chandler et
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al., 2011; Corby-Harris et al., 2007; Wong et al., 2011a). Given its relative simple microbiota
composition, its features as a genetic organism model including the possibility to raise axenic
flies that do not carry any commensals in the gut, Drosophila has become also an interesting
organism model to study intestinal commensalism.

At larval stages, Drosophila microbiota has beneficial effects on development (Shin et
al., 2011; Storelli et al., 2011). However, so far, the microbiotal potential beneficent or
detrimental effects on adult Drosophila fitness remains to be demonstrated. It has been shown
that intestinal commensals community varies in size during aging as only a few bacteria are
present in young flies gut while a much larger amount of bacteria are retrieved from old flies
gut (Guo et al.,, 2014). Moreover, two recent studies reported that microbiota modulates
intestinal gene expression and influences intestinal homeostasis (Broderick et al., 2014;
Combe et al., 2014). Axenic flies presented a decrease of ISCs proliferation, even more
pronounced in the posterior midgut, compared to conventionally raised flies. Axenic flies

displayed an increase of EE and a decrease of EB in both anterior and posterior midgut.

b) Intestinal defense mechanisms

Upon intestinal infection, the Drosophila midgut is able to secrete divers molecules

like AMPs and reactive oxygen species (ROS) to kill pathogenic microbes.

The presence of some Gram-negative bacteria in the midgut induces a localized
activation of the Imd pathway (Limmer et al., 2011a). This activation has been shown to be
effective against the pathogenic bacteria as flies deficient for Imd pathway in the midgut are
more susceptible to the infection (Liehl et al., 2006; Nehme et al., 2007; Ryu et al., 2006). In
the intestine, Gram-negative bacteria are detected by two PRR, PGRP-LC (membrane bound)
in the anterior midgut and PGRP-LE (intracellular) in the posterior midgut (Bosco-Drayon et
al., 2012; Neyen et al., 2012).

Moreover, it has been shown that the homeobox Caudal that can induce the expression
of cecropin and drosocin in some epithelia, is a negative regulator of the Imd pathway in the
posterior midgut (Ryu et al., 2004, 2008). In addition, other negative regulators of the Imd
pathway have been described in the Drosophila midgut, like Pirk, PGRP-LB1 and PGRP-SC2
(Aggarwal et al., 2008; Guo et al., 2014; Kleino et al., 2008; Lhocine et al., 2008; Paredes et
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al., 2011; Zaidman-Rémy et al., 2006). This negative regulation of the pathway is essential to
avoid an over-activation of the Imd pathway by commensals bacteria leading to dysbiosis'.

So far, any efficient Toll pathway activation failed to be detected in the midgut.
However, upon intestinal infection with Erwinia carotovora, one Drosomycin-like peptide
gene was reported to be induced under the control of the JAK/STAT pathway, in the anterior
midgut (Buchon et al., 2009b).

Upon intestinal infection by pathogenic bacteria, reactive oxygen species (ROS) are
released in the midgut lumen by EC. Surprisingly, ROS are nearly exclusively produced in
response to non-commensal bacteria infection (Ha et al., 2009a). These results suggest that
the mechanism required for ROS production is able to distinguish commensal (non-
pathogenic) and non-commensal (potentially pathogenic) bacteria. ROS are synthetized by the
dual oxidase (DUOX) enzyme which is a member of the nicotinamide adenine dinucleotide
phosphate (NADP)H oxidase family. Drosophila down-regulating the DUOX enzyme present
a reduced lifespan and are more susceptible to pathogenic bacteria intestinal infection
demonstrating the importance of this ROS response (Ha et al., 2005, 2009b). Moreover, ROS
seem to be active on bacteria and intestinal cells inducing massive intestinal cell death
(Buchon et al., 2009b, 2010).

Recently, it has been demonstrated that uracil is the ligand that induce DUOX
activation. Uracil is nearly specifically produced by non-commensal bacteria and only rarely
and at a low level released by commensal bacteria (e.g., Gluconobacter morbifer and
Lactobacillus brevis) (Lee et al., 2013). However, why commensal bacteria do not produce

uracil, while non-commensal do, remains unclear.

4. Coagulation and Melanization

Coagulation and melanization are both activated immediately after a physical
disruption of the arthropod cuticle (Theopold et al., 2004). Coagulation provokes the
thickening of the hemolymph while melanization results in the formation of melanin and
requires the activation of proPO. Coagulation is independent of melanization as it is still

present in proPO deficient Drosophila.

1 Dysbiosis: a dramatic modification of microbiota in term of composition and population
size.
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Figure 6. The Drosophila anti-viral RNA interference pathway.

Upon infection with RNA viruses, a complementary strand to their single strand RNA genome is
synthesized by the viral-dependent RNA-polymerase contained in the viral particle and thus
produces a long double stranded RNA (dsRNA). This dsRNA is recognized by the R2D2/Dicer-2
complex that will cleave the dsRNA into small interfering RNA (siRNA). One strand of siRNA will
be taken up by the RISC complex and serves as a guide siRNA to sense other viral RNA. In the
case of a positive recognition event, the core element of the RISC complex, Argonaute-2 (AGO-2)
will slice the newly detected viral RNA. Some virus express proteins that contain a viral
suppressor of RNAi (VSR)domain that can target different element of the RNAi pathway (dsRNA
sequestration, inhibition of Ago2) to block this pathway and avoid the slicing of viral RNA.



These mechanisms induce the formation of a clot at the wound site and avoid massive
loss of hemolymph and entry of microbes inside the general cavity of the fly (Scherfer et al.,
2004). This clot 1s formed by the concentration, at the wound site, of hemolectin fibers that
trap hemocytes and the invading microbes. Moreover, there is some evidence that enzymes
like proPO and transglutaminases are required in hardening the clot (Bidla et al., 2009;
Karlsson et al., 2004; Lindgren et al., 2008).

Specifically, melanization is the first immune reaction on the surface of invading
parasites. It requires the cleavage of proPO by the serine protease prophenoloxidase-
activating enzyme. Active phenoloxidase (PO) induces the oxidation of mono- and diphenols
into orthoquinones. These orthoquinones then polymerize to form melanin.

Moreover, recently a function of PO has been reported in Drosophila defense against
some microbes (the Gram-positive Bacillus subtilis, Enterococcus faecalis and
Staphylococcus aureus and the fungi Aspergillus fumigatus, Beauveria bassiana and
Metarhizium anisopliae) (Binggeli et al., 2014). Interestingly, melanization triggered by
PGRP-SA/GNBPI appears to be the main defense effective against S. aureus, as it appears to
be resistant against the action of the Toll pathway (Bischoff et al., 2006; Nehme et al., 2011).

5. Drosophila antiviral response

In the field, viruses are major threats of Drosophila species. Around 25 virus species
(RNA virus) have been identified in Drosophila. Moreover, around 40% of all flies are
infected with viruses (Lemaitre and Hoffmann, 2007). Drosophila viral infection can occur
either through a vertical or a horizontal transmission.

The Drosophila immune response against viruses is totally different from immune

response against bacteria or fungi.

a) The RNAi pathway

Similarly to plants, the RNA1 machinery is the most efficient anti-viral response in
Drosophila through the detection and the destruction of viral RNA.

Basically, double-stranded RNA (dsRNA) are recognized and cleaved by Dicer-2 (an
RNaselll enzyme) into small interfering RNA (siRNA) (Fig. 6). Dicer-2 forms a complex
with the dsRNA binding protein (dsRBP) protein R2D2. Then one strand of siRNA is
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incorporated in the RNA-induced silencing complex (RISC). This RNA serves as a guide to
recognize through bases complementarity other viral RNA. Upon positive base
complementarity between the guide RNA and another RNA, Ago-2, associated to the RISC
complex, cleave that RNA (Kemp and Imler, 2009).

In parallel, some viruses have developed a resistance mechanism against the RNA1
pathway. These viruses express a viral suppressor of RNAi1 (VSR) that block the activity of
the RNAi pathway. For instance it has been reported that Cricket Paralysis Virus (CrPV)
express a VSR that suppress the activity of Ago-2 (Nayak et al., 2010). Many VSR rather
sequester dsRNAs, thus preventing their cleavage by Dicer-2.

b) Other anti-viral mechanisms

The JAK/STAT pathway has been shown to be involved in the control of the viral load
especially in the case of a DCV (Drosophila C Virus) infection (Galiana-Arnoux et al., 2007;
Kemp et al., 2013). Upon DCV infection, some JAK/STAT controlled genes are up-regulated.
Moreover, Drosophila flies deficient for the JAK kinase Hopscotch are more susceptible to a
DCYV infection and present a higher viral load. However, the JAK/STAT pathway is required
but not sufficient to induce the expression of all DCV-induced genes (Dostert et al., 2005). In
this way, it has been suggested that the expression of some of these genes is regulated by
Dicer-2 (Deddouche et al., 2008). Moreover, the mechanism through which viruses are
detected and JAK/STAT pathway activated remains to be discovered.

Autophagy is an anti-viral mechanism that, so far, was only demonstrated to be
efficient against Vesicular Stomatitis Virus (VSV) (Shelly et al., 2009).

Finally, one group has shown that some Imd pathway members and hemocytes are

required for an efficient antiviral response against CrPV infection (Costa et al., 2009).
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II. Pseudomonas aeruginosa

Pseudomonas aeruginosa is a Gram-negative bacterium. It is a Proteobacteria that
belongs to the family of Pseudomobadaceae.

P. aeruginosa is rod-shaped and monoflagellated. With a size of 1-5 um in length and
0.5-1 um in breadth, these bacteria are quite small as compared to E. coli. Thanks to its
incredible nutritional versatility, P. aeruginosa is a ubiquitous microorganism that can be

found in water or soil and infects organisms like plants, nematodes, insects and mammals.

A. An opportunistic pathogen

Pseudomonas aeruginosa 1s an opportunistic human pathogen and in some rare cases
infects also healthy persons. However, it much more often colonizes immunocompromised
patients like individuals with AIDS or cancer, or patient with cystic fibrosis. P. aeruginosa is
also the cause of a high number of nosocomial infection especially after a surgery, in long-
term intensive care units and for burnt patients (Kerr and Snelling, 2009). Interestingly, P.
aeruginosa 1s also found in the gastro-intestinal tract and can be a reservoir for infections of
the host. By crossing the intestinal barrier, it can affect lung tissues after transport in the
circulatory system (Marshall et al., 1993; Zaborina et al., 2006). The fight against P.
aeruginosa 1s particularly important for cystic fibrosis patients for which these bacteria
complicate the diseases in 90% cases.

These bacteria can induce either an acute or a chronic type of infection. P. aeruginosa
can notably infect chronically the lung of cystitic fibrosis (CF) patient. There, the infection
provokes the activation of the immune system that leads to inflammation and the progressive

destruction of the lung tissue.

A second important characteristic is that P. aeruginosa is its intrinsic multiresistance
to multiple classes of antibiotics associated with acquired resistance. Moreover, when
adhering to a surface, P. aeruginosa grows in a biofilm. These surfaces (e.g. catheter,
tubes...) are significantly more difficult to sterilize. This needs to be taken in account in the
sterilization/cleaning procedures in hospitals.

P. aeruginosa is also able to form a biofilm in the host, thereby inducing a switch to

a chronic infection. At this stage, the infection is particularly hard to treat as the biofilm
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protects bacteria localized in its center from the action of the host immune system and from

antibiotics.

B. Pseudomonas aeruginosa virulence system

An infection involves multiple steps that require each distinct set of virulence factors.
A first step entails the adhesion of the bacterium to a host tissue. This can be followed or
preceded by the secretion of virulence factors in the environment or the direct injection of
other factors directly into the host cells. P. aeruginosa is also able to invade epithelial cells,
for instance those of the cornea (Fleiszig and Evans, 2002). Infection is a coordinated process
that requires synchronization of the bacteria and that is achieved by perceiving the local
concentration of bacteria in a tissue by a process known as quorum sensing. The breadth of
knowledge accumulated on this organism is vast. Here, I shall focus mostly on secretion

systems and quorum sensing in P. aeruginosa since they are most relevant to my work.

1. Pseudomonas aeruginosa protein secretion systems

Protein secretion systems are nano-apparatuses localized in the envelope of the
bacteria that allow the transport of specific proteins like protease or ion chelators from inside
the bacteria to outside of the bacteria. Proteins can either be injected directly inside a target
cell (eukaryote or prokaryote) or secreted in the extracellular space. Through this secretion
process, proteins cross the inner bacterial membrane (hydrophobic), the periplasm (a
hydrophilic space) and then the outer bacterial membrane (hydrophobic). Sometimes these
proteins need also to cross the target cell membrane. All protein transport through bacterial
secretion systems requires energy.

Bacterial protein secretion systems share remarkable resemblances with other bacterial
existing structures like efflux pumps, flagella or type IV pili. Surprisingly, strong similarities
have been identified between the type six secretion system and the bacteriophage tail. All
together, these observations suggest that bacterial protein secretion systems arose from a

progressive evolution of these different bacterial or phage structures.

So far, six secretion systems have been identified in bacteria. They are numbered from

one to six, as secretion system types. Most bacteria do not possess all six secretion systems.
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Figure 7. The Pseudomonas aeruginosa secretion systems.

P. aeruginosa possesses five secretion systems (T1SS, T2SS, T3SS, T5SS and T6SS).To
transport proteins through the bacterial envelop, all systems need energy provided by ATP.
Proteins can either cross the envelope in a one-step (T1SS, T3SS and T6SS) or in two-step
(T2SS and T5SS) mechanism. In the latter case, proteins first cross the inner membrane (IN) via
the Sec or the Tat machinery and once in the periplasm (PP), they are recognized by their specific
secretion system type and translocate across the outer membrane (OM). Proteins that cross the
bacterial envelope in one-step are either secreted in the extracellular medium (T1SS) or directly
injected injected inside a host cell that can be from an eukaryotic (T3SS and H2-T6SS) or a
prokaryotic (H1-T6SS) organism. All these secretion systems transport various proteins, including
virulence factors. In the periplasm, there is a thin peptidoglycan layer (PGN).

(Scheme adapted from Bleves et al., 2010.)



Pseudomonas aeruginosa has the particularity to lack the type IV secretion system but
acquired all five other secretion system types. They can be clustered in two groups depending
on whether the proteins they secrete cross the bacterial envelop in one stage or two. In the
latter case, proteins stay for a short time in the periplasm before secretion through the outer
membrane. These two classes of secretion systems are referred here as one-stage and two-

stage secretion systems (Fig. 7).

a) Two-stage secretion systems

Proteins transported via this class of secretion systems do not cross directly the
bacterial envelope but after passing the inner membrane, they stop shortly in the periplasm.
This pause is due to the fact that the proteins are transported through the inner and the outer
membrane using different mechanisms. The secretion system type itself is only required to
cross the outer membrane while proteins commute via general export machineries routinely
used for the exchange of periplasmic and outer membrane proteins like the Sec and the Tat
machineries.

The general secretory pathway (Sec) is the more common secretion system for protein
transport across cytoplasmic membrane in all living organisms. It essentially transports
unfolded propteins (Papanikou et al., 2007). The Twin Arginine Translocation pathway (Tat)
transports through the inner membrane proteins with a double-arginine motif. It is involved in

the transport of folded proteins (Sargent, 2007).

The T2SS is comparable to a pump and transports proteins from the periplasm to the
extracellular space (Fig. 7). The T2SS can be divided in three parts: first, a pore in the outer
membrane formed by secretin, second, a complex of proteins localized on the surface, in the
inner membrane and a transperiplasmic protein, and third, a pseudopilus. The ATPase (XcpR)
is located basally of the secretion system, in the cytoplasm. Proteins recognized as T2SS
substrates enter the vestibule of the secretin, then contact the tip of the pseudopilus which
ultimately translocates the protein (Douzi et al., 2012).

Among the T2SS substrates are elastases (LasA and LasB), lipases (LipA and LipC),
phospholipases (PhoA, PlcB and PIcH), an alkaline phosphatase (PhoA) and an exotoxin
(ToxA). Besides the Xcp T2SS two other systems homologous to Xcp have been identified:
the Hxc system and more recently the Txc system (Ball et al., 2002; Cadoret et al., 2014).
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The T5SS is classically composed by a simple channel localized in the outer
membrane and transport large proteins (Sauri et al., 2009) (Fig. 7). These proteins either
stayed associated to the outer membrane or are released in the extracellular space after a
proteolytic cleavage. TS5SS transports divers proteases and lipases. Of note, in Serratia

marcescens, the pore forming toxin hemolysin is secreted in the medium through a T5SS.

b) One-stage secretion systems

This class of secretion systems directly transports proteins from the cytoplasm to the

extracellular space or to the host cytoplasm.

The TI1SS 1is a classical ABC transporter that release transported proteins in the
extracellular medium (Fig. 7). This secretion system transports notably the alkaline protease

(AprA) (Baumann et al., 1993; Guzzo et al., 1990).

The T3SS is a needle-like machinery that allows the injection of specific toxins inside
eukaryotic cells (Fig. 7). This needle-like structure (constituted by Psc, Pop and Pcr proteins)
assembles upon an eukaryotic cell contact and directly translocates the T3SS effectors in the
cytoplasm of the host cell (Yahr et al., 1996).

There are four known T3SS effectors: ExoT, ExoU, ExoY, and ExoS. However, all P.
aeruginosa strains possess only three effectors among these four. For example, the strain
PA14 possesses ExoT, ExoY, and ExoU. These effectors are injected under an inactive form
and need eukaryotic co-factors for activation (Phillips et al., 2003; Sato et al., 2003). They
carry various functions. ExoT and ExoS have both a GTPase-activating function (N-terminal
domain), that can interfere with the host cytoskeleton (Avet-Rochex et al., 2005), and an
ADP-ribosyltransferase activity (C-terminal) domain. ExoY has an adenylate cyclase
function, which provokes an increase of cAMP concentration inside the host cell. ExoU is a
potent phospholipase that induces a strong cytotoxicity by inducing necrotic host cell death
(Finck-Barbancon et al., 1997). Moreover, ExoU and ExoS are incompatible within one strain
and the ones carrying ExoU/ExoT are called cytotoxic strains (which induce necrosis) while
these carrying ExoS/ExoT are called invasive strains (promotes bacterial internalization

followed by an apoptosis-like process) (Shafikhani et al., 2008).
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The T3SS has been shown to act as a defense mechanism against phagocytic cells
(Avet-Rochex et al., 2007; Shafikhani et al., 2008). This secretion system is a major virulence

mechanism that is involved in P. aeruginosa acute infections.

The T6SS is a bacteriophage-like structure that like the T3SS allows the direct
injection of effectors inside of “enemy” cells that can either be prokaryotic or eukaryotic (Fig.
7). Three clusters of genes have been identified in P. aeruginosa called H1-T6SS, H2-T6SS
and H3-T6SS. So far, little is known about the H2-T6SS and the H3-T6SS. However, recent
studies highlighted the function of H1-T6SS.

HI-T6SS is specifically activated in bacteria-bacteria interaction and involves the
Tsel, Tse2 and Tse3 toxin effectors that are injected in the periplasm (Tsel and Tse3 and
degrade the PGN) or in the cytoplasm (Tse2) of Gram-negative bacteria. On the other side,
the P. aeruginosa genome encodes three cognate immunity proteins, Tsil, Tsi2 and Tsi3
which are closely linked to the toxin effectors allowing their simultaneous expression. This
co-expression of the Tsel-3 and the Tsil-3 provides a protection to P. aeruginosa against its
own toxic effectors (Li et al., 2012; Russell et al., 2011).

In contrast, the H2-T6SS has been shown to be specifically activated against
eukaryotic cell (Fig. 7). The H2-T6SS would promote P. aeruginosa internalization from
eukaryotic cells and has been shown to be involved in the virulence of the bacteria in a C.
elegans infection model (Sana et al., 2012).

Recently, P1dB, a H3-T6SS-dependent phospholipase D effector has been identified in
P. aeruginosa and has been shown to be involved in bacteria-bacteria interaction and to

promote P. aeruginosa internalization inside of eukaryotic epithelial cells (Jiang et al., 2014).

2. Pseudomonas aeruginosa quorum sensing

Most bacteria do not only act as single bacteria but are also able to interact with each
other to form communities that allow performing efficiently common tasks. Bacteria
communications are achieved through their quorum sensing” systems.

Pseudomonas aeruginosa uses its quorum sensing especially to synchronize the

expression of genes involved in the synthesis of virulence factors. This quorum sensing is

2 Quorum sensing: a mechanism of chemical cell-cell communication that permits
coordination of gene expression as a function of the local population density. (Schuster et al.,
2013)
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Figure8. The Pseudomonas aeruginosa Quorum sensing network.

P. aeruginosa bacteria communicate either through the AHL (LasRI and RhIRI) or the quinolone
signaling system. Both systems are interconnected via repression and activation of specific genes
for each system. Basically, LasRI circuit involves 3-OC12-HSL synthetized by Lasl and that binds
LasR which then activates its target genes. The RhIRI circuit is organized in a similar way, with the
C4-HSL synthetized by Rhll and that binds RhIR which in turn regulates its target genes. The
quinolone signaling requires the PQS or its precursor HHQ, produced by the proteins originating
from the pgsABCD operon, PhnA and PhnB proteins. These molecules binds PgsR which than
activates the expression of its target genes. Upstream of these Quorum sensing system, other
proteins are required to tightly regulate qurorum sensing threshold, like Vfr, QteE, RsalL and
GacA. Skulls symbolize virulence factors.

(Scheme adapted from Papaioannou et al., 2013.)



well studied and so far, depending on the molecules used for communication, two main
classes have been identified: the acyl-homoserine lactone (AHL) signaling system and the
quinolone signaling system. These two classes are known to interact between each other
(Jimenez et al., 2012; Papaioannou et al., 2013; Schuster and Greenberg, 2006).

Basically, each bacterium produces these communication molecules that will be
released in the medium and binds the transcriptional activator receptor of another bacteria
from the same species. Depending on the bacterial density, and thus on the concentration of
the signal, a varying fraction of receptors will bind to the signal molecule; when the fraction
of occupied receptor reaches a certain threshold, the receptors will activate the quorum

sensing target genes including those coding for virulence factors

a) The AHL signaling system: LasRI and RhIRI

P. aeruginosa AHL system is composed by the LasRI (elastase) and the RhIRI
(rhamnolipids) circuits. Both of them communicate via acyl-homoserine lactone molecule
autoinducers and are organized in a similar way (Schuster et al., 2013) (Fig. 8).

The LasRI circuit is composed by the Lasl enzyme responsible for the synthesis of 3-
oxo-dodecanoyl-homoserine lactone (3-OC12-HSL), the HSL autoinducer that is sensed by
the LasR transcriptional activator receptor. This binding allows the expression of LasRI-
dependent genes among which are lasl, elastases, exotoxin A, alkaline phosphatase and
elements from the T2SS (Gambello and Iglewski, 1991).

These 3-OC12-HSL can also be sensed by QscR, an HSL-responsive orphan receptor,
which will then modify the expression of another set of genes (independent of LasR) and also
represses or delay the expression of many genes usually under the control of LasRI or RhIRI

(Chugani et al., 2001; Lequette et al., 2006).

Similarly, the RhIRI circuit is composed by the Rhll enzyme producing butanoyl-
homoserine lactone (C4-HSL). These C4-HSL autoinducers will be recognized by RhIR, the
transcriptional activator receptor and induce its dimerization (Pearson et al., 1995). This last
step will then allow the activation of RhlRI-dependent genes like rhll, rhi4A and rhiB, rpoS
(sigma factor of stationary phases), pyocyanin and hcn.

Together, the RhIRI and LasRI circuits control more than 300 genes including

virulence factor genes (Schuster et al., 2003). The RhIRI and LasRI circuits do not function in
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parallel but interact together. Many genes are controlled jointly by both RhIRI and LasRI, for
instance elastases (lasA and lasB), components of the T2SS (xcpR and xcpP) or an alkaline
protease (aprA). In addition, there is high fidelity recognition between the autoinducer and the
receptor in each circuit as RhIR presents only a very low affinity for 3-OC12-HSL and LasR
does not seem to be activated by C4-HSL.

Classically, the LasRI circuit is hierarchically positioned upstream of RhIRI circuit as
LasR induce the expression of ra/R (Pesci et al., 1997) and QscR represses lasl and rhil
(Latifi et al., 1996). However, RhIRI circuit is not exclusively dependent on the LasRI, as it
has bind shown that the expression of some RhIRI-dependent genes like pyocyanin or
rhamnolipids is not abolished in a lasR mutant background but only delayed (Dekimpe and
Déziel, 2009).

Upstream of the AHL signaling systems, other known virulence factors control the
activation of the LasRI and RhIRI circuits. For instance the virulence factor receptor (Vfr),
activated by cAMP, promotes the expression of both 74/R and /asR while GacA induce only
lasR expression (Croda-Garcia et al., 2011; Reimmann et al., 1997). Beside it, three major
regulators permit a sharp control of the threshold activation. The first of them, Rsal, is a
major regulator of the LasRI circuit by repressing the transcription of las/ (de Kievit et al.,
1999). The second, the recently identified QteE, was shown to reduce the stability of LasR
thus preventing its accumulation. QteE reduces also the amount of RhIR but through an yet
unidentified process (Siehnel et al., 2010). The last of them, VgsR (virulence and quorum
sensing regulator) positively controls the quantity of autoinducers through the induction of

lasI and rhll, and is itself activated by LasR (Juhas et al., 2004) (Fig.8).

b) The quinolone signaling system

The quinolone signaling system adds a second level of complexity to P. aeruginosa
quorum sensing network. LasRI and RhIRI circuits control the expression of the pgsABCD
operon responsible for the production of 4-hydroxy-2-heptylquinoline (HHQ) (Fig. 8). RhIR
represses the operon while LasR activates its expression (McGrath et al., 2004; Xiao et al.,
2006a). However, one study reported that neither LasR nor RhIR bound the promotor region
of pgsA (Wade et al., 2005). These HHQ molecules are further transformed in 3,4-dihydroxy-
2-heptylquinoline (PQS) by the PqsH enzyme, the expression of which is itself activated by
LasR (Whiteley et al., 1999).
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Both HHQ and PQS can binds to their sensor PgsR (also known as MvfR) to promote
the expression of the pgsA-E genes or the rhlIR and rhll genes for PQS-PgsR only (Xiao et al.,
2006b). In addition, pgsR expression is promoted by LasR and repressed by RhIR (Wade et
al., 2005).

PgsE is not involved the synthesis of HHQ and PQS, but this protein possesses a
metallo-B-lactamase fold and is a important virulence factor involved in the production of
pyocyanine, HCN or rhamnolipids (Diggle et al., 2003; Gallagher et al., 2002). One study also
suggested that PqsE activity requires RhIR, at least partially (Farrow et al., 2008).

C. Pseudomonas aeruginosa infection models

1. Different host models

According to its strong versatility, P. aeruginosa is able to proliferate in very diverse
environments and therefore to infect a large range of organisms. This property of P.
aeruginosa allowed the development of infection models in a variety of hosts from plants to
mouse (Papaioannou et al., 2013).

P. aeruginosa has been reported to share similar virulence systems in plants (A.
thaliana) and mouse (Rahme et al., 1995). Moreover, in nearly all host models, P. aeruginosa
QS mutants displayed a decrease of virulence. However, specific adaptations to some hosts
have been observed. For instance, phenazines and rhamnolipids, which are required in a
mammalian infection model, are not involved in the virulence of the bacteria in
Dictyostelium discoideum and Drosophila melanogaster infection models (Limmer et al.,
2011a; Pukatzki et al., 2002).

C. elegans is an interesting host model as genetic tools are available and it is a quite
prolific and easy to maintain animal with a short generation time and lifespan. Indeed, it can
be grown easily in multiple well plates. Recently, a whole library of P. aeruginosa (PA14
strain) transposon insertion mutants (80% of PA14 genome covered) was screened using this
host model (Feinbaum et al., 2012). Five different infection model have been developed in C.
elegans: the slow killing assay (slow intestinal infection with biofilm formation), the fast
killing assay (phenazine toxicity under acidic conditions), the lethal paralysis assay

(cyanogenesis), the red death assay (phosphate depleted media that induces QS) and the liquid
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Infection model

Procedure

Complementary
informations

Pathogenicity

Reference

“Polymicrobial
infection model”

-PAO1 strain

-40 CF oropharyngeal
flora (OF)

-5% sucrose only

-Male flies only
-3 hours starvation

-Microorganisms diverted to the crop

-Crop damages

-3 classes of microorganisms:

I. OF that kill flies

Il. OF that do not kill flies, no influence on PAO1

Ill. OF not pathogenic alone but that increase PAO1
virulence when together

Sibley et al. 2008

“Intestinal dysplasia
model”

-PA14 strain
-10% LB and 90%
sucrose (5%)

-Important ISC proliferation upon infection
-JNK pathway activation in EC upon infection
-Cryptic infectious cofactor?

Apidianakis et al. 2009

-ras1v2 mutant flies

-Tumor-like structure and cell dissemination in the hindgut
of ras1v’2 mutants upon infection

Bangi et al. 2012

“Biofilm model of
infection”

-PAO1 strain
-5% sucrose only

-Male flies only

-3 hours starvation
-Hemolymph collection:
centrifugation of whole
flies

-Bacteria predominantly localized to the crop
-Biofilm formation in the crop

-High bacterial titer in the hemolymph at 2 days of
infection

Mulcahy et al. 2011

“Exotoxins and
hemocytes
interaction model”

-CHA strain
-5% sucrose only

-UAS-ex0SGAP flies

-exoS expressed in eyes provokes a rough phenotype
-Eye phenotype partially reverted in rac? or rho1 GTPase
mutants

-exoS expressed in hemocytes induces a higher
susceptibility to the infection and rescues the decreased
virulence phenotype of CHA exoS mutants

Avet-Rochex et al. 2005

“Bacteremia model”

-PA14 strain
-10% BHB and 90%

sucrose (50mM)

-Female flies only
-2 days sucrose-only
diet prior to experiments

-Bacteria predominantly in the midgut

-High bacterial titer in the hemolymph at late stages (5
days) of the infection

-Cellular immune defense, Toll and IMD pathways are
required for the host defense

Limmer et al. 2011

Table 1. Distinct P. aeruginosa intestinal infection model

in Drosophila.

Five different intestinal infection models are described. Note the differences in the preparation of the infection suspension. The
treatment of the flies prior to infection seems also important as different fly treatments and different infection solutions lead to a differing
pathogenicity. Surprisingly, there are only very few variations in the total amount of bacteria flies feed on.




killing assay (hypoxic response). They all share similarities with CF patient infection or other

modes of infection in Humans (Utari and Quax, 2013).

2. Drosophila melanogaster host models

Moreover different infection models are used in a same model organism as developed
here for the Drosophila infection model.

First, the septic infection model corresponds to a direct introduction of bacteria inside
of the body cavity of the fly (Haller et al., 2014). It can be done either by injection or by
pricking. Both infections lead to similar pathogenicity, in particular, to a rapid death of
infected flies as it has been shown by others and us (Lau et al., 2003; Limmer et al., 2011a).
In these models, bacteria grow in the hemolymph and even though Drosophila develops a
strong humoral immune response, it is not sufficient to clear the bacteria and flies will
succumb within 48 hours.

Second, different intestinal infection model have been tested. Surprisingly, they did
not always lead to similar pathogenicities (see Table 1). In this type of infection model,
Drosophila are fed with an infection suspension containing P. aeruginosa (Haller et al.,
2014). Flies die at a much slower rate in an intestinal infection as bacteria need to cross the
intestinal barrier prior to provoking a bacteremia (Limmer et al., 2011a; Mulcahy et al.,
2011). Different pathogenicities were observed likely depending on variations in the infection
procedure.

Most of the infection models use a mono-bacterial infection suspension to infect flies.
However, one study tested the effect of polymicrobial infection (Sibley et al., 2008). The
results were highly interesting as the authors showed that some non-pathogenic microbes can
influence PAO1 virulence and increase its pathogenicity. Another study demonstrated a
strong interaction between the phagocytic function of plasmatocytes and one effector of the
T3SS, exoS (Avet-Rochex et al., 2005). We have shown, in our “bacteremia infection model”,
that upon infection, PA14 localizes in the whole digestive tract and predominantly in the
midgut (Limmer et al., 2011a). We could observe only a significant high bacterial titer in the
hemolymph at the second, late stage of the infection (5 days), which only then induces Imd
and Toll pathways activation. Moreover, we demonstrated that the cellular immune response

of the flies is required in the defense against PA14. Phagocytosis remains functional against
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other microbes or particles until late in the infection, although it is unable to control P.
aeruginosa proliferation during the second phase of the infection.

Some studies have reported massive presence of P. aeruginosa in the crop that
damaged it (Mulcahy et al., 2011). Prior to infection these flies were starved on water, what
might explain the surprisingly high bacterial number in this storage diverticulum. In the same
study, the bacterial titer in the hemolymph was unexpectedly high only two days after the
infection start. These bacteria were retrieved from whole flies through a centrifugation
process. A procedure that likely does not allow discriminating between hemolymph-bacteria

and gut-lumen bacteria.
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Aim of this work

Recently, using our intestinal infection model of Drosophila with the PA14 strain, we
have identified the Arh/R mutant that exhibited a strong decrease of virulence in wild-type
flies. However, ArhIR displayed a nearly full regain of virulence in flies unable to
phagocytose and we confirmed these results in eater mutant flies (Limmer et al., 2011a).
These results indicated that RhIR is required in PA14 to circumvent the cellular immune
response of Drosophila. However, how RhIR exerts this function remains unknown and the
elucidation of its mechanism of action was one of the major aims of this work.

The major aim of my PhD was to characterize in depth our Drosophila vs. P.
aeruginosa intestinal infection model. As described in Chapter 1, I tried to understand how
RhIR could allow the bacteria to elude phagocytosis by screening a small subset of 384 PA14
mutants. In parallel of it, I tested PA14 mutant bacteria for known virulence factor in different
infection models.

In Chapter 2, I present some unexpected differences in PA14 virulence depending on
whether flies are infected as single individuals or as communities. These observations are
likely linked to RhIR function in the bacterial quorum sensing.

Previously, we showed that upon PA14 infection both Imd and Toll pathways are
induced and involved in the defense against PA14, a result that has been also observed by
others but not explained (Lau et al., 2003; Limmer et al., 2011a). Using different Toll
pathway PRR mutants, I tried to dissect Toll pathway activation upon PA14 infection. These
results are presented in Chapter 3.

During my PhD, we observed that different fly stocks, with presumably the same
genotype, exhibited different susceptibilities to an intestinal infection with PA 14, as well as to
other infections. A thorough analysis of these fly stocks revealed the presence of an enteric
virus in the most susceptible stock. This study is detailed in Chapter 4.

For the time of my Master2 and first year of PhD, a part of my work, on Drosophila
and P. aeruginosa, contributed to the paper added in Annex 1. Moreover, I also contributed to
a Method chapter in which we presented the different technics we use to study bacterial

virulence. This method chapter corresponds to Annex 2.
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Chapter 1
A quorum-sensing independent function of P. aeruginosa RhIR in
circumventing Thioester protein mediated phagocytosis in an

intestinal infection model of Drosophila

In this work, I studied the role of RhIR in P. aeruginosa (PA14) virulence and how it
could exert its function to circumvent the cellular immune response of Drosophila. I also tried
to identify novel PA14 virulence factors.

It is written as a scientific paper in preparation. However, a few additional
experiments needs to be performed before a future submission.

My contribution to this work is major as I performed all the experiments except for the
screen that was done in collaboration with an intership student. I generated the PA14 deletion

mutants at the ESBS in Illkirch with the help of Olivier Cunrath.
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INTRODUCTION

Drosophila melanogaster is a powerful genetic model organism for the study of innate
immunity and host-pathogen interactions that has been intensely investigated in the past 20-25
years [1-3]. Genetic analysis has allowed the detailed dissection of its systemic immune
response to microbial infections [4]. Indeed, two major NF-kappaB pathways regulate the
induction of the expression of genes that encode potent antimicrobial peptides, which will
attack most bacteria and fungi [5,6]. This response is so effective, especially in the case of

Gram-negative bacterial infections, that another arm of host defense, the cellular immune
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response, has remained in comparison less well understood [7]. Indeed, blocking it through
saturation of the phagocytic apparatus with inert particles does not yield a strong
susceptibility phenotype when infected by Escherichia coli, unless the systemic immune
response is partially impaired [8]. Nevertheless, we have found in two intestinal infection
models with the opportunistic pathogens Serratia marcescens and Pseudomonas aeruginosa
that the cellular immune response plays a key role in controlling the bacteria that have
escaped from the digestive tract [9,10]. In both cases, the phagocytic receptor Eater plays a
cardinal role and prevents the development of a rapid bacteremia [10,11]. Of note, it is
unknown whether opsonization plays a role in vivo, even though it has been shown to occur in
cultured cells [12]. In contrast to S. marcescens, P. aeruginosa ultimately manages to
establish an exponential infection in the hemocoel four to five days after its ingestion. In a
previous study, we have shown that a member of the LuxR family of signal receptor-
transcriptional regulators, RhIR, is required to circumvent the cellular immune response [10].
Indeed, rA/R mutants are almost avirulent since they remain at very low levels in the
hemolymph and kill the infected flies at a much reduced rate. Interestingly, the cellular

immune response remained functional until late stages of the infection.

RhIR is the major regulator of one of the three known quorum-sensing systems in P.
aeruginosa. Quorum-sensing systems play a major role in coordinating the expression of
virulence genes in several infection models [13-16]. However, we have failed to uncover a
strong role of the Las and quinolone quorum sensing system in our infection model [10]. This
observation was somewhat unexpected since the Las system appears to function upstream of
the Rhl quorum sensing system . RhIR is activated by binding to an auto-inducer molecule,
butanoyl-homoserine lactone (C4-HSL), which is synthesized by the Rhll enzyme. This

activation takes place when a threshold concentration of C4-HSL is reached.
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Here, by studying the phenotype of A/l mutants, we show that RhIR functions both in a
quorum sensing-dependent and —independent manner. We further identify other virulence
factors that potentially function together with RhIR. We also demonstrate that the cellular
immune response plays a critical role only during the first phase of the infection and that it

requires the function of the Thioester-containing Protein Tep4, a likely opsonin.

RESULTS

A quorum-sensing independent function of RhIR?

We had previously reported that RhIR plays a key role in the virulence of P. aeruginosa PA14
in our intestinal infection model. As RhIR is supposedly activated by C4-HSL synthetized by
Rhll, we therefore checked whether the inducer was also required for virulence. As compared
to rhlR, rhil null deletion mutants displayed a modest, yet significantly, impaired virulence
(Fig. 1A). We had also checked three independent transposon insertion mutants in the rhll
locus and had failed to detect a consistent phenotype with these strains, although some of
them sometimes displayed a slightly attenuated virulence phenotype. Of note, of all of the
mutants we have tested, rhll was the strain that displayed the highest variability from
experiment to experiment (Fig.1B), whereas /R consistently exhibited a strongly impaired

virulence phenotype.

Next, we asked whether r4ll regains its virulence when ingested by flies immunodeficient for
the cellular immune response. An easy procedure is to saturate the hemocytes by the prior
injection of latex beads into the hemocoel. The beads will be rapidly ingested. However, as

they cannot be degraded, they ultimately saturate the phagocytic apparatus, thus effectively
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ablating the cellular immune response [8,17]. As shown in Fig. 1C, rhll display an enhanced
virulence when ingested by latex beads-injected flies as compared when ingested by
uninjected control flies. The virulence displayed by rh/l mutants in phagocytosis-deficient
flies is similar to that of »4/R mutants, but nevertheless is not as strong as that of wild-type
PA14 (Fig. 1D). Latex beads-injected flies are more sensitive to the infection, as mirrored by
a difference of 2.2 days in LT50s. A similar difference of 2.8 days was observed with rhl/l,

which contrasts with the strong virulence gain observed with r4/R: 4.7 days.

As noted previously [10], 72/R mutants displayed a shallow survival curve, even when their
virulence is restored in phagocytosis-impaired flies, as measured by the Hill coefficient (Fig.
1E). Interestingly, »h/l mutants also exhibited a significantly shallower curve than wild-type

bacteria under the same conditions.

Taken together, these data indicate that RhIR presents a dual function, a quorum sensing-
independent function and a quorum-sensing function that becomes apparent when the cellular

immune defense is deficient.

A mini-screen to identify mutants with a rhiR-like phenotype

We had previously tested several mutants that affect known effectors of the Rhl quorum-
sensing pathway and failed to detect any with an altered virulence. As the Drosophila model
1S too cumbersome to screen a whole bank of bacterial mutants, we decided to follow a
strategy we had employed to identify virulence factors of the entomopathogenic bacterium
Serratia marcescens in a systemic infection model [18]. Namely, we screened virulence
mutants selected in a large-scale screen in the nematode worm Caenorhabditis elegans, in
which 180 mutant strains had been isolated on the basis of a decreased virulence [19]. In the
present study, this strategy is better-suited since the PA14 transposon insertion library

generated by the Ausubel laboratory was screened also in an intestinal infection model that
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recapitulates at least the early stages of the infection in Drosophila [20]. For instance, the
bacteria ingested by C. elegans are also exposed to AMPs and a Dual-oxidase mediated ROS-

burst.

We chose to test all of the mutants that had been isolated following the first-round of
screening in C. elegans [19]. We have therefore monitored the survival of flies after ingestion
of P. aeruginosa for 326 PA14 mutant strains, a screen that was independently performed
twice by two investigators. The results are shown in Supplementary Table 1. Thirteen strains
displayed a significantly enhanced virulence phenotype and actually had not been retained in
the final list in the C. elegans screen after multiple round of screening. In contrast, twelfe
strains that had been retained in the C. elegans study exhibited an impaired virulence
phenotype. A further 60 strains displayed a somewhat altered virulence in our mini-screen and
were therefore included for a second round of screening, together with the already retained 25
mutants. Fig. S1 displays the results expressed in terms of LT50s (lethal time 50: time
required to kill 50% of the infected flies) obtained for these 85 mutants in three independent
experiments. As expected, /R displayed the strongest avirulence phenotype. We kept a
further 11 strains that consistently displayed a decreased virulence phenotype, although it was
sometimes modest. We also identified ten mutant strains that displayed a consistently

increased virulence phenotype, again often with a mild phenotype (Fig. S1).

We focused on the hits with a decreased virulence and further tested other independent
transposon insertion mutants whenever available, a strategy that did not allow us to confirm
any candidate genes (Fig. S2). Next, we asked whether the original transposon insertion
mutant strains would be able to regain their virulence in flies with a defective cellular immune
response. As shown in Fig. 2, sltB1, vfR, xcpR, gidA, and rho mutant strains displayed a
virulence similar to that of wild-type PA14 when infecting latex-beads injected flies, except

that the difference in LT50s observed for gid4 between wild-type and latex beads-injected
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flies was not significant. We therefore constructed and obtained one deletion mutant for each
of these genes, rho excepted, as it may be an essential gene. We confirmed for v/R, xcpR, and
sltB1 our findings obtained with the transposon insertion mutants, both in wild-type and
phagocytosis-impaired flies (Fig. 3). Of note, the null mutant phenotype was still weaker than

the »A/R null mutant phenotype.

Because the phenotypes of these three novel virulence genes was milder than that of rA/R,
especially as regards v/R and sltB1, we asked whether compound mutants would display a
virulence as strongly attenuated as that of #2/R. We found that this was not the case for any of

the three possible double-mutants (Fig. S3)

We conclude that vfR, sltB1, and xcpR are likely involved in the same process, which would

be related to that regulated by RhIR.

Phagocytosis is required in host defense against ingested P. aeruginosa during the first

hours of the infection

A striking feature of our intestinal infection model is that even though PA14 bacteria are able
to cross the digestive tract within a day, and likely in a shorter period, its titer in the
hemolymph remains very low for at least three days. There is an exponential increase in the
titer thereafter [10]. We therefore asked at which phase of the infection phagocytosis was
required. To this end, we decided to block phagocytosis by injecting latex beads at different
time points of the infection, namely before the infection as is our usual procedure, or a few
hours or days after the beginning of the infection. Phagocytosis is likely saturated rapidly
after the injection of latex-beads. Our expectation is that an increased virulence would be
detected in latex beads-injected flies as long as phagocytosis was required for host defense.
Once phagocytosis becomes irrelevant, then the latex beads treatment should become

ineffective and no significant survival difference should be observed with PBS-injected
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control flies. We first tested wild-type PA14 in this assay. As shown in Fig.4A, blocking
phagocytosis one day before or four hours after infection led to a strongly increased virulence
of PA14, as observed in survival experiments in which we monitored the LT50s. When
phagocytosis was blocked one or two days after the ingestion of PA14, latex-beads injected
flies succumbed as early as flies in which the cellular response had been inhibited four hours
after ingestion, and faster than control flies to PA14 infection. However, the difference was
not significant, likely because of too few data collected at these time points. In contrast,
blocking phagocytosis at days four or six no longer had an influence on the survival rate of
infected flies as compared to controls. We conclude that phagocytosis plays a critical role in
host defense during at least the first four hours, and likely the first three days, of the infection,

that is, during the initial phase of the infection.

We next tested in the same assay r#/R mutant bacteria and found that phagocytosis was
constantly required, at least up to day four, to control r#/R infection (Fig. 4B). Flies would
then succumb to infection in the seven-eight days following the inactivation of phagocytosis.
These data indicate that phagocytosis is the only efficient defense against r4/R bacteria, as
they become again virulent when phagocytosis is impaired, at any time of the infection.
Unexpectedly, rhl/l appeared to behave as r4lR in this assay (Fig. 4C). However, one should
note in the case of rhll that the absolute difference of LT50s at day 4 of latex-bead injection,
the latest time point examined, is much smaller (2,3 days) than for injections at days -1, 1, or

4h (mean of 5.1 days). The difference for 4IR at day 4 is 4.2 days.

RhIR is required to circumvent an early step of phagocytosis

We have previously shown that the Eater phagocytic receptor is required to limit PA14
infections. Indeed, rA/R bacteria regain their virulence when ingested by eater flies [10]. The

family of TEP proteins has been reported to act as opsonins for bacterial uptake by



19/08/14 07:15

macrophages in mosquitoes [21] and also in Drosophila cultured Schneider-2 cells [12]. Even
though we had failed to detect an immune phenotype in 7ep mutants with a variety of
pathogens, we tested them in the PA14 intestinal infection model [22]. As no Tepl mutant is
currently available, we first knocked down Tep! expression in hemocytes or in the fat body
by RNAI and did not detect an altered sensitivity of these flies to PA14 intestinal infections
(Fig. 5A-B). We found that Tep4 and Tep2,3,4 triple mutants, but not 7Tep2, Tep3, and Tep2,3
mutants were markedly more sensitive to the ingestion of PA14 (Fig. 5C). However, further
blocking phagocytosis by injecting latex beads in this mutant background still enhanced
further the sensitivity to infection of 7ep4 mutant flies (Fig. S4), which suggests that Tep4 is
only partially required for the uptake of P. aeruginosa. Importantly, »hlR regained a wild-type

virulence when ingested by 7ep4 mutants (Fig. 5D).

We conclude that Tep4 function is required in the host defense against ingested PA14.

DISCUSSION

In this study, we have analyzed the interactions of P. aeruginosa with Drosophila from the
dual perspective of both pathogen and host. Our data lead us to propose a model in which
RhIR plays a primordial, quorum sensing-independent, role in virulence by lessening its
detection by the cellular immune arm of the host defense once it has reached the internal body

cavity of the insect.

A rhll-independent function of rhIR

P. aeruginosa is a pathogen that uses complex signaling mechanisms to adapt to its
environment. In particular, its three quorum-sensing system appear to be involved in its

virulence properties [13-15]. In vitro studies, sometimes complemented by in vivo
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experiments, have revealed that these quorum-sensing systems are intricately intertwined. It is
thus somewhat unusual that only the Rhl system appears to play a critical role for virulence in
our infection model. Here, we report that rhIR null mutants consistently display virulence
levels that are much weaker than those observed with 4/l mutants (Fig. 1B). This observation
implies that RhIR functions at least partially independently from Rhll and presumably from
C4-HSL activation. Remarkably, 74/R but not rhll, had been picked up in a screen for reduced
virulence in a C. elegans intestinal infection model, suggesting that this property is not

specific to the Drosophila model [19].

One possibility is that RhIR nevertheless gets activated, possibly in a different manner, by an
as yet unidentified compound. Of note, RhIR is only poorly activated by 3-oxo-C12-HSL. In
addition, /as! mutant bacteria display only a modestly decreased virulence phenotype (SH,
unpublished data). The diketopiperazines (DKPs) represent a candidate family of RhIR-
activating compounds [23]; however, at least one study failed to detect any interaction of
these compounds with LuxR proteins [24]. The resolution of this issue will require testing

mutants that affect the synthesis of DKPs.

Another hypothesis to consider is that RhIR may function independently of auto-inducer
molecules. RhIR forms dimers in the presence or absence of C4-HSL [25]. Further studies
reported that RhIR functions as a repressor when unbound to C4-HSL [26,27]. Interestingly,
RhIR dimers seem to bind its target DNA sequence with an altered conformation [26]. Finally,
transcriptomics studies also revealed several target genes that appear to be repressed by either
LasR or RhIR [28,29]. Of note, a limitation of all these studies is that they were performed in

vitro and not in vivo.

Finally, our studies on the inactivation of the cellular immune response at different time

points of the infection further support a quorum sensing-independent role of RhIR. Our study
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revealed that phagocytosis, and thus C4-HSL-independent RhIR function, is required only
when very few bacteria are present in the hemolymph, that is, during the first days of the
infection. Of note, we cannot exclude that C4-HSL might be produced by the bacteria present
in large numbers in the gut compartment. However, if C4-HSL were produced in the intestinal
lumen and able to cross the digestive barrier, it would then be difficult to understand why it
does not immediately activate RhIR: the observed lag between ingestion and full-blown
bacteremia should hardly be detected. This hypothesis also does not account for why the rill

virulence phenotype is much weaker than that of rA/R.

A RhiR-like role of other virulence factors

In this work, we have identified at least three further virulence factors required for
pathogenesis in our intestinal infection model, VIR, XcpR, SItB1, and possibly Rho. We
unfortunately were not able to confirm the phenotype of rho by generating a null mutant, as
the transcription termination factor it encodes may well be essential. Of note, gid4 has been

reported to be required for RhIR function [30].

VIR is a cAMP-activated factor that is involved in P. aeruginosa virulence [31] and
positively regulates the expression of genes of the type 2&3 secretion systems, as well as that
of rhlR and lasR [32-38]. Of note, most of these studies were performed using the PAO1
strain, and not PA14. We have found that these two strains behave differently in our intestinal
infection model (SH, unpublished data). Nevertheless, we have found that mutants for two
genes that positively or negatively regulate VIR activation, pilG and chpB, respectively
display a reduced or enhanced virulence in our infection model, further reinforcing the notion

that v/R is important for the virulence of PA14 (SH, unpublished data).

At this stage of the genetic analysis, we do not know whether v/R functions upstream or

downstream of #A/R in vivo. Our attempts to measure vfr transcript levels in bacteria infecting

10
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flies in a septic injury model revealed a strong attenuation of vfR expression in rh/R mutants
(SH, unpublished data), which suggests a potentially reversed regulatory link between rAlR
and v/R. However, a more relevant set of in vivo data should be gained in our intestinal
infection model, which is technically-challenging as only a few bacteria can be retrieved from

the hemolymph at the relevant stage of the infection.

XcpR is a core component of the type 2 secretion (T2SS) system through which virulence
factors such as proteases or lipases are secreted [39]. In keeping with this broad role, it is the
mutant with the largest attenuation of virulence, r#/R excepted. Thus, the T2SS, in contrast to

the T3SS, is required for virulence in our infection model.

SItB1 encodes a lytic transglycosylase, which is involved in peptidoglycan metabolism and
thus plays a critical role in the structure of the cell wall. In keeping with this function, sltB1
mutant has been shown to exhibit an enhanced resistance to B-lactamase [40,41]. A role of
sltBlin virulence has not been reported, at least as regards P. aeruginosa. In Escherichia coli,
a compound mutant that deletes all six lytic transglycosidases, but not single mutants, is
unable to secrete the immune elicitor tracheal cytotoxin [42]. Thus, because of the
redundancy of lytic transglycosylases with respect to peptidoglycan remodeling, it is
implausible that SItB1 acts through the systemic Immune deficiency immune response. SItB1
is thus likely to alter the structure of the cell wall, and possibly to modify indirectly the

configuration of outer membrane proteins.

All of these null mutants display a weaker phenotype than r4/R deletions. Yet, they regain
their virulence when ingested by phagocytosis-deficient flies, a phenotype they share with
rhiIR. This opens the possibility that these genes are somehow connected with »4/R. As RhIR
i1s a master regulator, it might influence in parallel several downstream processes in which

SItB1, XcpR, and VIR are separately involved. If this were the case, the expectation would be

11
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that compound mutants would exhibit a stronger avirulence phenotype, which we did not
observe. Thus, it remains an open possibility that the product of these genes are involved in a

common process.

A quorum sensing-dependent function of RhIR

The finding that »4/l mutants display a somewhat reduced virulence suggests that C4-HSL
quorum sensing is nevertheless playing a role in our infection model. Interestingly, we note
that in flies deprived of a cellular immune response, r#/R and rhll mutants are still less
virulent than wild-type PA14 by about two days (Fig. 1D). Both mutants display survival
curves with shallow slopes (Fig. 1E) when fed to phagocytosis-impaired flies. This suggests
that the switch to systemic aggressive bacteremia occurs in a less coordinated manner,

consistent with a lack of quorum sensing.

At this stage, it is difficult to assess whether xcpR, sltB1, or vfR are involved in a quorum

sensing-dependent or —independent process.

RhIR and the escape from phagocytosis

A characteristic of the infection is the ability of a few bacteria to escape into the hemocoel,
where they encounter hemocytes. 74/R bacteria appear to be more vulnerable to the cellular
immune response, which is mediated by the phagocytic receptor Eater. Here, we show that
the thioester-containing protein Tep4 displays an eater-like phenotype. The simplest
explanation is that it functions as an opsonin, as some other Teps. It had been reported that
Tep2 was required for the uptake of E. coli by S2 cultured Drosophila cells and that Tep3for
that of Staphylococcus aureus [12]. Here, we note that 7ep3 mutants exhibit a rather increased
host defense to the ingestion of P. aeruginosa and strikingly that only 7Tep4 displays an
enhanced sensitivity to this infection in our model. Further experiments will be required to

determine whether Tep4 binds with an enhanced affinity to »4/R bacteria as compared to wild-

12



19/08/14 07:15

type PA14, and whether the ingestion of P. aeruginosa by hemocytes depends on Tep4.
Another open question is whether Eater directly binds to bacteria, e.g., to peptidoglycan as

shown earlier [43], or whether it also recognizes bacteria opsonized by Tep4.

Because few bacteria appear to cross the digestive tract at any time point of the infection, we
have been so far unable to detect any PA14 ingested by hemocytes in vivo. As had been
shown for S. marcescens, we have shown that P. aeruginosa continuously escape from the
digestive tract (SH, unpublished data). Our data with the ablation of phagocytic function at
different time points of the infection suggest that the continuous patrol by hemocytes

effectively prevents PA14 in the hemocoel from developing then into a systemic infection.

Because SltBI likely affects the cell wall and peptidoglycan remodeling, because Eater
directly binds to peptidoglycan, we propose that the absence of S/tBI results in cell wall
alterations that render P. aeruginosa more prone to detection by the Eater, and potentially
Tep4, sensing system. As S/¢tB1-vfR compound mutants do not display an enhanced reduction
of virulence, which suggests that they function in a common process, and as vfR expression
may be regulated by RhIR, we propose as a working model that the rA/l-independent function
of RhIR is to regulate the cell wall so that the bacterium conceals its presence from the

cellular immune system.

13
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MATERIALS AND METHODS

Drosophila stock and Culture

The following strains were used: wild-type, w">”’’ and the mutants Tep3 (d03976) [44], Tep4
(EY04656) [45], Tep2,3 double mutant, Tep2,3,4 triple mutant and UAS-Tep! RNA1 (ML2D)
were described before [22]. C564 Gal Gal80” and hml Gal4 Gal80" fly lines were used as
drivers for UAS-Tepl RNAI [46]. These crosses were done at 18°C. After hatching, F1 flies
were transferred to 29°C for 6 days to allow a strong expression of the Tep/ RNAI construct.
To block the phagocytosis ability of Drosophila, latex beads were injected in these flies one
day before infection or upon the infection (Fig. 4) as described before [47], except that flies

were allowed to recover for four hours after injection prior to being exposed to the bacteria.

Bacteria strains and growth conditions
Pseudomonas aeruginosa strain PA14 wild-type [48], ArhlR and Arhll mutants [10] and all
326 transposon insertion mutants [19] were grown in Brain-Heart-Infusion Broth (BHB),

overnight, at 37°C with agitation.

Drosophila intestinal infections
Infections were performed as described previously with PA14 [47]. At least 20 flies were
assessed per infection tube. Infected and control flies were kept at 25°C. For survival assays,

the number of surviving flies was computed daily.

Generation of PA14 clean deletion mutants
In-frame deletions in PA14 vfR, xcpR and sltB1 were constructed by replacing the PA14
wild-type coding sequences of these genes with a 1.400 kb PCR-amplified sequence from

PA14 in the ORF of these genes as described before for the PAOI strain [49]. The 1.400 kb
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represented around 700 bases upstream, the 20 first, the 20 last and the 700 bases downstream
of the coding sequence of the gene. PCR-amplified fragments that contained the in-frame
deletion of these genes were subcloned into the EcoRI and HindlII sites of plasmid pME3088.
The resulting plasmids were introduced into PA14 wild-type strains to allow exchange
between wild-type sequence and deleted constructs by homologous recombination resulting in
the AvfR, AxcpR and AsltB1. Double mutants were generated in two steps by successive
conjugation with the two relevant plasmids.

Newly generated mutants were identified by PCR with appropriate primers for each deleted

gene and confirmed by sequencing deleted constructs in their genome.

Statistical analysis

All statistical analysis were performed on Graphpad Prism version 5 (Graphpad software Inc.,

San Diego, CA). Details are indicated in the legend of each figure.

15



19/08/14 07:15

REFERENCES

1.

8.

9.

10

11

12

13

14

15

16.

17.

18

Limmer S, Quintin J, Hetru C, Ferrandon D (2011) Virulence on the fly: Drosophila
melanogaster as a model genetic organism to decipher host-pathogen interactions.
Current Drug Targets 12: 978-999.

. Bier E, Guichard A (2012) Deconstructing host-pathogen interactions in Drosophila. Dis

Model Mech 5: 48-61.

. Igboin CO, Griffen AL, Leys EJ (2012) The Drosophila melanogaster host model. J Oral

Microbiol 4.

. Lemaitre B, Hoffmann J (2007) The Host Defense of Drosophila melanogaster. Annu Rev

Immunol 25: 697-743.

. Ganesan S, Aggarwal K, Paquette N, Silverman N (2010) NF-kappaB/Rel Proteins and the

Humoral Immune Responses of Drosophila melanogaster. Curr Top Microbiol
Immunol.

. Ferrandon D, Imler JL, Hetru C, Hoffmann JA (2007) The Drosophila systemic immune

response: sensing and signalling during bacterial and fungal infections. Nat Rev
Immunol 7: 862-874.

. Pean CB, Dionne MS (2014) Intracellular infections in Drosophila melanogaster: host

defense and mechanisms of pathogenesis. Dev Comp Immunol 42: 57-66.

Elrod-Erickson M, Mishra S, Schneider D (2000) Interactions between the cellular and
humoral immune responses in Drosophila. Curr Biol 10: 781-784.

Nehme NT, Liegeois S, Kele B, Giammarinaro P, Pradel E, et al. (2007) A Model of
Bacterial Intestinal Infections in Drosophila melanogaster. PLoS Pathog 3: e173.

. Limmer S, Haller S, Drenkard E, Lee J, Yu S, et al. (2011) Pseudomonas aeruginosa RhIR
is required to neutralize the cellular immune response in a Drosophila melanogaster
oral infection model. Proc Natl Acad Sci U S A 108: 17378-17383.

. Kocks C, Cho JH, Nehme N, Ulvila J, Pearson AM, et al. (2005) Eater, a transmembrane
protein mediating phagocytosis of bacterial pathogens in Drosophila. Cell 123: 335-
346.

. Stroschein-Stevenson SL, Foley E, O'Farrell PH, Johnson AD (2006) Identification of
Drosophila gene products required for phagocytosis of Candida albicans. PLoS Biol 4:
e4.

. Schuster M, Sexton DJ, Diggle SP, Greenberg EP (2013) Acyl-homoserine lactone
quorum sensing: from evolution to application. Annu Rev Microbiol 67: 43-63.

. Coggan KA, Wolfgang MC (2012) Global regulatory pathways and cross-talk control
pseudomonas aeruginosa environmental lifestyle and virulence phenotype. Curr Issues
Mol Biol 14: 47-70.

. Jimenez PN, Koch G, Thompson JA, Xavier KB, Cool RH, et al. (2012) The multiple
signaling systems regulating virulence in Pseudomonas aeruginosa. Microbiol Mol
Biol Rev 76: 46-65.

Williams P, Camara M (2009) Quorum sensing and environmental adaptation in
Pseudomonas aeruginosa: a tale of regulatory networks and multifunctional signal
molecules. Curr Opin Microbiol 12: 182-191.

Hoffmann D (1976) [Role of phagocytosis and soluble antibacterial factors in
experimental immunization of Locusta migratoria]. C R Acad Sci Hebd Seances Acad
Sci D 282: 1021-1024.

. Kurz CL, Chauvet S, Andres E, Aurouze M, Vallet I, et al. (2003) Virulence factors of the

human opportunistic pathogen Serratia marcescens identified by in vivo screening.
Embo J 22: 1451-1460.

16



19/08/14 07:15

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Feinbaum RL, Urbach JM, Liberati NT, Djonovic S, Adonizio A, et al. (2012) Genome-
wide identification of Pseudomonas aeruginosa virulence-related genes using a
Caenorhabditis elegans infection model. PLoS Pathog 8: e1002813.

Irazoqui JE, Urbach JM, Ausubel FM (2010) Evolution of host innate defence: insights
from Caenorhabditis elegans and primitive invertebrates. Nat Rev Immunol 10: 47-58.

Levashina EA, Moita LF, Blandin S, Vriend G, Lagueux M, et al. (2001) Conserved role
of a complement-like protein in phagocytosis revealed by dsRNA knockout in
cultured cells of the mosquito, Anopheles gambiae. Cell 104: 709-718.

Bou Aoun R, Hetru C, Troxler L, Doucet D, Ferrandon D, et al. (2011) Analysis of
thioester-containing proteins during the innate immune response of Drosophila
melanogaster. J Innate Immun 3: 52-64.

Holden MT, Ram Chhabra S, de Nys R, Stead P, Bainton NJ, et al. (1999) Quorum-
sensing cross talk: isolation and chemical characterization of cyclic dipeptides from
Pseudomonas aeruginosa and other gram-negative bacteria. Mol Microbiol 33: 1254-
1266.

Campbell J, Lin Q, Geske GD, Blackwell HE (2009) New and unexpected insights into
the modulation of LuxR-type quorum sensing by cyclic dipeptides. ACS Chem Biol 4:
1051-1059.

Ledgham F, Ventre I, Soscia C, Foglino M, Sturgis JN, et al. (2003) Interactions of the
quorum sensing regulator QscR: interaction with itself and the other regulators of
Pseudomonas aeruginosa LasR and RhIR. Mol Microbiol 48: 199-210.

Medina G, Juarez K, Valderrama B, Soberon-Chavez G (2003) Mechanism of
Pseudomonas aeruginosa RhIR transcriptional regulation of the rhlAB promoter. J
Bacteriol 185: 5976-5983.

Anderson RM, Zimprich CA, Rust L (1999) A second operator is involved in
Pseudomonas aeruginosa elastase (lasB) activation. J Bacteriol 181: 6264-6270.

Schuster M, Lostroh CP, Ogi T, Greenberg EP (2003) Identification, timing, and signal
specificity of Pseudomonas aeruginosa quorum-controlled genes: a transcriptome
analysis. J Bacteriol 185: 2066-2079.

Wagner VE, Bushnell D, Passador L, Brooks Al, Iglewski BH (2003) Microarray analysis
of Pseudomonas aeruginosa quorum-sensing regulons: effects of growth phase and
environment. J Bacteriol 185: 2080-2095.

Gupta R, Gobble TR, Schuster M (2009) GidA posttranscriptionally regulates rhl quorum
sensing in Pseudomonas aeruginosa. J Bacteriol 191: 5785-5792.

Smith RS, Wolfgang MC, Lory S (2004) An adenylate cyclase-controlled signaling
network regulates Pseudomonas aeruginosa virulence in a mouse model of acute
pneumonia. Infect Immun 72: 1677-1684.

Albus AM, Pesci EC, Runyen-Janecky LJ, West SE, Iglewski BH (1997) Vfr controls
quorum sensing in Pseudomonas aeruginosa. J Bacteriol 179: 3928-3935.

Beatson SA, Whitchurch CB, Sargent JL, Levesque RC, Mattick JS (2002) Differential
regulation of twitching motility and elastase production by Vfr in Pseudomonas
aeruginosa. J Bacteriol 184: 3605-3613.

Whitchurch CB, Beatson SA, Comolli JC, Jakobsen T, Sargent JL, et al. (2005)
Pseudomonas aeruginosa fimL regulates multiple virulence functions by intersecting
with Vfr-modulated pathways. Mol Microbiol 55: 1357-1378.

Wolfgang MC, Lee VT, Gilmore ME, Lory S (2003) Coordinate regulation of bacterial
virulence genes by a novel adenylate cyclase-dependent signaling pathway. Dev Cell
4:253-263.

17



19/08/14 07:15

36

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Fox A, Haas D, Reimmann C, Heeb S, Filloux A, et al. (2008) Emergence of secretion-
defective sublines of Pseudomonas aeruginosa PAOI1 resulting from spontaneous
mutations in the vfr global regulatory gene. Appl Environ Microbiol 74: 1902-1908.

Fuchs EL, Brutinel ED, Jones AK, Fulcher NB, Urbanowski ML, et al. (2010) The
Pseudomonas aeruginosa Vfr regulator controls global virulence factor expression
through cyclic AMP-dependent and -independent mechanisms. J Bacteriol 192: 3553-
3564.

Croda-Garcia G, Grosso-Becerra V, Gonzalez-Valdez A, Servin-Gonzalez L, Soberon-
Chavez G (2011) Transcriptional regulation of Pseudomonas aeruginosa rhlR: role of
the CRP orthologue Vfr (virulence factor regulator) and quorum-sensing regulators
LasR and RhIR. Microbiology 157: 2545-2555.

Filloux A (2011) Protein Secretion Systems in Pseudomonas aeruginosa: An Essay on
Diversity, Evolution, and Function. Front Microbiol 2: 155.

Cavallari JF, Lamers RP, Scheurwater EM, Matos AL, Burrows LL (2013) Changes to its
peptidoglycan-remodeling enzyme repertoire modulate beta-lactam resistance in
Pseudomonas aeruginosa. Antimicrob Agents Chemother 57: 3078-3084.

Nikolaidis I, Izore T, Job V, Thielens N, Breukink E, et al. (2012) Calcium-dependent
complex formation between PBP2 and lytic transglycosylase SItB1 of Pseudomonas
aeruginosa. Microb Drug Resist 18: 298-305.

Bouskra D, Brezillon C, Berard M, Werts C, Varona R, et al. (2008) Lymphoid tissue
genesis induced by commensals through NODI regulates intestinal homeostasis.
Nature 456: 507-510.

Chung YS, Kocks C (2011) Recognition of pathogenic microbes by the Drosophila
phagocytic pattern recognition receptor eater. J Biol Chem 286: 26524-26532.

Thibault ST, Singer MA, Miyazaki WY, Milash B, Dompe NA, et al. (2004) A
complementary transposon tool kit for Drosophila melanogaster using P and piggyBac.
Nat Genet 36: 283-287.

Bellen HJ, Levis RW, Liao G, He Y, Carlson JW, et al. (2004) The BDGP gene disruption
project: single transposon insertions associated with 40% of Drosophila genes.
Genetics 167: 761-781.

McGuire SE, Mao Z, Davis RL (2004) Spatiotemporal gene expression targeting with the
TARGET and gene-switch systems in Drosophila. Sci STKE 2004: pl6.

Haller S, Limmer S, Ferrandon D (2014) Assessing Pseudomonas virulence with a
nonmammalian host: Drosophila melanogaster. Methods Mol Biol 1149: 723-740.

Rahme LG, Stevens EJ, Wolfort SF, Shao J, Tompkins RG, et al. (1995) Common
virulence factors for bacterial pathogenicity in plants and animals. Science 268: 1899-
1902.

Cunrath O, Gasser V, Hoegy F, Reimmann C, Guillon L, et al. (2014) A cell biological
view of the siderophore pyochelin iron uptake pathway in Pseudomonas aeruginosa.
Environ Microbiol.

18



19/08/14 07:15

FIGURE LEGENDS

Figure 1. RhIR's function in circumventing the cellular immune response of Drosophila
is at least partially independent from RhlI.

Survival experiment of wild-type flies (w*""

) that are fed on wild-type PA14 bacteria or
ArhIR and Arhll mutants. (A) Survival curves of infected and uninfected (NI) flies. Flies died
faster from the infection with PA14 WT than ArilR and Arhil. Flies infected with Arhll
exhibited an intermediate survival phenotype. One representative experiment out of seven is
shown. (B) Pooled LT50 of wild-type flies (w"’"’) survival test in intestinal infections with
PA14 WT, ArhiR or Arhil. LT50 of flies after infection with PA14 WT was significantly
lower than with AralR (***p=0.0003) and Arhll (*p=0.0385). Flies were significantly more
susceptible to infection with Arhll than with ArhlR (**p=0.0047). The LT50 data from seven
survival experiments are displayed (biological duplicates are also shown as there was as much
variability between experiments as within experiments), black bars indicates medians.

(C) Survival curves of wild-type and latex bead-injected flies after intestinal infection with
PA14 bacteria. In latex bead-injected flies Arkll exhibited a regained virulence. Note however
that the shift in virulence is of the same magnitude as that observed for wt PA14 and contrasts
with the large shift observed with ArilR. (D) Pooled LT50 of latex bead-injected flies (w™*’-

LxB) survival experiments. w*"’

-LxB flies died significantly slower after Ara/R infection
than PA14 WT (**p=0.0065). A slight decrease of virulence, but at the border of significance,
was observed between PA14 WT and Arhll (p=0.0726). No difference in virulence was
detected between AralR and Arhll (p=0.3056). Data represent the LT50s from five
experiments (biological duplicates are also shown as there was as much variability between

experiments as within experiments), black bars indicates medians. (E) Hill coefficient of latex

bead-injected flies in PA14 infection. Hill coefficient gives an indication on the slope of the
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survival curves. Survival curves of w"’*’-LxB flies infected with PA14 wild-type (PA14 WT)
had a significant higher Hill coefficient than survival curves of flies infected with Ari/R
(**p=0.0092) or Arhll (*p=0.0405). No significant difference in Hill coefficient was detected
between survival curves of flies infected with Ara/R or Arhll (p=0.6243). The results from
three experiments are shown; black bars indicate medians. For all, Mann Whitney tests were
used for all statistical analyses.

Figure 2. Selected mutants present a phenotype similar to that of ArhlR.

A5001
w

LT50s measured from survival experiments of untreated wild-type ( ) Drosophila or of

flies in which phagocytosis had been blocked (w™*”

-LxB) after intestinal infection with
PA14 wild-type (PA14), the clean deletion mutant of r4/R (ArhIR), or transposon insertions
affecting candidate virulence genes. vfR, xcpR, rho and sitB1, but not s/tBI1 (N) [N: another
transposon insertion near the s/tBI locus] nor gidA, exhibited a significantly decreased

A5001

virulence in w and regained virulence in w*”’”-LxB. The LT50s of at least two

experiments are presented; ***p<0.001, **p<0.01, *p<0.05, unpaired t test.

Figure 3. Null deletion mutants of vfR, sltB1, and xcpR exhibit a ArhlR-like phenotype.
Newly generated deletion mutants of /R, sltB1 and xcpR were tested in intestinal infection of

wild-type flies (W

) and flies in which phagocytosis had been blocked by injection of latex
beads (w"-LxB). As previously described, w*?” flies infected with ArhlIR (red curves)
exhibited a strong increase of survival compared to flies infected with PA14 wilt-type (PA14,
blue curves) but ArhlR regained a nearly full virulence in w"’*”’-LxB (A), (B), and (C).
Similar phenotypes were observed with Av/R (A), AxcpR (B), and As/tB1 (C). However, none
of these mutants presented a virulence as strongly decreased as that displayed by ArklR, in

keeping with data obtained with the transposon insertion mutants. Among the three mutants,

AxcpR exhibited the strongest decrease of virulence in w™**”’ but also the weakest regain of
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virulence in w*"’

-LxB. (D) Survival curves of uninfected (NI) control flies. Note the unusual
susceptibility of uninfected flies to latex beads injections in that series of experiments. Results

from one representative experiment out of three are presented.

Figure 4. The Drosophila cellular immune response is critical only at the very beginning
of PA14 intestinal infections.

Measured LT50s from survival experiments of flies after intestinal infection with wild-type
PA14 (A), ArhiIR (B) or Arhll (C) mutants and injection of either latex beads (LxB) or PBS at
different time points of the infection. Latex beads or PBS were injected either one day before
the infection started (-1d) or four hours (+4h), one day (+1d), two days (+2d), four days (+4d)
or six days (+6d) after the infection started. Grey dots correspond to the survival of infected,

uninjected flies. (A) LT50s of w’”-LxB are significantly lower than w*""

only at -1d
(**p=0.0086) and +4h (*p=0.0154). (B) LT50 of w*’”-LxB are significantly lower than
w% nearly all along the infection (-1d: ***p=0.0002, +4h: ***p=0.0002 and +4d:
*#p=0.0069). (C) A similar phenotype is observed with flies infected with Arhll (-1d:
*p=0.0395, +4h: **p=0.0085, +1d: ***p=0.0002 and +4d: *p=0.0400). Note however that for
injections of latex beads at day4 the difference is reduced, as compared to earlier time points
of injection of latex-beads. The cumulative LT50 data from at least three experiments (only
two experiments for Arhll) are shown, except for +d2 and +d6; black bars indicates medians.
Statistical analyses were done with an unpaired t-test.

Figure S. PA14 RhIR is required to circumvent Drosophila Tep4 function in
phagocytosis.

(A) and (B) survival assay with flies overexpressing in the fat body (driver C563 Gal4

Gal80"™) (A) or in hemocytes (driver hml Gal4 Gal80®) (B) an RNAi construct against tep/

(UAS-RNAIi Tepl) or against GFP (UAS-RNA1 GFP) as a control. No significant difference
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was observed in the survival of tep/ knock down flies in the fat body or hemocytes and
control flies. The mean +SD of one experiment with triplicates is shown. (C), (D) and (E)

Drosophila wild-type flies (w*"")

, single mutants tep3 and tep4, double mutant fep2,3 and
triple mutant fep2,3,4 were orally infected with PA14 wild-type (C) or Arh/R mutant (D) in
parallel experiments. (C) tep4 and fep2,3,4 mutant flies are significantly more susceptible to

PA14 infection compared to w*™*’

. No difference in survival was detected between fep2,3
mutant and w*”’. Surprisingly fep3 mutants seemed to be more resistant to the infection. (D)
A strong regain of ArhlR virulence is observed with fep4 and tep2,3,4 mutants compared to
w% flies. tep2,3 and w"*"! presented nearly the same rate of death when challenged with
ArhiR . tep3 seemed again to be more resistant to the infection. (E) Survival of uninfected
flies on a sucrose solution. Unexpectedly, tep3 mutant flies seemed to survive much longer on

a sucrose-only diet. In (C), (D) and (E) one representative experiment out of three (each with

biological triplicates, except for uninfected flies) is shown.

Table S1. List of the 326 PA14 mutants from the first round of test.

All mutants were tested twice in an intestinal infection of wild-type Drosophila (w*""").
Mutants selected for the second round of test are highlighted in grey. Selected mutants
exhibited a stronger virulence phenotype (highlighted in grey and written in red), a weaker
virulence phenotype (highlighted in grey and written in blue) or a conflicting phenotype

(altered virulence in one experiment out of two) between the first and second survival test

(highlighted in grey and written in black).
Figure S1. Results of the second round of virulence tests.

60 PA14 mutants were tested a third time in an intestinal infection with wild-type Drosophila

(w*?"). The mean +SD of the difference of the LT50s of flies infected with the mutant vs. the
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wild-type PA14 in three experiments (primary screen and retest) are shown. rh/R mutants
presented the least virulent phenotype. In addition, 11 other mutant strains presented a
decreased virulence compared to PA14 wild-type and 10 mutants strains exhibited an

increased virulence phenotype.

Figure S2. The third round of test on other transposon insertion mutants in the
candidate loci did not confirm most of the decreased virulence phenotypes.

Newly ordered mutants (other transposon insertions in the candidate loci) rarely exhibited the
same decreased virulence phenotype than the original mutants, except for the two rho
mutants, which presented a similar decreased virulence. One xcpR mutant out of three showed
a decreased virulence. Only one vfR mutant was available. The means +SD of three
experiments are shown (some mutants were tested only once: pnp (31610) and ddIB (55626).

*#%p<0.001, **p<0.01, *p<0.05, unpaired t test.

Figure S3. Double mutants did not present an enhanced avirulence phenotype as
compared to single mutants.

Survival assays of wild-type flies in intestinal infection with PA14 wild-type (PA14 WT),
single mutants Arh/R, AvfR or AxcpR, or double mutants AvfR-AxcpR (A), AxcpR-AsltB1 (B)
or AvfR-AsltBI (C). (A) The double mutant AvfR-AxcpR presented a phenotype intermediate
between those of AvfR and AxcpR. Flies infected with Av/R-AxcpR exhibited a survival curve
significantly different from flies infected with PA14 WT (***p<0.0001), ArhlR
(***p<0.0001), AvfR (***p<0.0001) and AxcpR (**p=0.0013). (B) AxcpR-AsitBI double
mutant are more virulent than AxcpR. Survival curve of flies infected with AxcpR-AsltBI is
significantly different from survival curves of flies infected with PA14 WT (***p<0.0001),

ArhIR (***p<0.0001) and AxcpR (***p<0.0001). (C) The double mutant AvfR-As/tBl
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presented a virulence phenotype similar to that of AvfR. Survival curve of flies infected with
this double mutant was significantly different from survival curves of flies infected with
PA14 WT (***p<0.0001) or ArhlR (***p<0.0001) but not with AvfR (p=0.2671). In (A), (B)
and (C) results of one experiment with triplicates are presented. Statistical analyses were done

using the LogRank test.

Figure S4. Drosophila Tep4 mediates only a part of the cellular immune response
against PA14.

A5001

Survival assay of wild-type (W) and tep4 mutants Drosophila after injection of latex

beads (LxB) or no injection in an intestinal infection with ArA/R PA14 mutants (A). w*-
LxB, tep4 and tep4-LxB presented a strong decrease of survival compared to wAS5001 in
infection with ArilR (for all ***p<0.0001). A slight, yet significant, difference was observed
in survival curves between w*’”/-LxB and tep4 (**p=0.0018) or tep4-LxB (***p=0.0003) as
well as between tep4 and tep4-LxB (**p=0.0083). This later comparison suggests that all
phagocytic function is not blocked in the fep4 mutants since ArialR bacteria display an even
higher virulence when phagocytosis is further blocked by the injection of latex beads, which
totally ablates phagocytic function. The means £SD of one experiment with biological

triplicates is presented. (B) Survival curves of uninfected control flies from (A); one control

experiment was performed.

Figure S5. w"*’”_LxB flies infected with ArhIR or Arhil exhibited similar curve shapes,
different than PA14 wild-type.

Hill coefficient gives an indication of the slop of curves. Survival curves of w*’”-LxB flies
infected with PA14 wild-type (PA14 WT) had a significant higher Hill coefficient than

survival curves of flies infected with ArhlR (**p=0.0092) or Arhll (*p=0.0405). No
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significant difference in Hill coefficient was detected between survival curves of flies infected
with ArhlR or Arhll (p=0.6243). Data represented results from three experiments, black bars

indicate medians, statistical analyses were done with Mann Whitney test.
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MutantID Name

Locus

23067PA14_31260 NULL
23078 PA14_72540 NULL
23182PA14_38530 fahA

23465PA14_12030 NULL
23553PA14_57910 NULL
23675PA14_67440 NULL
23709PA14_23920 purF

23759PA14_38140 NULL
23737PA14_72660 NULL
23757PA14_14630 secD

23782PA14_23430 ORF_11

23790PA14_09300 NULL
23840PA14_50070 NULL
23863 PA14_36080 NULL
23980PA14_00550 NULL

24048PA14_36000 PAGI-1(5)

24118PA14_52690 aruG
24202PA14_21050 NULL
24633PA14_60310 pilY1

24601PA14_59800 pvrS

24619PA14_60800 NULL
24637PA14_02740 NULL
24718PA14_33030 sdaA
24724PA14_65630 NULL

24904 PA14_27640 NULL
24979PA14_61150 NULL
24922PA14_02750 NULL
24932PA14_43320 NULL
25054PA14_10500 ccoN
25019PA14_21110 plcN

25035PA14_68040 NULL
25062PA14_69700 NULL
25092PA14_29720 NULL
25168 PA14_22380 NULL
25134PA14_64270 NULL
25153PA14_31620 NULL
25351PA14_41590 NULL
25462PA14_03210 NULL
25436PA14_43070 hcpA
25529PA14_59940 NULL
25593PA14_24020 xcpT

25530PA14_55920 NULL
25565PA14_09730 NULL
25594 PA14_18960 NULL
25654PA14_59310 pilR2
25662PA14_06830 norB

25663PA14_57100 NULL
25708 PA14_42950 NULL
25721PA14_16930 NULL
25847PA14_25110 topA

25928 PA14_41150 NULL
25882PA14_29830 NULL
25897PA14_69250 NULL
25935PA14_32490 NULL
26123PA14_08500 NULL
26245PA14_54470 NULL
26394PA14_61980 NULL
26553 PA14 38460 NULL

Table S1

Gene Name Gene Description

RadC-like protein

ribonucleotide reductase
fumarylacetoacetase

conserved hypothetical protein

conserved hypothetical protein

putative chlorohydrolase
amidophosphoribosyltransferase

putative glutamine synthetase

putative amidase

protein-export membrane protein SecD
NULL

putative ATP-binding component of ABC transporter
conserved hypothetical protein

putative MFS transporter

putative membrane protein

Probable transcriptional regulator
arginine/ornithine succinyltransferase All subunit
putative short-chain dehydrogenase

type 4 fimbrial biogenesis protein PilY1
kinase sensor protein

putative ABC transporter, ATP-binding protein
putative aldolase

L-serine dehydratase

putative aspartyl protease

putative protein associated with synthesis and assembly of refractile inclusion
bodies

putative oxidoreductase

putative transcriptional regulator

putative glutaminase

cytochrome c oxidase subunit (cbb3-type)
non-hemolytic phospholipase C precursor
putative short-chain alcohol dehydrogenase
conserved hypothetical protein

putative lipoprotein

putative nuclease

putative branched-chain amino acid ABC transporter, periplasmic component
putative ABC-type periplasmic phosphate-binding protein
putative cytoplasmic membrane protein
hypothetical protein

secreted protein Hep

Conserved hypothetical protein

general secretion pathway protein G
putative type Il secretion system protein
putative dihydrodipicolinate synthase
hypothetical protein

type IV B pilus Protein

nitric-oxide reductase subunit B

putative permease

conserved hypothetical protein

putative cysteine sulfinate desulfinase

DNA topoisomerase |

putative permease of ABC transporter
putative methyltransferase

putative membrane-associated protein
hypothetical protein

putative integral membrane protein
conserved hypothetical protein

conserved hypothetical protein

acVvIl-CoA carboxvltransferase beta chain



Locus Name

26579PA14_04890
26586PA14_00070
26627PA14_38040
26664PA14_67990
26710PA14_07170
26873PA14_14850
27017PA14_33690
27032PA14_71120
27145PA14_47350
27355PA14_49930
27636PA14_12080
27757PA14_17000
27872PA14_43420
27879PA14_26910
27934PA14_21840
27887PA14_30660
28000PA14_36310
28220PA14_63710
28440PA14_13110
28606PA14_19630
28622PA14_16500
28646PA14_07170
28742PA14_07780
29076PA14_58050
29310PA14_51390
29337PA14_39730
29412NULL

29854PA14_20960
29866PA14_31290
29905PA14_41140
29990PA14_68610
30058PA14_49320
30196PA14_14040
30412PA14_57560
30558PA14_25880
30496PA14_20290
30750PA14_09820
31022PA14_08340
31097PA14_69000
31109PA14_50630
31176PA14_65170
31210PA14_07790
31424PA14_52670
31480PA14_59060
31610PA14_62710
31640PA14_43350
31822PA14_02790
31824PA14_46490
31924PA14_17880
32003PA14_04410
32321PA14_41760
32331PA14_52660
32400PA14_73020
32404PA14_52050
32409PA14_47140
32430PA14_52930
32541PA14_05560
32561PA14_66710
32452PA14_30100
32578PA14 27700

Gene Name

NULL
NULL
NULL
mutY
epd
pilF
pvdE
NULL
NULL
NULL
sltB1
NULL
NULL
NULL
NULL
uvrC
hcnC
NULL
NULL
folE1
NULL
epd
NULL
pmbA
pasD
NULL
NULL
NULL
pallL
NULL
hslO
NULL
NULL
NULL
etfA
NULL
NULL
trpG
pepP
NULL
rpsR
NULL
aruD
NULL
pnp
kdpD
pcaF
fabF2
NULL
ptsP
NULL
aruB
NULL
purN
NULL
NULL
NULL
romE
NULL
NULL

Table S1 (suite)

Gene Description

putative zinc protease

putative histidinol-phosphatase

putative transcriptional regulator, AraC family
A/G-specific adenine glycosylase
D-erythrose 4-phosphate dehydrogenase
type 4 fimbrial biogenesis protein PilF
pyoverdine biosynthesis protein PvdE
putative thioesterase

conserved hypothetical protein

conserved hypothetical protein

soluble lytic transglycosylase B

hypothetical protein

putative acyl-CoA dehydrogenase

putative MoxR protein

putative periplasmic binding protein
excinuclease ABC subunit C

NULL

putative glycosyl transferase

probable medium-chain acyl-CoA ligase
GTP cyclohydrolase | precursor

putative response regulator of the chemosensory-like operon
D-erythrose 4-phosphate dehydrogenase
putative phosphotransferase

PmbA protein

3-oxoacyl-[acyl-carrier-protein] synthase IlI
conserved hypothetical protein

NULL

putativ isomerase

PA-I galactophilic lectin

putative ABC transporter, permease protein
putative chaperonin, 33 kDa

hypothetical

putative ATP-dependent RNA helicase RhIB
putative cytochrome b

electron transfer flavoprotein alpha-subunit
DNA binding-protein

putative acetolactate synthase large subunit
anthranilate synthase component I
aminopeptidase P

hypothetical protein

30S ribosomal protein S18

putative nucleotidyltransferase
succinylglutamate 5-semialdehyde dehydrogenase
putative DNA binding protein
polyribonucleotide nucleotidyltransferase
two-component sensor KdpD
beta-ketoadipyl CoA thiolase PcaF
3-oxoacyl-acyl carrier protein synthase |l
acetyl-CoA acetyltransferase (thiolase)
phosphoenolpyruvate-protein phosphotransferase
conserved hypothetical protein
succinylarginine dihydrolase

putative C4-type zinc finger protein, DksA/TraR family
phosphoribosylaminoimidazole synthetase
putative TonB-dependent receptor

probable transcriptional regulator

putative ATP-dependent RNA helicase, DEAD box family
508 ribosomal protein L31

conserved hypothetical protein

putative transcriptional requlator



Mutant ID

32602PA14_67970
32801PA14_52090
33019PA14_25050
33095PA14_49170
33176PA14_08330
33387PA14_01960
33516PA14_66120
33583PA14_42880
33597PA14_35530
33623PA14_03370
33742PA14_41610
33817PA14_69810
34095PA14_25690
34203PA14_30210
34284PA14_73370
34708PA14_11910
34781PA14_30650
34827PA14_31580
35038PA14_22770
35005PA14_69370
35189PA14_42520
35639PA14_72390
35711PA14_09320
35774PA14_04020
35855PA14_23460
35993PA14_64180
36008PA14_12090
36116PA14_05960
36207PA14_72450
36226PA14_07700
36275PA14_04410
36532PA14_51750
36598PA14_37250
36736PA14_43670
36955PA14_00560
37268PA14_69010
37382PA14_69510
37560PA14_33610
37629PA14_54640
37710PA14_67560
37818PA14_69000
37917PA14_00120
37913PA14_23880
37952PA14_04430
37943PA14_19120
38399PA14_40010
38479PA14_69670
38489PA14_14730
38519PA14_14680
38595PA14_05250
38726PA14_73400
38830PA14_27680
38855PA14_55810
38952PA14_23830
38983PA14_38440
39053PA14_05590
39064PA14_53940
39114PA14_60460
39111PA14_40670
39240PA14_10940

Locus Name Gene Name

NULL
NULL
NULL
phoQ
NULL
NULL
NULL
stk1
bkdA1
NULL
NULL
glnK
fabF1
NULL
gidA
NULL
gacA
NULL
NULL
algP
NULL
NULL
NULL
NULL
wbpL
NULL
NULL
NULL
dsbA
apaH
ptsP
tolQ
NULL
NULL
exoT
NULL
NULL
NULL
NULL
typA
pepP
NULL
folC
NULL
rhiIR
NULL
lysA
iscS
NULL
NULL
NULL
NULL
NULL
fimV
NULL
metF
prpB
rplU
metH
NULL

Gene Description

Table S1 (suite)

putative dehydrogenase
hypothetical protein
conserved hypothetical protein
two-component sensor PhoQ
hypothetical protein

putative RND efflux membrane fusion protein precursor

conserved hypothetical protein
serine-threonine kinase Stk1
2-oxoisovalerate dehydrogenase (alpha subunit)
Hypothetical protein

conserved hypothetical protein

Nitrogen regulatory protein PII
beta-ketoacyl-acyl carrier protein synthase I
putative cytoplasmic protease
glucose-inhibited division protein A

NULL

response regulator GacA

putative acyl-CoA dehydrogenase
conserved hypothetical protein

alginate regulatory protein AlgP

conserved hypothetical protein

putative two-component sensor

putative ATP-binding component of ABC transporter
conserved hypothetical protein

putative glycosyltransferase L

putative tRNA-dihydrouridine synthase
possible lipoprotein, ripA family

putative major cold shock protein
thiol:disulfide interchange protein DsbA
bis(5'-nucleosyl)-tetraphosphatase
phosphoenolpyruvate-protein phosphotransferase
TolQ protein

putative major facilitator family transporter
putative sensor/response regulator hybrid
exoenzyme T

conserved hypothetical protein

Hypothetical protein

NULL

probable enoyl-CoA hydratase/isomerase
GTP-binding protein TypA/BipA
aminopeptidase P

putative 2-OH-lauroyltransferase
folylpolyglutamate synthetase

conserved hypothetical protein

acylhomoserine lactone dependent transcriptional regulator

hypothetical protein

diaminopimelate decarboxylase

cysteine desulfurase
inositol-1-monophosphatase

noncatalytic dihydroorotase-like protein noncataly

putative GTPase for tRNA modification and thiophene and furan oxidation

conserved hypothetical protein

putative two-component response regulator

pilus assembly protein

putative isovaleryl-CoA dehydrogenase
5,10-methylenetetrahydrofolate reductase
carboxyphosphonoenolpyruvate phosphonomutase
ribosomal protein L21

methionine synthase

putative transcriptional regulator, AraC family



Mutant ID

Locus Name

39292PA14_45940
39351PA14_30230
39316PA14_29980
39618PA14_66290
39858PA14_23420
40024PA14_48420
40221PA14_11250
40356PA14_68370
40342PA14_33650
40396PA14_52610
40436PA14_52580
40460PA14_41130
40582PA14_25630
40902PA14_65420
40949PA14_58560
40996PA14_43090
40982PA14_65280
41035PA14_53950
41424PA14_22570
41576PA14_06510
41602PA14_24100
41770PA14_11110
42090PA14_06400
42176PA14_60290
42207PA14_05560
42318PA14_48190
42489PA14_17930
42600PA14_68730
42695PA14_62660
42799PA14_05310
42856PA14_38530
42933PA14_66310
43121PA14_15360
43327PA14_24440
43615PA14_09520
43946PA14_62740
44489PA14_44120
44818PA14_27950
45024PA14_25390
45143PA14_29940
45119PA14_00940
45236PA14_24940
45399PA14_73320
45410PA14_62560
45610PA14_14470
45918PA14_64170
45885PA14_38480
45993PA14_37490
46221PA14_43950
46283PA14_43940
46250PA14_69190
46254PA14_69270
46407PA14_45760
46422PA14_62970
46521PA14_04650
46670PA14_67720
46697PA14_65320
46982PA14_17900
46987PA14_00230
47013PA14 52260

Gene Name

lasl
clpA
nuokE
aceA
ORF_10
NULL
NULL
cysQ
pvdD
NULL
lysC
NULL
rpmF
NULL
NULL
NULL
hflK
prpC
csaA
bioF
xcpZ
cupB6
NULL
pilW
NULL
NULL
glpD
gshA
NULL
gshB
fahA
aceF
NULL
NULL
mex|
rbfA
NULL
NULL
sth
nuoG
NULL
NULL
atpl
pcnB
pepA
NULL
NULL
NULL
sucC
sucD
rho
NULL
fliQ
dnaK
pfpl
secB
miaA
metR
NULL
NULL

Table S1 (suite)

Gene Description

autoinducer synthesis protein Lasl
ATP-dependent clp protease, ATP-binding subunit CIpA
NADH dehydrogenase | chain E

pyruvate dehydrogenase, E1 component
NULL

putative transcriptional regulator

putative dTDP-4-rhamnose reductase-related protein
3'(2"),5"-bisphosphate nucleotidase
pyoverdine synthetase D

possible threonine aldolase

aspartate kinase alpha and beta chain
putative binding protein component of ABC transporter
50S ribosomal protein L32

putative GTPase

Sulfite reductase

hypothetical protein

protease subunit HfIK

citrate synthase 2

putative chaperone protein
8-amino-7-oxononanoate synthase

general secretion pathway protein M

fimbrial protein cupB6

putative transcriptional regulator, LysR family
type 4 fimbrial biogenesis protein PilW
putative ATP-dependent RNA helicase, DEAD box family
putative transcriptional regulator
glycerol-3-phosphate dehydrogenase
glutamate--cysteine ligase

conserved hypothetical protein

glutathione synthetase"

fumarylacetoacetase

dihydrolipoamide acetyltransferase

NULL

putative lipoprotein

probable RND efflux transporter
ribosome-binding factor A

putative 3-hydroxyisobutyrate dehydrogenase
putative anti-anti-sigma factor

soluble pyridine nucleotide transhydrogenase
NADH dehydrogenase | chain G

conserved hypothetical protein

putative oxidase

ATP synthase protein |

poly(A) polymerase

leucine aminopeptidase

conserved hypothetical protein

putative acyl-CoA carboxylase alpha chain
putative TonB-dependent receptor
succinyl-CoA synthetase beta subunit
succinyl-CoA synthetase alpha chain
transcription termination factor Rho

putative thioesterase

flagellar biosynthetic protein FliQ

putative heat shock protein

protease Pfpl

secretion protein SecB

delta 2-isopentenylpyrophosphate transferase
transcriptional regulator MetR

putative Rossmann fold nucleotide-binding protein
sensor/response regulator hybrid



Mutant ID

47128PA14_19170 NULL
47143PA14_09100 rpsD
47923 PA14_48590 NULL
47948PA14_46840 NULL
48244PA14_51780 ruvB
48417PA14_34770 NULL
48562PA14_06010 NULL
48544PA14_32860 NULL
48644PA14_67200 NULL
52637PA14_56790 NULL
52640PA14_38350 galU
52692PA14_08370 vfr
52787PA14_30580 NULL
52857PA14_67670 ntrB
52889PA14_22020 minD
53271PA14_62350 NULL
53495PA14_08680 tufB
53607PA14_05190 pilUu
35993PA14_64180 NULL
53876PA14_41710 NULL
54153PA14_66980 tatC
54161PA14_33630 NULL
54131PA14_18650 NULL
54272PA14_57820 NULL
54233PA14_20730 figM
54251PA14_28490 NULL
54303PA14_31820 NULL
54379PA14_20730 figM
54445PA14_40030 NULL
54565PA14_16890 NULL
54625PA14_16270 NULL
55086PA14_63210 NULL
55256 PA14_62830 tpiA
55834PA14_62770 nusA
55443PA14_07650 NULL
55583PA14_17170 NULL
55833PA14_41730 NULL
55626 PA14_57320 ddIB
56518PA14_27230 NULL
56461PA14_01100 NULL
56391PA14_08540 NULL
57056 PA14_48840 NULL

56786PA14_61500 PA4648

56790PA14_52720 aruC
23102PA14_41570 oprF
25568PA14_61020 NULL
25699PA14_67970 NULL
29200PA14_41670 ppsA
33692PA14_64180 NULL
36369PA14_65410 om
33880PA14_41390 ppiB
34523PA14_27770 NULL
34611PA14_29990 nuoD
35658PA14_12080 sitB1
35818PA14_59780 rcsC
29433PA14_15770 NULL
30251PA14_69900 NULL
33890PA14_52800 acsA
34793PA14_62260 ppkA
42118PA14 57190 NULL

Locus Name Gene Name Gene Description

Table S1 (suite)

putative lipoprotein

30S ribosomal protein S4

conserved hypothetical protein

conserved hypothetical protein

Holliday junction DNA helicase RuvB

putative ABC transporter, periplasmic binding protein
conserved hypothetical protein

hypothetical protein

conserved hypothetical protein

putative GGDEF domain/EAL domain protein
UTP-glucose-1-phosphate uridylyltransferase

cyclic AMP receptor-like protein

putative transcriptional regulator, LuxR family
two-component sensor NtrB

cell division inhibitor MinD

putative haem/haemoglobin uptake outer membrane receptor PhuR precursor
elongation factor Tu

twitching motility protein PilU

putative tRNA-dihydrouridine synthase

putative membrain protein

sec-independent protein translocase TatC

NULL

glutaredoxin-related protein

conserved hypothetical protein

putative negative regulator of flagellin synthesis, FIgM
putative membrane protein

putative aminotransferase

putative negative regulator of flagellin synthesis, FIgM
putative enzyme

putative auxiliary component of ABC transporter
conserved hypothetical protein

putative two-component response regulator
triosephosphate isomerase

N utilization substance protein A

putative sporulation protein

putative outer membrane protein OmpH,

conserved hypothetical protein

D-alanine--D-alanine ligase

putative transcriptional regulator, MarR family
putative CIpA/B-type chaperone

putative metallopeptidase

putative dimethylarginine dimethylaminohydrolase
NULL

N-succinylglutamate 5-semialdehyde dehydrogenase
major porin and structural outer membrane porin OprF precursor
ankyrin-like protein

putative dehydrogenase

phosphoenolpyruvate synthase

putative tRNA-dihydrouridine synthase
oligoribonuclease

peptidyl-prolyl cis-trans isomerase B

putative ABC transporter, ATP-binding protein

NADH dehydrogenase | chain C,D

soluble lytic transglycosylase B

kinase sensor protein

conserved hypothetical protein

putative signal transduction protein

acetyl-coenzyme A synthetase

cAMP-dependent protein kinase

putative pyrophosphohydrolase



Locus Name

42741 PA14_52260
41549 PA14_54390
46240 PA14_61680
54630 PA14_30650
48094 PA14_23990
53448 PA14_41020
47467 PA14_62740
57077 PA14_08490
15779 PA14_50250
22339 PA14_25830
22424 PA14_43950
22525 PA14_06950
22683 PA14_11900
22930 PA14_41710
5205 PA14_33650
5068 PA14_60990
15371 PA14_36170
22523 PA14_58850
5691 PA14_29710
6077 PA14_34010
6114 PA14_50980
6310 PA14_47930
6442 PA14_68670
6472 PA14_43900
6476 PA14_19670
6762PA14_14380
6876 PA14_21990
22339 PA14_25830

Gene Name

NULL
mucD
NULL
gacA
xcpR
NULL
rbfA

sucC

radA

Table S1 (suite)

Gene Description

sensor/response regulator hybrid
serine protease MucD precursor
putative methyl transferase
response regulator GacA

general secretion pathway protein E
putative Orn/Arg/Lys decarboxylase
ribosome-binding factor A
conserved hypothetical protein
hypothetical protein

conserved hypothetical protein

putative transcriptional regulator, LuxR family
hypothetical protein

putative membrain protein

pyoverdine synthetase D

putative integral membrane protein
conserved hypothetical protein

conserved hypothetical protein

conserved hypothetical protein

probable penicillin amidase

conserved hypothetical protein

putative carboxypeptidase

conserved hypothetical protein

putative transcriptional regulator, LysR family
putative transmembrane component of ABC transporte
putative aspartyl aminopeptidase

conserved hypothetical protein
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Figure S1

Second round Test
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Figure S2

Third round of Test
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Figure C1. Phagocytosis index of PA14 WT and ArhIR mutant in wA5%7 and tep4
Drosophila larvae.

Even though there was not significant differences between these conditions, w457 |larvae seemed
to better phagocytose ArhIR mutants bacteria than PA14 WT. The wA%%7 |arval hemocytes also
seemed to phagocytose PA14 WT bacteria better than tep4 mutant hemocytes. The results of five
experiments are presented. Each dot correspond to the phagocytosis index of one larva; black
bars indicated medians.



Complementary results and Discussion

Measurement of phagocytic uptake of wild-type PA14 and ArhIR mutant by Drosophila

larvae hemocytes

The cellular immune response of Drosophila plays an essential role in the defense
against PA14 intestinal infection. We have demonstrated that PA14 RhIR, a component of the
quorum sensing of the bacteria, is required in PA14 to circumvent the cellular immune
response of the fly. In intestinal infection of Drosophila, ArhIR mutant bacteria presented a
strongly decreased virulence as compared to PA14. However, this mutant regained virulence
in infection with Drosophila for which phagocytosis had been blocked by the injection of
latex beads. A similar phenotype was observed in the enteric infection of tep4 mutant flies by
ArhIR. Therefore Tep4 appears to be involved in Drosophila phagocytosis of PA14. Our
hypothesis is that PA14 bacteria are better able to elude phagocytosis than ArhlR, which thus
predicts that ArhlR bacteria should be better recognized and phagocytosed than PA14 wild-
type bacteria.

To assess if there is any difference in the ability of Arh/R to be phagocytosed by wild-
type Drosophila compared to PA14 wild-type (PA14 WT), we analyzed the phagocytosis
indices (number of pH-RODO-positive signals /number of hemocytes per field of view) of
these bacteria by larval hemocytes after injection into larvae of either PA14 WT or ArhlR
killed pH-RODO-labeled bacteria. In contrast to adults, it is easy to collect a large number of
infected hemocytes by bleeding larvae onto a slide. The pH-RODO dye has the particularity
to become fluorescent only when present in an acidic environment, which is found in
phagolysosomes. Then 30 minutes after injection, larvae were bled on a slide and the number
of pH-RODO signals and hemocytes was counted using a fluorescent microscope. A slight
increase of the phagocytosis index was observed in wild-type flies infected by Ari/R mutant
bacteria compared to wild-type flies infected by PA14 wild-type (Fig. C1). Similarly, tep4
mutant larvae tended to phagocytose PA14 WT less well than wild-type flies (w®"").
However, no significant difference was detected between all these conditions because of a

high variability between larvae.
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Figure C2. Tep4 transcript and transposons structure.

tep4 is located on the left arm of the second chromosome of Drosophila genome (A). (B) tep4 has
four predicted transcript: two short forms Tep4-RA and Tep4-RC and two long forms Tep4-RB and
Tep4-RD. The functions and expression patterns of these different forms are not known.
Transposons represented here were used to try to overexpress tep4 (B). All these transposons
possess a UAS sequence that might be used to overexpress either only the short form (d00980
and EY00268) or the long form (d11416) of Tep4. (C) Schemes of XP and EPgy2 transposon used
in this study. They both have a miniwhite sequence allowing to identify transgenic Drosophila by

their eye color. Of note, the XP transposon possess two USA sequence, one in each direction.
(A) and (B) were adapted from flybase (http://flybase.org/reports/FBgn0041180.html). (C) was adapted from Bellen at al.
2004.



As there was too much variability, these experiments need to be optimized in another
paradigm. It has been shown that pre-exposure to AMPs is crucial for recognition and
phagocytosis of PA14 in a Drosophila cell culture model (Chung and Kocks, 2011). These
labeled bacteria induce the expression of AMPs through the activation of IMD and Toll
pathways. However the level of activation of these pathways may vary depending on the
injection, larvae, and timing between injection and bleeding, thus potentially impacting the
recognition and subsequent phagocytosis of these bacteria. To decrease this variability, one
possibility could be to pre-treat the labeled bacteria with synthetic CecropinA and inject these
bacteria in key mutant larvae, which are unable to mount an immune response. In the longer
term, it would be more appropriate to measure a phagocytic index in our infection model in
adults, since the bacteria would have to pass through the gut and possibly the intestinal
epithelium, which is likely to alter the cell wall of the bacteria. However, this is challenging
given the few bacteria that are able to cross the intestinal barrier. A P. aeruginosa PA14-

specific antibody I raised might be useful for that purpose.

Overexpression of zep4 did not protect flies against PA14 infection

The tep4 gene is located on the left arm of the second chromosome, between fep5 and
CG10337 (Fig. C2A). Four transcript are predicted for the fep4 locus: two short transcripts
that are well-supported by cDNAs, fep4-RA and tep4-RC, and two long transcripts with less
evidence of existence, fep4-RB and tep4-RD (Fig. C2B). These four transcripts differ from
each other only at the initiation site, the middle and the end being identical.

Specific Drosophila lines carrying a transposon inserted at the fep4 locus are
available. Some of them contain in their sequence a UAS "promoter" sequence that can be
used to induce the overexpression of genes located downstream to the UAS sequence. We
chose three fly lines with an insertion of transposon upstream of tep4: P(XP)d11426 located
upstream of all predicted tep4 transcript, P(XP)d00980 and P(EPgy2)EY 00268 both inserted
in the first exons of fep4-RA and -RC and would thus induce an overexpression of the short
transcripts only (Fig. C2B). The XP transposon possesses two UAS sequences at both
extremities of the transposon, thus promoting expression from both sides of the insertion and
EPgy?2 only one UAS sequence (Fig.C2C).

To overexpress tep4, I crossed these three fly lines with two driver fly lines: p-Aml

Gal4 Gal80ts expressed in most hemocytes and p-C564 Gal4 Gal80ts expressed nearly in the
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Figure C3. Trying to overexpress Drosophila tep4 did not enhance the protection
against a PA14 infection.

Fly lines carrying transposons with UAS enhancer sequences inserted upstream of the tep4 sequence
were crossed with either C564 Gal4 Gal80' driver (strong expression in the fat body) or hml Gal/4
Gal80's driver (expressed in most hemocytes). (A) Flies overexpressing tep4 in hemocytes were not
more resistant to a PA14 intestinal infection than control flies overexpressing GFP in the fat body. (B)
No significant difference in survival rate was observed between flies overexpressing tep4 in the fat
body or the control flies overexpression GFP. Right panels in (A) and (B) represent survival curves of
the uninfected control flies fed on a sucrose only diet. In (A) and (B) the means +SD of one experiment
is shown. (C) RT-gPCR analysis of tep4 expression in the flies expected to overexpress tep4. Only the
EY00268 construct crossed with hml Gal4 Gal80' driver seemed to slightly, yet significantly,
overexpress tep4 (*p=0.0147, unpaired t test). Dots represent the results of one experiment with
biological duplicates; black bars indicate medians.



whole fly and strongly expressed in the fat body. These crosses were performed at 18°C to
prevent the overexpression during development (the Gal80 repressor is functional and inhibits
the Gal4 transcription factor) and F1 progeny was transferred to 29°C for six days before
intestinal infection with PA14.

No difference was observed in the survival of flies potentially overexpressing fep4 in
hemocytes and the control flies overexpressing GFP (Fig. C3A). Similarly, flies potentially
overexpressing tep4 in the fat body did not display a significant increase of survival rate
compared to control flies overexpressing GFP (Fig. C3B).

We analyzed tep4 expression in F1 progeny adults by RT-qPCR to confirm the
efficiency of tep4 overexpression. Flies possessing the p-C564 Gal4 Gal80ts driver presented
a strong variability and no significant difference in tep4 expression compared to control flies
was detected (Fig. C3C). Only C564/EY 00268 could be assessed, as crosses with this driver
were not prolific enough. Among the progeny of flies crossed with the p-hml Gal4 Gal80ts
driver only EY00268 allowed to overexpress somewhat tep4, presumably in hemocytes,
hence the modest but nevertheless significant five-fold induction.

To draw a clear-cut conclusion, the strategy should be better validated by inducing
tep4 overexpression with a strong ubiquitous driver. However, if Tep4 is already present in
saturating amount in the wild-type, in as much as very few bacteria are expected to cross at

any time point, this strategy may be fruitless and hence has not been pursued.

Which step of phagocytosis is important upon PA14 infection?

One possibility is that bacteria are phagocytosed immediately upon leaving the
intestine. Indeed, a population of hemocytes that migrates to the proventriculus has been
described in larvae. We have attempted without success to visualize ingested PA14 in
hemocytes next to the intestine. Furthermore, while we observed sometimes p-hml-GFP
labeled cells in the proventriculus area as previously reported, this was not systematically the
case. The migration of hemocytes to the proventriculus in larvae is somewhat inhibited by
constitutive signaling by the phosphoinositol-3 kinase in hemocytes (Zaidman-Rémy et al.,
2012). We tested a transgenic line expressing an activated form of the kinase in our infection
model with either PA14 or ArA/R and did not detect any phenotypic differences with our wild-
type controls (Fig. C4A).
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Figure C4. ArhIR mutant bacteria infecting Drosophila deficient for different
elements of phagocytosis did not exhibit a regained virulence.

The hmi-Gal4 Gal80' driver fly line was crossed either with two UAS-RNAI-Vha68-1 fly lines, two
UAS-exoS fly lines or one UAS-PI3K fly line. Crosses were performed at 18°C and F1 progeny
transferred to 29°C for 6 days before intestinal infection with either PA14 wild-type (PA14) or ArhIR
mutant bacteria. (A) Overexpression of PI3K in hemocytes did not affect ArhIR virulence
compared to control flies (UAS-GFP). (B) As control flies (60000 and RNAIi-GFP), flies
overexpressing a UAS-RNAIi-Vha68-1 construct in hemocytes and infected with ArhIR exhibited an
increased survival rate compared to flies infected with PA14. (C) ArhIR in intestinal infection of
flies overexpressing a UAS-exoS GAP41.1, but not UAS exoS GAP 31.8 presented a slightly
increased virulence compared to control flies infected with ArhiR. In (A), (B) and (C) right panels

correspond to uninfected control flies fed on a sucrose-only diet. For all, means +SD from one
representative experiment out of three are shown.



We have previously shown that the Eater phagocytosis receptor is required to limit
PA14 and to control Ari/R infections (Limmer et al., 2011a). We next asked whether other
phases of phagocytosis would be important in host defense. We first tested flies in which V-
ATPase expression was attenuated by RNA interference in hemocytes, thus potentially
hampering the acidification of the phagosome that is likely required to kill ingested bacteria.
We did not observe any enhanced sensitivity of these RNAI1 flies to PA14 or Arh/R ingestion
(Fig. C4B). Rather, one of the two lines displayed a reproducible enhanced resistance to PA14
infection.

The type-three secretion system effector toxin ExoS is produced by the P. aeruginosa
strain CHA (Avet-Rochex et al., 2005, 2007). Its GAP domain has been shown to block
phagocytosis in Drosophila hemocytes by targeting the RhoGTPase Rac2, thus inhibiting the
cytoskeletal rearrangement required for the uptake of particles. Unexpectedly, we again did
not observe any impaired host defense against PA14 or ArilR (Fig. C4C).

These experiments that yielded negative results are difficult to interpret as alternative
explanations can be put forward for each of them. I did not check whether activating the PI3K
had any impact on hemocyte distribution in the adult. As regards the V-ATPase, it should be
checked whether RNA interference has functioned well-enough to prevent acidification,
which can be tested by the injection of pH-RODO-labeled bacteria. Finally, the efficiency of
the exoS-GAP transgenes in blocking phagocytosis has not been assessed using the thermos-
sensitive driver system that I use to knock down the activity only at adult stages. As the
results were anyway negative, | decided not to pursue further the characterization of these

reagents.

PA14 wild-type bacteria are permanently crossing the intestinal barrier upon

Drosophila intestinal infection

Upon PA14 intestinal infection of flies, only a few bacteria were detected in the
hemolymph of flies at early time points of the infection but the number of bacteria
dramatically increases in the late time points of infection. One hypothesis was that only a few
bacteria are crossing the intestinal barrier at the beginning of the infection. Some of them are
phagocytosed and some others might be able to hide from hemocytes and then proliferate in

the hemolymph until the death of the fly.
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Figure C5. PA14 in intestinal infection of Drosophila crossed intestinal barrier all
along the infection.

Wild-type Drosophila were orally infected with wild-type PA14 expressing dsRed (PA14-dsRed).
After 4 days infected flies were transferred in tubes containing wild-type PA14 expressing GFP
(PA14-GFP). At 5 days of the infection (one day after transferring flies on PA14-GFP), in
Drosophila gut most PA14 bacteria expressed dsRed and only 10% expressed GFP (A). However,
at 6 days of the infection (2 days after the transfer of these flies on PA14-GFP), only GFP positive
bacteria were detected in the gut. Similarly, in the hemolymph of these flies, a majority of PA14-
dsRed were detected at 5 days of the infection and only around 10% of PA14-GFP bacteria (B). In
addition, 6 days after the beginning of the infection, only PA14-GFP were detected in the
hemolymph of these flies. Data represent the results from one experiment.



To determine if PA14 bacteria are crossing the intestinal barrier only in the first part of
the infection or if they are able to cross all along the infection, I infected wild-type flies first
with PA14 expressing dsRed (PA14-dsRed). In parallel wild-type flies were infected with
PA14 expressing GFP (PA14-GFP) in another tube. After four days, I exchanged both
infection tubes: flies first infected with PA14-dsRed were transferred on PA14-GFP and flies
first infected with PA14-GFP were transferred on PA14-dsRed. One and two days after
exchanging infectious tubes, I collected hemolymph (as described before (Haller et al., 2014))
and dissected the gut of these infected flies. Guts were homogenized in sterile PBS and both
hemolymph and guts were plated on LB agar with Rifampicin to select for PA14 bacteria.

Five days after the infection started (four days on PA14-dsRed and then one day on
PA14-GFP), both PA14-GFP and PAl14-dsRed were found in the gut (Fig. C5A) and
hemolymph (Fig. C5B) of infected flies with a large majority of PA14-dsRed and around 10%
of PA14-GFP. However, six days after the beginning of the infection (two days after the
transfer of the flies on PA14-GFP), only PA14-GFP bacteria were found in the hemolymph
and gut of infected flies.

Even though no PA14-dsRed bacteria were detected in the hemolymph at six days, it
did not mean that PA14-sdRed bacteria were fully cleared from the hemolymph. The technic
we use to collect hemolymph does not allow us to extract all the hemolymph of flies but only
50 to 75% of it. Similar results were obtained in the reverse experiment (four days on PA14-
GFP and one or two days on PA14-dsRed): one day after transfer a majority of bacteria in the
hemolymph and in the gut were PA14-GFP, and two days after transfer only PA14-dsRed
were detected.

For both time point assessed, similar bacterial composition were found in infected gut
and hemolymph, suggesting that bacteria composition in the hemolymph is dependent on the
bacteria composition in the gut. These results clearly indicated that PA14 wild-type bacteria
are able to cross the intestinal barrier all along the infection, as had been shown before in the

case of S. marcescens oral infections (Nehme et al., 2007).

A RhIR-dependent PA14 vfR expression in wild-type Drosophila

The results from the mini-screen of PA14 mutants and subsequent infection

A5001 A5001

experiments of w (wild-type flies) and w™"""-LxB (wild-type flies pre-injected with latex

beads to block phagocytosis) led to the identification of PA14 v/R as an interesting candidate.
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Figure C6. PA14 vfR expression upon wA5%7 septic infection is rhIR-dependent.
Wild-type Drosophila (wA%97) or flies for which phagocytosis had been blocked (wA%°7-LxB) were
infected with PA14 wild-type or the Arh/IR mutant through a septic injury infection model and
expression of PA14 viR was assessed by RT-gPCR after 24 hours of infection. viR expression
was significantly reduced in wA%97 infected with ArhIR as compared to PA14 WT (***p=0.0002,
Mann Whitney test). Data represent the pooled results from four experiments (only two
experiments for wA5007-| xB) with biological triplicates. Black bars indicate medians.



We showed that undr these conditions v/R mutants exhibited a phenotype akin to that of r4/R
mutants, suggesting a direct or indirect link between vfR and rAlR.

Most of our experiments were performed using an intestinal infection model. However
this infection model generates a high variability in the hemolymph bacterial load. One
problem is that at the relevant stages, there are very few bacteria that can be retrieved from
the hemolymph. Indeed, bacterial gene expression in whole flies cannot be measured as most
of the signal would originate from the bacteria present in the gut. This variability is strongly
decreased in the septic infection model; in addition, many bacteria proliferate and there is no
need to collect hemolymph since all of the bacteria are growing in the hemocoel
compartment. Thus, the septic injury model is more convenient to assess bacterial gene
expression in vivo upon infection. Using this septic infection model, I infected wild-type
Drosophila (w*""!
with PA14 wild-type (PA14 WT) or rhlIR mutant (ArhlR) bacteria. At 24 hours of the

) or flies pre-injected with latex beads to block phagocytosis (w™"*"”’-LxB)

infection, before flies started to die, I froze infected flies, extracted RNA, performed a reverse
transcription and a quantitative PCR to analyze the expression of v/R in these different
conditions.

. . . . A5001
A strong and significant decrease of v/R expression was detected in w*”’

infected
with ArhIR compared to the same flies infected with PA14 WT. Even though there was a
strong variability from one experiment to the other, these results suggest that at least in wild-
type flies infection, vfR expression was dependent on rh/R. In contrast, vfR expression
seemed to be highly variable in w*?”/-LxB infected either with PA14 WT or ArhlR. It is thus
not clear whether phagocytosis influences vfR expression and further investigations would be
needed to determine the phenotype. In addition, the same kind of experiments should be
repeated using the intestinal infection model as these two infection routes are quite different
in terms of conditions encountered by the bacteria. As already pointed out, this would be

challenging as we would need to assess the expression of vfR only from the few bacteria

inside of the general cavity of the fly and not from bacteria inside the gut lumen.

Screening other PA14 mutants for genes potentially involved in PA14 virulence

After the mini-screen presented in the previous paper, we also ordered from the PA14
NR library (and/or deletion mutants when available) of Fred Ausubel laboratory other PA14
mutants for genes that might be involved in PA14 (Liberati et al., 2006).

39



14+

i p=0.0005 ) .
104 E/z
s | 7 il
=1 7 / %
B 6 % %
s b /
% %
4- % %
/ /
% /
2] é é
7 %
v\“@v*&ev& «»@‘”%:e‘?i«»vé«;"‘”i@e’:f’“f&‘“
R N\ Q QQ“ Q&@ vt\b‘ 8/ vt\u 73"
‘1961@%%

Figure C7. Other PA14 mutants tested in intestinal infection with wild-type
Drosophila.

Wild-type (wA%%7) Drosophila were infected with PA14 wild-type (PA14 WT) and different other
PA14 mutants. Two deletion mutants (Arh/R and ArpoS) and 17 transposon insertion mutants
were tested in wild-type flies. Except for ArhIR, only three PA14 mutants exhibited a virulence
significantly different from that of PA14 WT. Among these three mutants, two presented an
increased virulence (chpB 5830 and ppkA 36915) and one mutant displayed a decreased
virulence (pilG 26986) compared to PA14 WT. Data represent means +SD of at least two
experiments for each mutant.



Our previous results indicated that VIR is involved in PA14 virulence and that the
AvfR clean deletion mutant displayed a similar phenotype than Ar4/R mutant. VIR is a central
component of the virulence system of PA14 by promoting acute infections (Coggan and
Wolfgang, 2012). After binding to cAMP, VIR is known to interact with the QS, T2SS and
T3SS among others in PA14. Therefore we wanted to assess PA14 mutants for other genes
involved in the cCAMP system like VfR. Among these genes I tested one mutant for cyaB
(adenylate cyclase involved in cAMP production), chpA, PA14 40960 (homologue of fimlL)
and pilG (three positive regulators of cyaB) and pilH and chpB (two negative regulators of
cyaB). In intestinal infection of wild-type Drosophila, only chpB and pilG mutants exhibited a
slight but significant difference in virulence compared to PA14 WT (Fig. C7).

ChpB mutants were more virulent and pi/G mutants less virulent than PA14 WT.
These data fit with the hypothesis that cAMP production levels regulate the virulence of
PA14, in keeping with our results with v/R. When V{R is more strongly activated in chpB
mutants, an enhanced virulence in our infection model ensues. The generation of clean
deletion mutants for these two genes (chpB and pilG) would confirm these results and it
would then be interesting to determine the bacterial load in the hemolymph during the

infection in these mutants.

In parallel, mutants for other component of PA14 quorum sensing were tested like
rsal (Lasl repressor and global Lasl -independent regulator of 130 genes), rpoS (stationary
phase sigma factor), mvaT (negative regulator at protein level), pgsE (RhIR co-regulator of
quinolone signaling) and gscR (block RhIR accumulation at low density). None of these

mutants presented an altered virulence compared to PA14 WT (Fig. C7).

In the same way, I tested PA14 mutants for ppkA (essential component of H1-T6SS
and involved in the expression of stress responsive genes) and fox4 (exotoxine A that was
shown to be involved in PA14 virulence with a C. elegans infection model (McEwan et al.,
2012)). Only one of the ppkA mutants (36915) presented a significantly increased virulence
compared to PA14 WT (Fig. C7). Given the variability we obtained with some transposon
insertion mutants (like xcpR), the use of a clean deletion mutant of this gene would be needed

to determine definitively the role of ppkA4 role in PA14 virulence.

The T3SS is not involved in PA14 virulence upon intestinal infection of Drosophila
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Figure C8. The PA14 T3SS is not required for virulence of the bacteria in an

intestinal infection with wild-type Drosophila.

Wild-type Drosophila (wA5907) were infected with PA14 wild-type (PA14 WT) or different mutants
affecting the PA14 T3SS (Type 3 Secretion System). NI represent the uninfected control flies. (A)
and (B) Single T3SS effector mutants (AexoT, AexoU and AexoY) and triple mutant (AexoUTY) in
intestinal infection of wA%%07 exhibited a virulence similar to that of PA14 WT. (C) and (D) PA14
mutants for core elements of the T3SS machinery (ApscD and ApscC) presented a similar
virulence phenotype as PA14 WT. (A) and (C) Survival curves represent the means +SD of one
representative experiment out of four. (B) and (D) present the combined results from five

experiments (means £SD), ***p<0.0001 with Mann Whitney test.



The type three secretion system (T3SS) is an important mechanism of PA14 attack
against eukaryotic cells. We have previously shown that ApscD a PA14 mutant for an element
of the T3SS apparatus did not present a decreased virulence (Limmer et al., 2011a). However,
ExoT, an effector of PA14 T3SS, presented a slight decrease of virulence in the mini-screen.
Therefore we decided to test other T3SS mutants to determine if PA14 T3SS might
nevertheless be involved in PA14 virulence in our intestinal infection model. Clean deletion
mutants were kindly provided by the Frederick Ausubel (AexoT, AexoU, AexoY and
AexoUTY) and Alain Filloux laboratories (ApscC).

I tested these mutants in parallel in our intestinal infection model with wild-type
Drosophila. No significant increase of Drosophila survival was observed after infection with
T3SS effector mutants (Fig. C8A&B) or T3SS core component of the secretion apparatus
(Fig. C8C&D). These results confirmed that T3SS of PA14 is not required for a full virulence

of PA14 in our intestinal infection model of wild-type flies.

The H2-T6SS is not involved in PA14 virulence upon intestinal infection of Drosophila

The H2-T6SS is required against eukaryotic cells (and prokaryotic cells) (Jiang et al.,
2014) and seems to be regulated by the quorum sensing of the bacteria (Lesic et al., 2009;
Sana et al., 2012). A PA14 deletion mutant for the whole H2-T6SS cluster of genes was
kindly provided by Alain Filloux's laboratory.

I tested this T6SS mutant in our intestinal infection model using wild-type Drosophila
(W, flies pre-injected with latex beads (w*””'-LxB), Myd88 mutant and key***’ mutant
flies. No significant increase in Drosophila survival was detected in any of these conditions
(Fig. C9A-E). These results suggest that at least the H2-T6SS cluster of genes from the T6SS

is not required for full virulence of PA14 in our infection model of Drosophila.

PA14 ladS is slightly involved in PA14 virulence when the cellular response of

Drosophila is blocked

Recently, a mutation was detected in PA14 /adS, as compared to the reference strain

PAOL1, by sequence analysis. Other Pseudomonas aeruginosa strains were examined for the
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Figure C9. PA14 Hsi2 T6SS is not required for a full virulence of the bacteria in an
intestinal infection with Drosophila.
Wild-type (wA%%7) and mutants (MyD88 and keyco2831) Drosophila were infected with PA14 wild-
type (PA14 WT) or a mutant deleted for the whole H2-T6SS cluster of genes (AHsi2). NI represent
the uninfected control flies. Survival curves of wA507 (A), wA%0'-[xB (B), MyD88 (C) and
keyco2831 (D) flies after intestinal infection with PA14 WT or the AHsi2 mutant bacteria. In all
conditions, AHsi2 mutant bacteria seemed to present a virulence similar to that of PA14 WT. A
slight decrease of virulence was observed when phagocytosis was blocked by injection of latex
beads (wA%07-LxB). (E) Measured LT50s, (means +SD)in three experiments; no significant
difference in virulence was detected between PA14 WT and AHsi2.



sequence of this particular gene and no mutations were found. This gene is highly conserved
in terms of sequence, even in the PA14 strain in which the /adS sequence differs from PAOI
by a duplication of 49 nucleotides that leads to the production of a truncated protein. By
reconstructing the wild-type sequence of /adS in the PA14 strain, a potential role of this gene
for a switch from acute to chronic infection was suggested by in vitro and cell culture
experiments (Mikkelsen et al., 2011). Wild-type ladS gene was shown to up-regulate biofilm
production and T6SS and to down-regulate T3SS. This reconstructed-/adS PA14 strain was
generated in Alain Filloux laboratory and was kindly sent to us to be tested in our Drosophila
infection model.

I orally infected wild-type Drosophila (w*"""), flies pre-injected with latex beads
(w""_LxB), MyD88 mutant and key*”’*' mutant flies with wild-type PA14 (PA14 WT) or
the reconstructed-ladS PA14 (PA14 LadS"). PAl14 LadS displayed a slightly decreased
virulence phenotype in intestinal infection of w*”| Myd88 and key“”*! flies, which was
however not significant (Fig. C10 A-E). PA14 LadS" exhibited a significant slight decrease of
virulence only when ingested by flies in which phagocytosis was blocked (w"**”’-LxB), a
situation in which essentially only the second phase of the infection occurs, that is, when there
is a developing bacteremia. Thus, the effect of LadS" on virulence in vivo is modest at best and
accounts only partially for the decreased virulence exhibited by the PAOI1 strain in our model
of infection (see below Fig. C11A and unpublished observations).

. A 1
The results in w’?"’

-LxB remain nevertheless difficult to interpret. The PA14 LadS"
strain should present an increased biofilm production and T6SS activation and a decreased
T3SS activation. However, I tested PA14 clean deletion mutants affecting these different
mechanisms and neither the biofilm formation mutant Apel4 nor the H2-T6SS mutant AHsi2
presented an increase of virulence and none of the T3SS mutants (effectors and core
components of the T3SS machinery) displayed a decreased virulence, as compared to PA14
WT. Even though it has been suggested that the fly intestinal infection model is relevant to

model chronic infections (Kesarwani et al., 2011), this may not be the case here.

PA14 and PAOL1 strains presented different virulence mechanism in QS

PA14, which was originally isolated from a patient, is known to be one of the most
virulent strains of Pseudomonas aeruginosa. However a majority of the P. aeruginosa

research community is working with the PAO1 strain, which is known to be less virulent than
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Figure C10. PA14 LadS is not required for a full virulence of the bacteria in an
intestinal infection with Drosophila.

Wild-type (wA%%7) and mutants (MyD88 and keyco2831) Drosophila were infected with PA14 wild-
type (PA14 WT) or a ladS-"repaired” PA14 (LadS) bacteria . NI represented the uninfected control
flies. Survival curves of wA%07 (A), wA%01-LxB (B), MyD88 (C) and keyco2831 (D) flies after
intestinal infection with PA14 WT or LadS. In all conditions, LadS bacteria seemed to present a
virulence similar to that of PA14 WT. (E) The means +SD of measured LT50S in three experiments
are shown; no significant difference in virulence was detected between PA14 WT and LadS,
except in infection of wA%007-| xB where LadS exhibited a decreased virulence compared to PA14
WT (*p=0.0178, unpaired t test).



PA14. By testing in our intestinal infection model, PA14 wild-type (PA14) and two PAOI
strains (one strain from Nottingham: PAO1 Nott and one strain from Lausanne: PAO1 Lau) I
confirmed the slight decrease of virulence in PAO1 compared to PA14. Surprisingly, I
identified a slight difference of virulence between the two PAOI strains. The PAOI1 from
Lausanne presented a more attenuated virulence phenotype (Fig. C11A).

In the PA14 strain, we previously described ArilR, a quorum-sensing mutant that
presented a strongly decreased virulence compared to that of PA14 WT. Moreover we noticed
that wild-type Drosophila orally infected with Arhll presented only a slight increase of
survival rate (Fig. 1 B). Using PA14 mutant for the Las quorum-sensing system, AlasR and
Alasl 1 observed that only AlasR displayed a slight and significant decrease of virulence and
the virulence of Alasl was not significantly different from that of PA14 WT (Fig. C11 B).

In collaboration with the Miguel Camara laboratory that provided us with these
strains, I assessed the same quorum-sensing mutants in the PAOI1 strain background.
Unexpectedly, in the PAO1 strain background (PAOI1 from Lausanne), all the quorum-
sensing mutants exhibited a strongly decreased virulence, including Alas! (Fig. C11D).

These results suggest that the virulence programs in the PA14 and PAOI strains is
regulated differently and that the quorum-sensing hierarchy is possibly different in PA14 and
PAOI. In addition, our data indicate that RhIR has an additional function in PA14 compared
to PAO1, which would be independent of the quorum-sensing system of the bacteria. A
thorough understanding of this phenomenon will require an in-depth study of the infection of

PAOI1 in Drosophila, similar to the one we have achieved with the PA14 strain.

Strong discrepancies in virulence mechanisms are present from one P. aeruginosa
strain to the other. This lead to increased difficulties to find new efficient therapeutics as these
distinct strains can infect Humans and can sometimes be found together in patients
undergoing mixed infections. Furthermore, the strains may evolve during chronic and
possibly acute infections. These differences in virulence mechanisms need to be taken into

account to develop strain-specific therapeutics.
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Figure C11. PA14 and PAO1 wild-type strains and QS mutants exhibit different
virulence phenotype in an intestinal infection of Drosophila.

Wild-type (wA%%7) Drosophila were infected with PA14 wild-type (PA14), two PAO1 wild-type
(PAO1 Nott and PAO1 Lau) strains and QS (quorum sensing) mutants in a PAO1 background. (A)
Flies infected with PA14 presented a shorter survival rate than flies infected with PAO1 strains.
Surprisingly, among the two PAO1 wild-type strains, PAO1 originating from Lausanne (PAO1 Lau)
seemed to be less virulent than the PAO1 Nott (Nottingham) and PA14 strains. (B) Only PA14
ArhIR QS mutant presented a strong decrease of virulence compared to PA14 WT (ArhiR:
***p<0.0001). PA14 Arhll and PA14 AlasR mutants displayed only a slight, yet significant decrease
of virulence (Arhll: *p=0.0313 and AlasR: *p=0.0141). The PA14 WT, ArhIR and Arhll data are
already shown in Fig. 1 B from the manuscript). (C) and (D) All QS mutants in the PAO1 strain
(from Lausanne) were significantly less virulent than PAO1 wild-type (Arh/IR 901: *p=0.0232 and
902: ***p=0.0008, Arhll 898: ***p=0.0008 and 899: ***p<0.0001, AlasR 895: ***p<0.0001 and 915:
***p<0.0001, and Alasl 965: ***p<0.0001 and 966: ***p<0.0001). (A) and (C) The means £SD of
biological triplicates during a survival experiment of one experiment out of two are shown. (B) and
(D) The means £SD of LT50s measured in three (B) or two (D) experiments are shown. Statistical
analysis were done with an unpaired t test.
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Chapter 2
Pseudomonas aeruginosa bacteria coordinate their virulence from

host to host using volatile signals

The observation of the Hill coefficient (previous chapter) from fly survival assays
after PA14 wild-type or the rhIR mutants lead us to hypothesize that flies infected by PA14
wild-type have a synchronized death while flies infected by RhIR do not. This is possibly due
to a synchronized PA 14 virulence that is not present in the 74/R mutant. In this work I started
to assess how this synchronized fly death/bacteria virulence occurs.

This chapter is written as scientific short paper as we think that these striking results
should be published (probably as a short communication). However, some key experiments
remains to be done to demonstrate the role of quorum sensing systems in the synchronization

of the switch to virulence of PA14 infecting distinct hosts.
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INTRODUCTION

Living organisms often live in communities in a complex environment. Communication
between members of the community allows individuals to adjust to local environmental
conditions. While it had long been thought that this property was distinctive of metazoans, it
has become clear that the exchange of information also plays a paramount role in prokaryotes,
as manifested by quorum-sensing (Schuster et al., 2013). Communication can also take place
between different species sharing the same environment, for instance in a biofilm. Quorum-
sensing systems are important as they may control virulence within pathogenic
microorganisms of the same species (Jimenez et al., 2012). For instance, the quinolone

signaling system of Pseudomonas aeruginosa is required for virulence, also in a septic model



of injury in Drosophila melanogaster (Cao et al., 2001; Gallagher et al., 2002; Rahme et al.,

1995).

It has also been reported that chemical compounds emitted by pathogenic bacteria can either
serve as repulsive or attractants for their prospective hosts. For instance, geosmin is emitted
by several molds and cyanobacteria that are toxic to flies (Stensmyr et al., 2012). Drosophila
species have evolved a dedicated olfactory network that allows them to detect geosmin and to
avoid the potentially contaminated food source. In contrast, the opportunistic pathogen P.
aeruginosa emits 2-aminoacetophenone (2-AA) that lures Drosophila flies to feed
preferentially on contaminated food (Kapsetaki et al., 2014). Conversely, bacteria are able to
perceive the nature of their hosts. For instance, P. protegens is able to switch form a
beneficial to a pathogenic mode according to the nature of the substrate, plant or insect, that it
perceives through a histidine kinase receptor that evolved by shuffling sensor domains
(Kupferschmied et al., 2014). Furthermore, bacteria can also kill competing microorganisms
or even prospective hosts through volatile compounds (Popova et al., 2014). Finally, there are
also communications between the host and pathogens. For instance, interferon-gamma binds
to an outer-membrane protein of P. aeruginosa, which in turns triggers the expression of a

quorum-sensing dependent virulence factor (Wu et al., 2005).

We are using a P aeruginosa intestinal infection model in Drosophila to decipher host-
pathogen interactions (Limmer et al., 2011). We have previously shown that some ingested
bacteria are able to cross the digestive tract barrier, circumvent phagocytosis by hemocytes,
before ultimately causing systemic bacteremia. We have found that the rhamnolipid quorum
sensing receptor RhIR is required for bacteria to elude phagocytosis (Limmer et al., 2011), a
process that relies only very partially on the quorum-sensing function of RhIR (see Chapter 1).
Whereas batches of 20 wild-type flies succumb in about a week to the ingestion of P.

aeruginosa wild-type strain PA14, rh/R bacteria kill their hosts at a much reduced rate, except



if the cellular immune response is impaired. The survival curves have a sigmoid shape with a
more or less pronounced slope during transition (Limmer et al., 2011). We have noticed that
flies infected with h[R or rhil (Haller ef al., in preparation) display a shallower survival curve
with a significantly altered slope, as compared to wild-type flies, even when their virulence is
restored when the cellular immune response is disabled. As death is an all or none
phenomenon, it may mean that bacteria somehow coordinate their virulence in distinct hosts,
possibly through the Rhl quorum-sensing system. Thus, we have investigated here whether
bacteria may be able to communicate and coordinate their virulence depending on whether

hosts are collectively or individually infected.

RESULTS AND DISCUSSION

In a first series of experiments, we tested whether flies would succumb at the same speed
when feeding on a PAl4-contaminated sucrose solution by batches of 20 flies or when
feeding as single flies. Thus, we infected three batches of twenty flies and infected in parallel
three series of 20 single flies in vials of the same size and containing the same amount of
contaminated sucrose solution. We reproducibly observed that single flies died collectively at
a much slower rate than flies in batches (Fig. 1A). Namely, 50% of flies had succumbed to the
infection by six days (LT50=6), in keeping with our previous results. In contrast, it took eight
days for half of the single flies to die when infected. Of note, the survival curve of the

individually-infected flies was much shallower than that of the collectively infected flies.

We next tested the almost avirulent bacterial mutant »4/R and observed a similar difference
between single flies and flies feeding on batches. Because r#/R-fed flies hardly succumb to

infection, it is likely that they die of starvation since the flies keep on feeding on the same



filter containing the sugar solution that is not replenished during the infection experiment. The
batches of 20 flies fed r4/R died with a LT50 of 10 days (Fig. 1B). In contrast, the LT50 of
individually-infected flies was about 20 days, in keeping with the larger supply of sucrose
solution available to them. We conclude that the flies singly-infected with wild-type PA14 did
succumb to infection, since they died much earlier than flies feeding on rhIR bacteria that
ultimately starve. Of note, both wild-type PA14 and /IR bacteria hardly grow on the filters,
which excludes that sugar would be consumed by the rA/R bacteria at a slower rate. We have
also checked that flies ingest the same quantity of sucrose solution (Fig. 1C). Unexpectedly,

the flies drank significantly more solution after one day than after four days on the filter.

While the data shown in Fig. 1A are compatible with the hypothesis that P. aeruginosa is
more virulent when flies are fed by batches of 20, alternative explanations can account for our
observations. We therefore improved our experimental design. We placed our flies, whether
single or in batches of 20, in vials with open grids on top. We then attached one vial enclosing
a single fly to a vial containing 20 flies, top grid against top grid, with a spacer inserted in-
between to prevent any direct physical contact between the lone fly and the flies in batches
(Fig. 2A). We made 20 such coupled infection tubes. In half of them, we further separated the
two vials with an impermeable Parafilm® layer so as to prevent any gaseous exchange
between the two vials, whereas a bolting cloth let air flow between the two vials in the other
set of ten blocks. We observed that when the vials containing single flies were connected with
those containing 20 flies, all flies, whether in batch or singles, succumbed to infection at the
same rapid rate (LT50=4 days) (Fig. 2C). Remarkably, when the single flies were separated
from the flies in batches, they died at a significantly slower rate (LT50=6 days) than flies in

batches (LT50= 4 days) (Fig. 2B).

These data indicate that there is a signal diffusing through the air that regulates either the

survival of flies to infection or alternatively synchronizes the virulence of P. aeruginosa



infecting physically separated hosts. Thus, the signal might represent a communication
between infected flies, between bacteria present in physically separated hosts, or between
bacteria in one host and another infected host, which would then in response to sensing the

bacterial signal indirectly modulate the virulence of the bacteria that infect it (Wu et al., 2005).

Since we used as hosts white flies, which are functionally blind, and since the flies are
physically separated, thus ruling out the involvement of gustation, the likely cue that
modulates virulence of bacteria between hosts is likely to be volatile. Any volatile signal is
going to be sensed by the fly as a smell. We therefore asked whether flies with a severe
olfactory defect would still be able to perceive a potential signal rendering them more
vulnerable to infection. We therefore used the Orco null mutant recently employed in another
study to demonstrate a requirement for olfaction in Drosophila larval hematopoiesis (Shim et
al., 2013). We reasoned that if olfaction were involved in this differential sensitivity to
infection, the flies placed in batches of 20 would behave as single flies and thus succumb later
to infection. As shown in Fig. 3A, the hemizygous Orco null flies succumbed at the same rate
as the heterozygous controls, thereby suggesting that olfaction may not be involved in the
communication that takes place between infected flies. Of note, flies are indeed able to smell
compounds of bacterial origin, e.g., 2-AA, which influence their feeding behavior (Kapsetaki
et al., 2014). The feeding behavior alteration induced by 2-AA was abolished in orco mutants

(Kapsetaki et al., 2014).

Consequently, the signal that modulates the virulence of bacteria within the host is generated
either by the bacteria themselves, located inside the hosts, or by the infected host, and
perceived by bacteria within hosts. One alternative model would be that bacteria on the filter
emit a signal that limits virulence, and that would be consumed and exhausted by the flies
exposed to it in the vial. Indeed, it has been shown that PA14 emits a volatile compound, 2-

AA, that reduces virulence in a septic injury model in Drosophila by inhibiting the mvfR



quorum-sensing regulator (Kesarwani et al., 2011). However, if this model were relevant, one
would expect that in the experiments in which two vials with respectively 20 or single flies
communicate, there would be a dose of 2-AA twice as important than in single vials,
consumed by 21 flies instead of 20 flies for a normal dose in the single vial design. The
volatile compound would then be expected to be exhausted at a slower rate by the 21 flies and
thus to decrease the virulence in those 21 infected flies, as compared to the 20 flies separated
from the single flies by an air-tight barrier. Our data clearly show that whether in the single or
the double vial design, the batches of 20 flies succumb all at the same rapid rate, thus
excluding this possibility. In addition, orco, which is required for sensing 2-AA, is not

required for the increased virulence observed in collectivities of infected flies (Fig. 3).

Because quorum-sensing systems allow the bacteria to adapt to diverse environmental
conditions, they may control the emission of volatile compound, as indeed is the case for 2-
AA, which is no longer emitted in the quinolone receptor mutant mvfR (Kesarwani et al.,
2011). We have not previously observed an altered virulence in mvfR mutants (Limmer et al.,
2011). However, we have observed a somewhat reduced virulence in the two other quorum-
sensing systems, Las and Rhl (Limmer et al., 2011). The difference in the LT50 of mutant vs.
wild-type PA14 was of 1.6 days for lasR, Lasl, and rhll, vs. 4.3 for rhiIR. This difference may
be compatible with the two-day difference observed between the single fly and 20-fly
experiments. To address further this question, the experimental strategy would be to feed the
"emitter" flies (batches of 20) with a mutant unable to synthesize the volatile compound, rAll
for instance, and observe that the lone flies would die as slowly as the 20 flies feeding on rA/l,
even though air flow would be allowed between the single-fly and the 20-flies vials. The
complementary experiment would be to feed the "recipient" lone flies with a bacterium
unable to perceive the signal, 74/R for instance, Because rA/R bacteria are avirulent, likely

because of a quorum sensing-independent function of RhIR (Chapter 1), they cannot be tested



as a source of food for the single flies. It would however be feasible to test both component of
the Las system, las/ and /asR, with this strategy. An alternative would be to expose the lone
flies to quorum sensing-regulated volatile compounds and determine whether the flies would
then succumb more rapidly. We do not know whether homo serine lactones are sufficiently

volatile to fulfill such a function.

In conclusion, we have demonstrated that bacteria can collectively signal to each other when
present (or having been present) inside distinct hosts through a volatile, as yet unidentified
compound. This can be physically feasible given that flies rely on a tracheal system for
respiration, in which the tracheoles directly irrigate all of the tissues. Alternatively, the signal
might be emitted by infected bacteria released in the feces, as they are unlikely to be all killed
by the intestinal host defenses. It will be interesting to determine whether such a

communication also occurs in infected vertebrates.
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EXPERIMENTAL PROCEDURES

Drosophila stock and Culture

The following strains were used: wild-type, w"’*’ (Thibault et al., 2004), the mutant strains

7951 (w[1118]; Df(3R)Exel9029, PBac{w[+mC]=RB3.WH3}Exel9029) and 23130 (w[*];

w[+*] Orco[2]) were obtained from Bloomington Stock Center. To assess to role of

Drosophila olfaction in flies sensitivity to PA14 infection, 7951 and 23130 fly lines were
45001

crossed together to generate an orco null mutant or both fly lines were crossed to w to

generate appropriate controls (heterozygous with wild-type phenotype).

Bacteria strains and growth conditions
Pseudomonas aeruginosa strain PA14 wild-type (Rahme LG et al., 1995) and the ArhIR
mutant (Limmer et al., 2011) were grown in Brain-Heart-Infusion Broth (BHB), overnight, at

37°C with agitation.

Drosophila intestinal infections

Infection tubes were set as described previously with PA14 (Limmer et al. 2011 or Haller et
al., 2014). For classical infections, 20 flies (group of 20 flies) or one fly (single fly) were
transferred to the infection tubes (or control with sucrose only). Infected and control flies
were kept at 25°C. For infections allowing or not communication between grouped
Drosophila and single flies, pairs of tubes were prepared. In each pair, 20 flies were
transferred in one tube and a single fly in the other tube. Both tubes were closed either with
Parafilm® (no communication between the two tubes) or a nylon bolting cloth

(communication between the two tubes) and a separator was added between the two tubes



before fixing them tightly together. The number of fly used for each experiment is specified

for each figure. For survival assays, the number of surviving flies was computed daily.

Fly ingestion assay
The amount of ingested food was measured on whole flies (10 per sample) as described

before (Schneider et al., 2009).

Statistical analysis

All statistical analyses were performed on Graphpad Prism version 5 (Graphpad software Inc.,

San Diego, CA). Details are indicated in the legend of each figure.
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FIGURE LEGENDS

Figure 1. Individually-infected flies are less susceptible to PA14 intestinal infection than
collectively-infected flies .

A-B: The means +SD of one tube with 20 flies in triplicates (Group of 20 flies) or 20 tubes
with single flies in triplicates, from one representative survival experiment out of four are
presented.

(A) Singly-infected flies survive longer to a PA14 wild-type intestinal infection than flies
infected by groups of 20 flies (LT50 single flies = 8 days compared to LT50 of 20 flies in
group = 6 days); ***p<0,0001, LogRank test). (B) A similar observation was made in an
infection with the PA14 ArhlR (LT50 single flies = 20 days compared to LT50 of 20 flies in
group = 10 days, ***p<0,0001, LogRank test). (C) No significant difference in the amount of
ingested food was noticed between 20 flies kept together and single flies fed with a sucrose-

only diet. Of note, a higher food intake at day 1 was detected in both conditions.

Figure 2. Single flies in communication with a group of 20 flies had the same rate of
death than the flies in that community.

(A) Picture of the paired tubes allowing communication or not between the single flies and
the group of 20 flies. Two fly tubes were fixed tightly together top to top with a spacer placed
in-between the two tubes to avoid direct physical contacts between the flies placed in each
tube. The tubes are closed on the top either by a bolting cloth (air flow allowed) or sealed by
Parafilm® (does not allow air communication). (B) and (C) Survival test of single flies with
air passage with a group of 20 flies (C) or not (B). The means =SD of 10x 20 flies in group or
10x single flies from one representative experiment out of three are presented. (B) Single flies
in tubes with no air communication was allowed with the tube of 20 flies died later from the

PA14 wild-type infection than the group of 20 flies (LT50 single flies = 6 days compared to

11



LT50 group of 20 days = 4 days, ***p<0,0001, LogRank test). (C) When air communication
was allowed between the two tubes, single flies died at the same rate of death than the group

of 20 flies (no significant difference, LogRank test).

Figure 3. Drosophila olfaction was not involved in the susceptibility of community flies
to the PA14 infection.

(A) Homozygous orco null mutant flies died at the same rate than the heterozygous control
flies (null mutation/+ or orco deficiency/+) in a PA14 intestinal infection (no significant
difference, LogRank test). The mean +SD of triplicates (except of orco null mutants) from
one representative experiment out of three are presented. (B) Survival of orco null mutants

was not affected in uninfected condition (B).
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Chapter 3
The Toll pathway is likely triggered by both its PRRs and
virulence activity detection branches during P. aeruginosa

infection

The aim this side project was to identify the branches of the Toll pathway that detect
P. aeruginosa bacterial infection and lead to the activation of this pathway. My results are
written as a small chapter as further experiments are required to confirm that both arm of Toll

pathway activation can indeed detect PA14.
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Introduction

Pseudomonas aeruginosa is a Gram-negative bacterium and thus contains within its
cell-wall a DAP-type peptidoglycan (PGN) layer. As described before, this type of PGN is
detected by PRRs like PGRP-LC and PGRP-LE and leads to the activation of Drosophila
IMD pathway. However, others and we have shown that besides the IMD pathway, the Toll
pathway is also activated and required in the defense against wild-type PA14.

The Drosophila Toll pathway can be activated in different manners, either by the
recognition of microbe cell-wall composition (yeast B-glucans by GNBP3 or Gram-positive
bacteria Lys-PGN by GNBP1 and PGRP-SA) or the proteolytic activity of some virulence
factors (fungal protease that cleaves Persephone). Moreover it has been shown that GNBP1
and PGRP-SA likely act together in a complex to activate the Toll pathway and that PGRP-
SA can also bind to DAP-type PGN but with a much lower affinity than to Lys-type PGN.
The analysis of the structure of PGRP-SD, another Drosophila PRR involved in Toll pathway
activation, suggests that this PRR preferentially binds to DAP-type rather than to Lys-type
PGN.

P. aeruginosa is highly virulent and secretes proteases upon infection, especially
through its T2SS. Therefore P. aeruginosa could potentially induce Toll pathway either via
the recognition of its PGN, the proteolytic activity of virulence factors, or both.

The aim of this project was to identify how PA14 activates Drosophila Toll pathway
in our intestinal infection model of flies since usually only the IMD pathway is strongly

activated by Gram-negative bacterial infections.
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Figure 9. Both branches of Toll pathway activation are required against ingested
PA14.

Different Toll pathway Drosophila mutants were orally infected with PA14 wild-type and the
survival of flies was monitored. (A) Myd88, GNBP1 and psh4 mutants flies were more susceptible
to PA14 infection than wild-type flies (wA%007). Among them, Myd88 mutants presented the
strongest decrease in survival rate. (B) PGRP-SA mutants flies displayed an intermediate survival
phenotype between wA%07 and yw control flies. Unexpectedly, yw flies were much more
susceptible to PA14 infection than wA%%7, For (A) and (B) data presented means +SD of biological
triplicates from one representative experiment out of three. (C) Fly lines possessing a UAS-RNAI
construct against PGRP-SD or GNBP1 and the wild-type control line 60100 were crossed to the
driver fly line p-C564 Gal4 Gal80ts. F1 progeny were infected with PA14 and the survival of flies
monitored. Only flies expressing a RNAi construct against GNBP1 (GNBP1) were more
susceptible to the PA14 infection than the wild-type control (60100). Means +SD of biological
duplicates from one experiment out of two are presented. (D) Efficiency of RNAi was measured
for RNAi against PGRP-SD and GNBP1. For both, a mean of around 50% reduction of transcript
was observed. However, given the high variability, these difference were not significant. Means
+SD from one experiment with duplicates are presented; statistical analysis were performed with
an unpaired t test.



Results and discussion

Both arms of Toll pathway activation, proteolytic activity detection arm and PGN

recognition may be required against PA14

Drosophila null mutants for different elements of Toll pathway were available in our
laboratory. First, I decided to monitor the survival some of Toll pathway PRR mutants after
an intestinal infection with PA14. I used psh® (Persephone mutants), GNBPI, Myd88, and
PGRP-SA mutant fly lines. As control flies, I used both w**””’ and yw as PGRP-SA flies were
generated in the yw background and the other mutants in the w*’” background.
Homozygotes female flies were sorted and orally infected with wild-type PA14. Flies were
kept at 25°C.

As reported before, Myd88 mutants flies are much more susceptible to PA14 infection

45001
than w

(Fig. 9 A). Myd88 is a central component of the intracellular part of the Toll
signaling pathway involved in the transduction of signals from both arm of Toll pathway.
GNBPI and psh® mutant flies displayed also a decreased survival rate compared to the wild-
type flies. These mutants presented an intermediate phenotype between Myd88 and w™*’
(Fig. 9 A). Surprisingly, yw control flies displayed a strong susceptibility to PA14 infection as

A 1
compared to w*”’

control flies and PGRP-SA mutants exhibited an intermediate survival rate
between these two control flies (yw and w™**"") (Fig. 9 B).

These results suggested that Persephone and at least GNBP1 are required in host
defense against ingested PA14. However as none of them reached the susceptibility
phenotype of Myd88 (which was used here as a positive control), its lead us to hypothesize
that both arm of Toll pathway activation are required in the defense against PA14. To verify
this hypothesis, we should for the next step, monitor the survival of a Drosophila psh-GNBP1
double mutant after PA14 infection. As T2SS effectors are involved in virulence, it would be

interesting to test whether they display an enhanced virulence when infecting psh* mutant

flies.

PGRP-SD involvement in the defense against PA14?
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Figure 10. PA14 might activate Toll through both recognition of its PGN and
through sensing of its virulence factors.

Toll pathway Drosophila mutants were orally infected with PA14 wild-type. At different time points
of the infection flies were frozen, then RNA extracted and reverse transcribed and a quantitative
PCR performed to analyze Toll pathway activation using Drosomycin expression as a read-out.
(A) Flies infected with B. bassiana. A strong reduction of Drosomycin induction was detected in
pshf4] and Myd88 mutants flies when compared to control flies. However these reductions were
only significant for Myd88 flies (*p=0.0286). (B) Three days after infection with PA14 only a basal
level of Toll pathway activation was detected compared to the flies infected with M. luteus (positive
control). Myd88, GNBP1 and PGRP-SA mutants flies presented a significant decrease of
Drosomycin induction compared to their respective control (Myd88: ***p<0.0001, GNBPT:
***p<0.0001 and PGRP-SA: *p=0.0336). (C) At day five of PA14 infection, a significant decrease
of Drosomycin induction was detected in Myd88 mutant flies as compared to control (**p=0.0019).
Moreover a reduced activation was also observed in GNBP1 and in a smaller proportion with a
high variability in pshf4] mutant flies. For all, means £SD of pooled results from two experiments
are presented. Statistical analyses were performed using an unpaired t test.



Our previous results suggested that the PGN sensor GNBP1 is able to detect and
activate Toll pathway. PGRP-SD, has been suggested to bind to DAP-type PGN. Therefore
we needed to test if this PRR is involved in the defense against PA14. No PGRP-SD null
mutant flies were available at that time and I decided to try to use transgenic fly lines that
allow the expression of an RNA1 construct targeted against PGRP-SD. We ordered that fly
line from the Vienna Drosophila Research Center. At the same time, I also ordered an RNAi
fly line against GNBPI and the appropriate control flies 60100 for this type of construct.

These RNAI1 and control fly lines were crossed with a driver line p-C564 Gal4 Gal80ts
at 18°C. F1 progeny were transferred to 29°C for six days and then female flies were infected
with wild-type PA14 bacteria. C564/RNAi-GNBP1 (GNBP1) presented a slight decrease of
survival rate compared to the controls (60100) and no difference in survival could be
observed between C564/RNAi-PGRP-SD (PGRP-SD) and control flies (60100).

I verified the efficiency of the RNAi from these two constructs by performing a
quantitative RT-PCR on the cDNA. I observed a 50% decrease of expression for both genes,
which however was not significant given the high variability. Because we have generated
only a weak hypomorphic phenotype, we cannot exclude that PGRP-SD is involved in host
defense against ingested PA14.

PA14 seemed to activate Drosophila Toll pathway by both recognition of its PGN and

detection of virulence factors

Survival assays presented above suggested that both Persephone and GNBP1 were
required in the defense against PA14 infection. GNBPI is known to function complexed with
PGRP-SA. However, survival results obtained with PGRP-SA mutants flies and the yw
control flies suggested rather that PGRP-SA was not required against PA14, unless there is a
problem with this control line. Indeed, PGRP-S4 mutant flies were more susceptible to PA14

infection than another wild-type control (w*"”

). Given these contradictory survival results, I
decided to analyze directly the level of Toll pathway activation by monitoring the level of
Drosomycin expression.

I orally infected different Toll pathway mutant fly lines and the appropriate wild-type
control flies with wild-type PA14. As a positive control for Toll pathway induction, I infected
Toll pathway mutant flies either by a septic injury with Micrococcus luteus or by a natural

infection with Beauveria bassiana. M. luteus is a Gram-positive bacterium that activates Toll
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pathway through the recognition of its Lys-type PGN by GNBP1 and PGRP-SA. B. bassiana
is a fungus that activates Drosophila Toll pathway via the proteolytic activity of the fungal
virulence factor PR1 that cleaves and thereby activates Persephone. Flies were kept at 25°C
with 60% humidity. At different time points of infection, for instance at three and five days, I
froze some of these infected (PA14) and uninfected (NI) flies. Then I extracted RNA,
performed a reverse transcription of these RNA and a quantitative PCR to measure the level
of Drosomycin induction GOTTAR et al.

As reported before, Persephone (psh®) and Myd88 mutant flies exhibited a much lower

Drosomycin induction after B. bassiana infection than both wild-type flies (w™**"’

and yw)
(Fig. 10 A). On the contrary GNBPI and PGRP-SA mutant flies presented a strong level of
Toll pathway activation. In the same way, GNBPI and PGRP-SA mutants displayed a similar
reduction of Drosomycin induction than Myd88 mutant flies after an infection with M. luteus
(Fig. 10 B). Persephone mutants (psh’) exhibited a strong induction of Drosomycin
expression after M. luteus infection that was compounded by a high variability that did not
allow us to conclude in this experiment if Toll pathway activation was affected or not in this
mutant as has been previously published.

After three days of PA14 oral infection, all mutant and wild-type flies presented a
basal level of Toll pathway activation that is similar to the uninfected flies and the sterile PBS
pricked flies (Fig. 10 B). This observation is in keeping with our previous data and correlates
with the low hemolymph bacterial titer at this early stage. Of note, GNBPI mutant flies were
not assessed for this early time point. Five days after the beginning of the PA14 infection, a

5001

strong Toll pathway activation was detected in w***’ wild-type flies but not in yw flies (Fig.
g p y

10 C). Myd88 mutant flies presented a significantly reduced Drosomycin expression

compared to its wild-type control (w*"”

). GNBPI mutant flies displayed a reduced level of
Drosomycin induction that was however not significant. Again, psh4 presented high
variability in Toll pathway activation at day five of PAl4 infection, and Drosomycin
expression seemed only slightly decreased compared to w*’”. A modest reduction of
Drosomycin inducibility in single mutants has already been observed for GNBP3 and
Persephone mutants after a challenge with Candida albicans.

These results suggested that GNBPI1 is required but not sufficient to fully induce Toll
pathway activation by PA14. The very low level of Drosomycin induction in yw flies

A5001
w

compared to the other wild-type control flies ( ) did not permit to assess the involvement

of PGRP-S4 in Toll pathway activation by PA14. The results of the analysis of Drosomycin
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induction are compatible with the hypothesis of a dual activation of the Toll pathway through
both the Persephone and the PGRP-SA/GNBP1 branches.

Further investigations would be needed to determine whether PA14 virulence factors
actually cleave Persephone to induce Toll pathway activation. Of note, a Western blot on
hemolymph with a Persephone-specific antibody would allow to directly determine whether
Persephone gets activated during the late phase of the infection. The use of a GNBPI-
Persephone double mutant should allow concluding on the necessity or not of both
recognition of PGN and detection of virulence factors from PA14 to fully activate Toll
pathway. Indeed, GNBP3-Persephone double mutants displayed both a strong susceptibility
as well as abolished Drosomycin induction after a live C. albicans challenge. The use of xcpR
mutants that have an impaired T2SS would also be interesting as they might prevent the
secretion of the proteases that target Persephone. In this case, Drosomycin induction and
resistance to infection would be expected to depend only on the PRR branch. This would
however require an analysis in a background in which the cellular immune response is
impaired to allow virulence and thus a systemic infection since no activation of Toll is
possible in the absence of bacteremia, which likely does not occur or occurs only late in wild-
type flies.

Moreover, we cannot formally exclude the possibility that another “virulence sensor”
in Drosophila would act in parallel or upstream of Persephone and permit Toll pathway
activation by PA 14 proteases.

The yw strain that was used as a control for PGRP-SA displayed a unusual behavior.
Of note, the PGRP-SA mutation had been isolated in this background about 15 years ago.
Thus, the yw line may have accumulated since mutations that alter its behavior. The striking
observation is that it responds like other wild-type fly lines when challenged with B. bassiana
or M. luteus. However, when challenged with PA14, there is an apparent low induction of
Drosomycin, which is in keeping with its enhanced sensitivity to this pathogen. This
phenotype is difficult to account for. One formal possibility is that an upstream sensor that is
activated by PA 14 is inactivated in this mutant background.

In summary, the GNBPI and psh survival data point to a possible dual detection
through both arms of the Toll activation pathway, which will need to be confirmed as outlined

above.
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Chapter 4
The enteric Nora virus affects the homeostasis of the intestinal
epithelium and promotes the growth of microbiota while

sensitizing Drosophila to bacterial infections

The aim of this project was to study the effect of an enteric virus on the fitness of
Drosophila when or not associated to another infection as we have observed that Nora
infected flies were more susceptible to various conditions.

This chapter is written under a scientific paper format, as we want to submit it in the
near future.

My contribution to this work corresponds to all PA14 infection experiments, all the
pH3, qPCR and microbiota analysis in the gut. In addition, I was in charge of the last part of
the paper that corresponds to the generation of Nora-positive flies by ingestion of the Nora

virus and most of the corresponding phenotype analysis.
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INTRODUCTION

Viruses represent a major component of biodiversity, largely through numerous
bacteriophages that affect the most ubiquitous component of life on earth. With an estimated
number of species reaching millions, insects represent the largest class of metazoans (Mora et
al., 2011). Therefore, insects are also likely to provide the largest source of metazoan viruses
and thus specific pathologies that may yield interesting insights into the biology of their hosts.

Drosophila melanogaster is a genetic model insect. Mostly RNA viruses are known to infect



Drosophila, including the negative-stranded RNA sigma rhabdovirus, the double-stranded
RNA Drosophila X virus, and positive-stranded RNA viruses of the Picornavirales order
(Lamiable and Imler, 2014; Xu and Cherry, 2014). The latter comprises the Dicistroviridae
family, which contains picorna-like viruses such as Drosophila C virus. Recently, an
unconventional picorna-like virus has been identified, the Nora virus (Habayeb et al., 2006).
Unlike other insect picorna-like viruses, its genome encodes four open reading frames
corresponding to a suppressor of RNA interference, VP1 (van Mierlo et al., 2012), replicative
proteins coded by ORF2, the poorly characterized product of ORF3, and capsid proteins
derived from ORF4 (Ekstrom et al., 2011). This virus infests common laboratory stocks
where it appears to cause a persistent infection. It is transmitted horizontally and vertically via
a fecal-oral route (Habayeb et al., 2009; Habayeb et al., 2006). In keeping with this mode of
transmission, the Nora virus is enteric, although it can produce an infection when injected
systemically (Habayeb et al., 2009). Even though it has so far not been detected to a specific
location within the digestive tract, it is likely to proliferate there as large quantities of the
virus are continuously released with the feces of infected flies. The virus does not appear to
have major effects on host fitness, even though some damages to the intestinal epithelium

have been reported (Habayeb et al., 2009).

As for vertebrates, the Drosophila intestinal epithelium is simple, formed mostly by a
monolayer of columnar enterocytes (Shanbhag and Tripathi, 2009). Other cell types found in
the midgut epithelium include enteroendocrine cells and enterocyte progenitor cells, that is,
intestinal stem cells (ISCs) and enteroblasts (Jiang and Edgar, 2011). Whereas the foregut and
hindgut are protected by cuticle, the midgut is lined with a protective membrane, the
peritrophic matrix, which, like mucus, prevents the direct contact of ingested food and
microbes with the absorptive and secretory intestinal epithelium. The microbiota is made up

of few species, at most twenty, and is usually dominated by two-three prevalent species such



as Acetobacter pomorum, Lactobacillus plantarum, or Enterococcus faecalis (Broderick and
Lemaitre, 2012). Of note, the microbiota is relatively scarce in young flies, represented by
about a thousand bacteria, but can increase considerably in older flies. The maintenance of the
microbiota requires constant replenishment, as feeding flies with sterile food leads to its

progressive loss (Blum et al., 2013).

Innate immunity in Drosophila had essentially been studied using a septic injury paradigm in
which nonpathogenic or poorly pathogenic bacteria were introduced within the hemocoel
through a contaminated needle or through injection (Boman et al., 1972; Lemaitre and
Hoffmann, 2007). More recently, several intestinal infection models have been developed
(Basset et al., 2000; Flyg et al., 1980; Nehme et al., 2007; Vodovar et al., 2005). These
models and others have underlined the importance in the midgut epithelium of one of the two
NF-kappaB signaling pathways that mediate systemic immunity, namely the Immune
deficiency (IMD) pathway (Liehl et al., 2006; Nehme et al., 2007; Ryu et al., 2006).
Interestingly, the activation level of this pathway is finely regulated through multiple loops of
negative regulation and set-up by the microbiota (Guo et al., 2014; Lee and Ferrandon, 2011;
Paredes et al., 2011). A dysfunction of the IMD pathway may modify the composition of the
microbiota and lead to the proliferation of pathogenic bacteria (Ryu et al., 2008). A second
arm of intestinal defense is provided by the Dual oxidase enzyme, which secretes Reactive

Oxygen Species (ROS) when uracil is secreted by ingested microbes (Kim and Lee, 2014).

An important discovery stemming from the study of infection models as well as noxious
chemicals is that of the importance of homeostasis of the midgut epithelium in the host
defense (Ayyaz and Jasper, 2013; Ferrandon, 2013; Jiang and Edgar, 2011). Indeed,
pathogenic microbes attack the enterocytes through secreted virulence factors. As a
consequence, epithelial cells are stressed and may undergo apoptosis or anoikis. Stress and

induced cell death lead to the emission of cytokines, for instance ligands that activate the



Janus kinase-Signal transducers and activator