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Résumé

Chez les insectes, la voie des petits ARNs interférants (siARN) joue un rôle majeur dans la réponse antivirale. Ces dernières années, il a été montré que les petits ARNs interagissant avec les protéines PIWI (piARNs) sont impliqués dans la défense des moustiques face aux infections arbovirales. Le but de mon travail de thèse fut de caractériser l'implication de la voie des piARNs dans la réponse antivirale de la Drosophila melanogaster, utilisée ici comme un organisme modèle.

Dans un premier temps, j'ai demontré qu'à la suite d'une infection virale, la survie et le titre viral chez les drosophiles mutées pour les protéines Piwi, Aubergine, Argonaute-3 et Zucchini, ne présente aucune différence avec les données observées pour les drosophiles sauvages. Ensuite, via l'utilisation de virus provoquant une infection aigue, persistante ou se transmettant de manière verticale par les cellules germinales, j'ai montré l'absence de production de piRNAs viraux durant l'infection chez les drosophiles adultes. Finalement, l'utilisation de mes données de séquencage m'a permis d'observer la production de piARNs dérivant d'un gène codant une protéine impliquée dans la réponse antivirale. Suggérant ainsi un rôle hypothétique des piARNs dans la régulation de l'immunité de l'hôte durant l'infection virale.

Mes travaux visent à améliorer la compréhension de la réponse immunitaire antivirale chez l'insecte. Je montre que la fonction antivirale de la voie des piRNA dépend plus de la biologie de l'hôte et du virus que de la réponse antivirale en elle-même. 
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General Introduction

Insects represent the most diverse group of animals on earth, with about 1 million identified species (1,2). They can be found in nearly all environments and are involved in important functions such as pollinators of flowering plants, nutrient recycling through wood degradation, dispersal of fungi and soil turnover. They can also be involved in the control of other animal population size; some vertebrates and even some insects are insectivorous (3).

From a human standpoint, insects can act as pests like parasitic lice and bed bugs, vectors of diseases as mosquitoes and flies, and destructors as termites, locusts and weevils (4).

As every organism in earth, insects are exposed to different menaces. In the first part of this manuscript I will resume the different threats encountered by insects in nature with special focus on virus threats.

The insect's invaders

Threats from outside

Dangers

Predation

Insects have a wide variety of predators including birds, reptiles and amphibians. Most born insects do not survive to reproductive age; approximately 50% of their mortality can be attributed to predation (5).

Insects have developed a wide range of defense mechanisms to survive predation (6). One of them is chemical defense. Indeed, to keep predators at bay, or to warn their fellow insects, they produce chemical defenses that are secreted and spread easily in the environment (7). Gullan and Cranston (8) divided the chemical defenses in two classes. Class I corresponds to chemicals that irritate, injure, poison or drug predators. In contrast, class II chemical defenses, essentially harmless, stimulate scent and taste receptors to discourage feeding by predators.

In addition to these chemical defenses, insects have developed mechanistic defenses such as camouflage that allow them to mimic their environment (color, form…) and hide from predators (9)(10)(11).

Even if predation is one of the major threats for insects, pathogen infection can also be deleterious for insect populations due to their large impact on insect ecology.

Microbial Diseases

Microorganisms such as bacteria, fungi and viruses can either be detrimental or beneficial for host organisms. Insects, as every other organism, have to face microorganism during their lifetime (12). Insects rely solely on their innate immune system to protect themselves against infectious microbes. Their immune defense system is multilayered; the first line of defense is mechanical while the other layers are related to humoral and cellular response.

The most effective mechanical defense is the avoidance of the pathogen agent. When the pathogen enters in contact with the insect, the cuticle, which covers the insect body, prevents the entry of microbes into the body cavity through the epidermis (13). The epithelia of the intestinal and respiratory tracts (trachea) are also lined by chitinous membranes that avert direct contact between cells and microbes. In the gut, which constitutes the main route of infection, the secretion of digestive enzymes, a low pH and the production of reactive oxygen species maintain an environment hostile to microbial survival (14,15). Once these physical and chemical barriers are breached and the pathogen reaches the hemocoel, its presence triggers a humoral and a cellular response to the infection. This defense is based on the recognition of conserved pathogen-derived molecular motifs, called pathogen-associated molecular patterns (PAMPs), by host-encoded pattern-recognition receptors (PRRs) (16)(17)(18). In insects, PAMP recognition by PRRs induces the rapid activation of the Toll, Imd, and Jak/Stat signal-transduction pathways, which lead to both humoral (e.g., secretion of antimicrobial peptides, lysozymes, or other microbe-targeting substances) and cellular (e.g., programmed cell death and autophagy) defense responses (19)(20)(21)(22)(23). These pathways were first described in studies of insect host defense against bacteria and fungi and were later shown to function in antiviral defense (24)(25)(26)(27). Another evolutionarily conserved defense mechanism against viral infection is active in insects, the RNA interference (RNAi) mechanism (28,29).

Focus on viral infection

Insects, as all living organisms, are infected by different viruses (Fig. 1). A unique feature of viruses is their need to be inside a host cell to replicate. Restricted by their genome size, many viruses hijack the host cell machinery to complete their replication cycle. The release of new virions allows the infection of new hosts and the survival of the virus. Their genetic material, made from either DNA or RNA, carries genetic information to produce proteins essential for their survival (30). 

DNA viruses

Most DNA viruses replicate in the nucleus of host cells, and share common features with the host such as the transcription mechanism to produce mRNA and viral proteins (31).

Baculoviruses are currently the most studied double-stranded DNA (dsDNA) insect viruses, mostly due to their role as biological pesticides in the agriculture field (32). These viruses are also well known for their versatility as gene expression and transduction vectors in mammals (30,33). Baculoviruses infect different hosts, like mosquito larvae or sawflies but their main hosts are caterpillars from the order Lepidoptera (34).

Iridoviruses, another class of dsDNA viruses, are able to infect insects and terrestrial isopods (crustaceans) that inhabit damp and aquatic habitats. Invertebrate iridescent viruses (IIVs) cause the opalescent hues observed in heavily infected hosts (35). The invertebrate iridescent viruses are classed from I to VI, they infect in nature a range of 108 species of invertebrates (36) Insects can also be infected by single-stranded DNA (ssDNA) viruses from the Parvoviridae family. They can be found in 5 insect orders, and are also able to infect mammals (37,38). As they are not well described, further studies are needed to characterize their replication cycle in insects and their pathogenesis.

RNA viruses

Up to date, 40 families of RNA viruses have been identified with a broad host range including vertebrates and invertebrates (39). RNA viruses are classified in function of different criteria, such as the nature of their genome, that can be single-stranded or double-stranded (ssRNA or dsRNA) and the polarity of the genome that can be positive-or negative-sense RNA. RNA viruses can also harbor segmented genomes (40). The principal characteristic of RNA viruses is the synthesis of a RNA template from a RNA guide strand, this process is catalyzed by the RNA dependent RNA polymerase enzyme (RdRp) encoded by the virus (41). RdRps from different RNA virus families share multiple conserved sequence motifs. This protein plays a crucial role in viral infection: due to its high error rate induced by the lack of proof reading activity, it increases genome variability and therefore diversity and evolution of virus (42).

A large number of RNA viruses can infect the insect clade, 5 families of ssRNA Nodaviridae, Dicistroviridae, Flaviviridae, Iflaviridae, Tetraviridae and one family of dsRNA Reoviridae (Fig. 1) (30). Most viral infections in insects are asymptomatic, which makes insects major vectors for several viruses (see below The mosquito-borne Yellow fever virus and tick-borne Louping i11 virus were the first arboviruses to be discovered in 1901 (45). Today, more than 500 arboviruses have been discovered (46). Some of them are associated with human diseases such as Dengue, Chikungunya, and Zika virus. Moreover arboviruses are zoonotic, meaning that they can cause disease in both animals and humans. For example West-Nile virus and Rift valley fever virus (47,48) infect birds and animals such as cows, sheeps, goats, respectively.

Various factors are responsible for the recent expansion of geographic and host range for arboviruses (reviewed in Bichaud, 2014 (49)) :

-Viral adaptation to new host/vector -Influence of commercial transportation and global trading in the spread of the vector and the infected host -Expansion of humans into new ecosystems -Global warming and the impact on the arthropod population (mosquitoes, sandflies, blackflies, ticks, etc) distribution

Viral transmission

The most important step for the dynamics of viral infection is the transmission step from one host to another. Understanding the basis of this mechanism is essential to control disease.

Moreover the transmission step will determine the spread and the persistence of the pathogen population.

Horizontal transmission is defined as the transmission of a pathogen from one host to another from the same generation. This type of transmission can be further classified in direct or indirect route. Direct route includes air-borne, food-borne and venereal transmission (50,51), while indirect route involves an intermediate biological host, like a mosquito vector (52,53).

Horizontal transmission of the virus increases the infection prevalence but the efficiency of the transmission route depends of different factors, such as high host population density and high pathogen replication rate (54).

Viruses can also be vertically transmitted from the mother to its offspring via transovarial or transovum transmission. Transovarial transmission is the process by which the progeny of infected females is directly infected in the egg stage within the ovary before release (55). In contrast, transovum transmission implies the infection of the egg during the movement in the oviduct (56).

Different studies in mosquitoes have shown that vertical transmission is favored for insect specific viruses compared to arboviruses (57,58). Vertical transmission of insect viruses is widespread in nature and it is favored by long-term cohabitation between the pathogen and the host (59). As a consequence, vertically transmitted viruses are often less virulent than horizontally transmitted viruses (60).

Insects as virus vector

To constitute an efficient vector, insects need to acquire, maintain and transmit the pathogen.

This vectorial capacity ( 61) is determined by extrinsic factors such as insect lifespan, population density and contact between both host and vector, and by intrinsic factors such as the insect ability to be infected by viruses and ability to transmit the virus to a new host, among others (62).

Arbovirus infection in insect vector starts by the ingestion of an infected blood meal, then the virus passes through the midgut to reach the hemocoel and finally reach the salivary gland to be transmitted to a vertebrate host during blood feeding (63). All these steps represent either physical and/or immune barriers, that constitute constrains for the viral population and create a sharp reduction in population.

For insect vectors of plant viruses, the situation differs and two ways of transmission have been described:

-Mechanical transmission: it does not involve any replication inside the vector -Biological transmission: it implies reproduction inside the vector One can also refer to "circulative" for viruses that are transmitted only if the virus is transported across cell membranes and carried internally within the vector body cavity. The circulative viruses are further divided into two subgroups, propagative viruses, i.e., those that replicate in their arthropod vectors (similar to the arboviruses) and nonpropagative viruses.

"Noncirculative" viruses do not cross vector cell membranes and are carried externally on the cuticle lining of the vector's mouthparts or foregut (52).

The molecular and physiological basis for virus-vector interactions that regulate transmission are not well understood. It is however clear that genetic elements within both the virus and the vector ultimately determine if a particular species or individual within a species of arthropod is able to be a vector for a particular virus strain (64). Environmental or abiotic factors also play a role in determining virus-vector interactions, but in general these factors seem to influence the efficiency of the interaction rather than to determine the ability of the interaction to take place (65).

Threats from inside

Predators and pathogens are not the only threats that insects encounter. Genomic elements, called Transposable Elements (TEs), also affect insect populations, and as viruses, they can be deleterious or beneficial for the host genome.

Transposition history

"The history of the earth is recorded in the layers of its crust; the history of all organisms is inscribed in the chromosomes" H. Kihara.

The discovery of transposition

Transposable elements (TEs) or transposons were first call "jumping genes". They invade genomes via transposition, which is the ability to replicate and spread in the genome as primarily "selfish" genetic units. Transposons and transposition mechanism were first discovered in 1950 in maize by Barbara McClintock [START_REF] Mc | Chromosome organization and genic expression[END_REF]. Her work showed that genetic factors were able to change their locations within and between chromosomes and therefore control the expression of some genes. Despite the observation of jumping genes by

McClintock, the possibility that TEs could influence genetic polymorphisms and therefore genetic diversity was for the most part ignored. The acceptation of the McClintock's theory started in the late seventies when the phenomenon of hybrid dysgenesis was described in Drosophila associated to the transposon P element [START_REF] Kidwell | Hybrid Dysgenesis in DROSOPHILA MELANOGASTER: A Syndrome of Aberrant Traits Including Mutation, Sterility and Male Recombination[END_REF]. P elements can proliferate throughout the genome, disrupting many genes and killing progeny. Hybrid dysgenesis arrives when crosses between specific lines of Drosophila melanogaster (carrying or not an inhibitor of P element) lead to various genetic changes including sterility, increased mutations and recombination rates review in Bregliano et al. and Kidwell (68,[START_REF] Kidwell | Evolution of hybrid dysgenesis determinants in Drosophila melanogaster[END_REF].

Following their initial discovery, TEs were described in several different organisms by molecular biologists that were interested either in genomes composition or in sequences of mutant alleles [START_REF] Lidholm | The transposable element mariner mediates germline transformation in Drosophila melanogaster[END_REF][START_REF] Romans | Ikirara, a novel transposon family from the malaria vector mosquito, Anopheles gambiae[END_REF][START_REF] O'brochta | Interplasmid transposition of Drosophila hobo elements in non-drosophilid insects[END_REF][START_REF] Kempken | The hAT family: a versatile transposon group common to plants, fungi, animals, and man[END_REF].

Transposable elements classification

TEs have been found in all the eukaryotic species investigated so far [START_REF] Feschotte | DNA transposons and the evolution of eukaryotic genomes[END_REF], with only one exception: Plasmodium Falciparum [START_REF] Gardner | Genome sequence of the human malaria parasite Plasmodium falciparum[END_REF]. TEs vary in terms of structure, transposition mechanism, size, genome organization [START_REF] Jurka | Repetitive sequences in complex genomes: structure and evolution[END_REF]. This diversity led to the need of a TEs 

Relationship between organism and transposons

Transposable elements and host genome evolve in a close relationship. This relationship is regulated by the interaction between the TE replication system, their movement within the host genome, and the genome surveillance mechanism.

Transposons variations: species and individual levels

The proportion of the genome occupied by TEs is not a constant parameter (Fig. 3), it varies within and between species [START_REF] Bosco | Analysis of Drosophila species genome size and satellite DNA content reveals significant differences among strains as well as between species[END_REF][START_REF] Vieira | X chromosome DNA variation in Drosophila virilis[END_REF][START_REF] Biemont | Genome size evolution: within-species variation in genome size[END_REF]. Organisms with similar genetic and biological complexity may have huge variations in genome size due to differences in TE content [START_REF] Kidwell | Transposable elements and the evolution of genome size in eukaryotes[END_REF].

Different studies were performed in insects, for example on Aedes albopictus mosquitoes, where a large degree of intraspecific variation was observed. Some genomes are 2,5 fold bigger than others, the size can pass from 620 to 1600 Mbp [START_REF] Rai | Mosquito genomes: Structure, organization, and evolution[END_REF]. The main hypothesis according to this observation proposes that the genome of Aedes albopictus is composed of a different amount of highly repetitive DNA.

Numerous studies show that retrotransposons are major actors in promoting the rapid increase or decrease of a genome size according to their transposition mechanism [START_REF] Boulesteix | Differences in genome size between closely related species: The Drosophila melanogaster species subgroup[END_REF][START_REF] Bennetzen | Mechanisms of recent genome size variation in flowering plants[END_REF][START_REF] Liu | Genomic diversification among archival strains of Salmonella enterica serovar typhimurium LT7[END_REF]. The reasons why the amount of repeated sequences in the genomes within organisms of a species might differ are not well understood and need further studies [START_REF] Elliott | Do larger genomes contain more diverse transposable elements?[END_REF]. Still the increasing numbers of transposon insertions in the host genome have consequences on gene expression, regulation and function. 

Gene regulation via transposition

TEs are defined as mutagens because the transposition of TEs copies can lead to insertions in gene sequences or gene regulatory areas, and can result into gene disruption [START_REF] Kleckner | Genetic engineering in vivo using translocatable drugresistance elements. New methods in bacterial genetics[END_REF][START_REF] Bingham | The molecular basis of P-M hybrid dysgenesis: the role of the P element, a P-strain-specific transposon family[END_REF]. TEs movements can be detrimental for the genome but can also have a positive impact on genome by increasing the genetic diversity of organisms (100). Currently different sorts of TEs insertions are described in the literature (Fig. 4). Here I present some examples observed in Drosophila melanogaster to illustrate gene regulation via transposition.

The first example concerns the insertion of the Doc 1420 element in the CHKov1 gene followed by a complex duplication of both gene and inserted element which are responsible for resistance to Sigma virus infection in Drosophila melanogaster (101). Doc 1420 insertion is dated to 90,000 years ago but it was recently selected as insecticide resistance allele and antiviral (102).

The second example concerns the domestication of a TE element, which corresponds to the integration of TE copy in the genome and its selection as a new gene. In Drosophila melanogaster the best known domestication example is the two TEs Het-A and Tart that assume the function of telomeres and telomerase (103, 104). These functions are essential for the survival of drosophila species because it protects the chromosomes from degradation and fusion with neighboring chromosomes (105). In contrast to other organisms, Drosophila telomeres are devoid of short DNA repeat sequences made by the telomerase but are composed of the telomere specific transposons Het-A and Tart. TEs mobility produces different consequences on gene expression at the transcriptional level. By an insertion in the promoter region (A), the transposable element (green) can introduce an alternative transcription start site. It can also be inserted in an area containing a cis-element (B) and lead to the deregulation of gene expression.

TEs can be inserted within an intron sequence and drive anti-sense transcription (C) and/or interfere with the sense transcription. Finally, a TE inserted in introns or exons can trigger the formation of heterochromatin (pale green ovals) and potentially silence the transcription of neighbor gene(s) (D). 

Stress and transposition

Living organisms permanently encounter stress such as variation in climatic factors, interaction with other organisms, presence of toxins or chemicals. A distinction between biotic and abiotic stress can be done. Biotic stress is the one caused by another organism, while abiotic stress is produced by environmental factors such as sunlight, humidity and wind.

In order to survive organisms need to adapt to stress through tolerance or resistance (107, 108).

The re-organization of the genome induced by TEs movements can play an essential role in host response to stress, facilitating the adaptation of populations and species facing changing 

Transposon defense: a way to survive

Host-transposon arms race

The balance between TEs genome defenses and TEs damage confer an important role of TEs in evolution and gene regulation of the host organism (111,112). In this arms race different mechanism to regulate TE expression exist.

To move and invade the host genome TEs need the production of proteins. TEs can be autonomous, producing their own proteins (113, 114), or non-autonomous, when they require the production of proteins from the cell or from other TEs for their movements (115). These proteins production is the limiting step for the replication and the spread of transposons. One interesting example comes from the P-element in Drosophila: P-element contains three introns. Two of them are spliced ubiquitously, whereas the third intron is only spliced in the germline and is necessary for the production of the full length transposase, restricting the Pelement activity to germline only (116).

On the other hand, TEs are regulated by the host defense mechanisms against transposition.

Whereas natural selection is widely considered as the dominant force limiting TE proliferation (117), the arms race between TEs and the host genomes has driven the evolution of the recently discovered Piwi-interacting RNA (piRNA) and endogenous small interfering RNA (endo-siRNA) pathways, which have profound impacts on gene regulation and epigenetic silencing of TEs (see below) (118-121).

Several defenses, one mechanism: RNA interference

As mentioned earlier, insects face threats during their life and, in order to survive, they need to defend themselves against these menaces. RNA interference (RNAi), a branch of the innate immune response in insects, is a biological mechanism guided by small RNA molecules (from 21 to 30 nt) enabling the sequence-specific recognition of cognate nucleic-acid target sequences and their degradation, translational arrest or transcriptional regulation. In insects, RNAi-based responses mediate robust antiviral defense and protection against transposition.

In the next section I will describe the different RNAi pathways found in insects and their involvement in defense.

RNA interference pathway miRNA

MicroRNAs were the first class of small RNAs to be discovered. (B) miRNA pathway: miRNA genes are transcribed into a primary miRNA (pri-miRNA) transcript, which is cleaved by Drosha and Pasha complex to give a short miRNA precursor (pre-miRNA). This pre-miRNA is The duplex is loaded on Ago1-RISC complex. One strand, the miRNA*, is released. The other strand, the miRNA, guides translational repression of target RNAs.

(C) piRNA pathway: piRNAs of 24-29 nucleotides long are derived from a ssRNA precursor, a piRNA cluster.

In the primary processing, piRNAs coming from the cleavage of the piRNA precursor are processed and loaded on PIWI protein in the cytoplasm. Then the 5' extremities of piRNAs will be matured by the Zucchini (Zuc)

protein and its co-factors. The methyltransferase HEN1 adds at the 3' end the 2'-O-methyl modification. The secondary processing, the amplification cycle, generates additional piRNAs. Antisense piRNAs are loaded in PIWI or Aub, while sense piRNAs are loaded in Ago-3.

S-adenosyl methionine (SAM); S-adenosyl homocysteine (SAH) ; Polymerase II (pol II).

RNA interference: protection against the non-self.

miRNAs, gene expression and immunity

During a viral infection, cells, tissues and entire organisms need to develop a defense strategy.

This results in modifications in the expression of genes involved in immunity and in different cellular processes. Since miRNAs are gene regulators, their potential role in immunity was long suspected and, indeed, miRNAs protect the infected host against the non-self through the modulation of the self. miRNAs can be produced from both host and virus. We 

siRNAs, outsiders recognition and elimination

The major issue in the battleground is the detection and neutralization of outsiders. In all organisms the crucial step for viral defense concerns the recognition of self versus non-self.

Viral dsRNA is key for the detection of a viral infection. As a replicative intermediate of all known viruses (except retroviruses), its recognition by the exo-siRNA pathway contributes to the defense system of insects (28,29,158). This recognition step will lead to the degradation of the viral genome in the cytoplasm of the infected cells, and allows in some cases the clearance of the virus. Several evidences suggest the importance of RNAi in diptera antiviral immunity. First, flies with mutations in known RNAi pathway components are hypersensitive to RNA virus infections and develop a dramatic increase in viral load (28,29,158); second, many insect viruses, encode suppressors of RNAi that counteract the immune defense of the insect (159-161). Finally, the rapid evolution of RNAi pathway genes compared with miRNA pathway genes in Drosophila also suggests an ongoing arms race between insect viruses and hosts, and highlight the importance of RNAi as antiviral defenses (162).

piRNAs and endo-siRNAs, insiders recognition and control

As previously described, TEs represent threats for insect viability and species sustainability.

Therefore a good protection system is important to avoid genome invasion. piRNAs are the genome guardians. Indeed, the piRNA pathway is restricted to the germline and regulates the accumulation of TEs to avoid their transmission to the progeny (111). Furthermore the piRNAs synthetized in the germline are maternally transmitted and allow the protection of the genome during the development stage (120, 163), constituting an inherited defense.

During many years it was assumed that TE movements were restricted to germline, but recently transposition in somatic cells was also observed (121, 164). Insects have selected different silencing mechanisms for somatic and germline TEs. In a general manner, endo-siRNAs have been privileged to silence TEs in somatic cells while piRNAs do it in germline cells (138).

Innate immunity strategy: the flexibility

The observation that RNAi pathways are conserved across eukaryotes means that the common ancestor of these organisms had a functional RNAi pathway billion years ago (165, 166). Its conservation highlights the importance of the RNAi process on the adaptation to different threats. This ability relays, in part, on the evolutionary rate of the Argonaute proteins, the core component of the RNAi machinery. Indeed, Lewis et al. 2016 (167) showed not only that Drosophila Ago-2 and Ago-3 proteins have a high evolutionary rate, but also that the gene turnover (number of gains and losses per million years) of Ago-2 and Piwi/Aub are important.

These observations along with other studies where duplications of Argonaute and Piwi proteins are observed in the diptera clade (167-170), confirmed a high selective pressure on these proteins. In a more global approach Argonaute proteins with diverse functions and different copy number were found across different eukaryotic clades (171), illustrating the dynamism of their evolution. All these duplication events possibly drive the acquisition of new functions for RNAi proteins, as exemplified for the involvement of the piRNA pathway in antiviral response in mosquito (172-174) besides the classical transposition control role.

Outline of this thesis

In insects, especially in Diptera, it was observed that different small RNAs pathways play a role in the defense against different genome parasites such as viruses and TEs. This work focuses on the involvement of the piRNA pathway on antiviral defense in Drosophila Finally, chapter 5 is dedicated to a general discussion on the results of this thesis and some perspectives to understand TEs impact during infection in Drosophila melanogaster.

To study the potential impact of viral piRNAs production in Drosophila antiviral response, it is necessary to consider the effect of different environmental factors that play a role on immune response, as fly infection with bacteria, co-infection with other viruses, temperature, diet, among others. Some of these environmental factors can be controlled in the laboratory, and allow for a better interpretation of the results when studying the immune response of the insect.

The impact of some other factors, like the genetic background, are less known. In 1994, Hirsch et al. (1) showed a significant difference in behavior between two heterogenic strains of Drosophila melanogaster when studying impact of early experience on brain development.

Following this observation, the concept of the genetic background as an important factor affecting the outcome of biological phenomena was formulated. In the nature as in the laboratory a range of different genetic backgrounds are found. This variability is related to evolution and chromosome rearrangements. Only few analyses report the real impact of the genetic background on phenomena as stress (2, 3), lifespan (4,5) or pigmentation (6,7). The most compelling was performed on the gene Indy, first shown to confer longer lifespan to flies (8), only to demonstrate years later that the effect on lifespan disappeared when the genetic background effect was removed (4). The genetic background effect is of crucial importance when analyzing immune response in insect, as exemplified by the case of bacterial infection in D. melanogaster (9). The authors described 16 immune genes that have polymorphisms leading to genetic variation for resistance and tolerance to the same bacterial infection.

As the main objective of my work was to determine whether the piRNA pathway displays an antiviral effect in Drosophila melanogaster, to lead a pertinent study I had to compare flies for which differences in environmental factors and genetic background had been erased.

This chapter explains the technical procedures followed to homogenize the flies used in my studies.

Protocols overview

Viruses checking and cleaning (estimated time: 15 days)

The purpose of this first step is to detect and clean the majority of the viruses infecting Drosophila melanogaster. Drosophila laboratory stocks are commonly infected with Drosophila C virus (DCV), Drosophila A virus (DAV), or Nora virus, described as persistent in flies (10)(11)(12), but not vertically transmitted. These viral infections produce a permanent activation of the RNAi-mediated antiviral response from which the effects on the biology of the fly are ignored.

To clear viruses infecting the wild-type and mutant flies stocks, I followed the egg-bleaching protocol as described in Merkling et al. (13). Briefly the protocol consist of:

1) Construct a cage with an apple juice plate and add yeast paste to increase the efficiency of this procedure. Put around 50 flies in the cage and incubate at 25°C overnight in order to let them lay eggs.

2) Collect eggs with a sterile brush to avoid genotype mixing and contaminations. Place the collected eggs on a nylon filter to wash them in demineralized water.

3) Bleach the eggs with a 50/50 solution of household bleach during 10 minutes, the timing of this step is important because it can compromise the embryos viability. Wash the bleach from eggs by rinsing 5 min in fresh water three times.

4) Collect the cleaned eggs from the nylon filter and place them on a piece of filter paper.

Place this paper in a vial containing standard Bloomington media and incubate at 25°C until adults emerge, approximately 10 days.

To confirm the absence of viruses in the newly emerged flies, perform RNA extraction followed of RT-PCR on different viruses (Table 1, list of primers used for the detection of each virus). Wolbachia is an endosymbiont infecting a high proportion of insects (14). Several studies show that the presence of Wolbachia in Drosophila melanogaster induces protection against DCV, Nora and Flock House virus (FHV) infections (15). In addition to its role as resistant factor against infection, Wolbachia impacts fly development and behavior according to the sex of the individual (16).

The presence of Wolbachia on fly stocks can be detected by sequencing the DNA extracted from flies and the elimination of the bacteria is performed via a tetracycline treatment of flies.

The main steps, according to Merkling et al. 2015 (13), are as follow:

1) Transfer the flies to tubes containing Bloomington media with tetracycline (0,25mg.ml -1 ) and let them lay eggs during 3 days. Remove the parent flies and incubate the tube at 25°C.

2) When progeny emerge, transfer them in a new tube containing Bloomington media and tetracycline, and repeat the previous step up to F3.

3) Transfer the F3 flies to tubes with fresh Bloomington media without tetracycline.

4) To verify Wolbachia elimination, extract total DNA from flies and perform a PCR with primers specific for Wolbachia ribosomal RNA (16S rRNA).

The genetic background: introgression protocol (time estimated: 6 months)

All the different piRNA mutants available in the scientific community were generated with different genetic tools (EMS mutagenesis, P element insertion) and in different genetic backgrounds (Table 2). To study the potential impact of piRNA mutant flies on viral immunity I wanted to compare the susceptibility of these flies and the wild-type flies to viral infections. It was then necessary to eliminate the effect of genetic background as well as to homogenize mutants with respect to different gene alleles that can confer resistance to viral infection, such as Pastrel for DCV and CrPV infection (17,18) or Ref( 2)P for Sigma infection (19,20).

The introgression principle was used to bring all the flies into the same genetic background.

Introgression allows transferring an allelic version of one or more genes from a donor to a recipient organism (21), here from a piRNA mutant fly to our wild-type fly. Based on described studies, I designed a protocol in three steps to clean the genetic background of piRNA pathway mutant flies (21,22):

1) First, design oligonucleotide primers specific to the mutation of interest. This step is important to follow the mutation during all the introgression procedure (Table 2).

2)

Begin the introgression protocol by selecting 5 males carrying the mutation, cross them with female flies w 1118 which have a balancer. Select the F1 males that carry the mutation of interest and the balancer coming from the female (Fig. 6A).

3)

Start the first step of the introgression: cross the F1 progeny male with w 1118 virgin female. Incubate the tube during 10 days at 25°C. When the adults emerge, select F2 virgin females that show the phenotype corresponding to the balancer used in the previous step (Fig. 6B).

4) Second step of the introgression backcross cycle:

Cross individual F2 virgin female with individual w 1118 male to form couples, let the flies lay eggs during 3 days at 25°C (Fig. 6C) Collect all females in individual eppendorf tubes and extract DNA following the Squishing buffer procedure: smash flies in Squishing buffer (10mM Tris-HCl pH8, 1mM EDTA, 25mM

NaCl and 200 g/ml Proteinase K), incubated during 30 min at 37°C and stop the reaction by heating at 95°C during 2 min.

Then perform a PCR with the specific oligonucleotide primers for the mutation and sequence all the amplicons to identify mutations. Add negative control to the PCR (without template), a negative control containing w 1118 flies for the sequencing, and a positive control that is the original mutant fly.

Based on the sequencing results, select four lines coming from isofemales carrying the mutation.

In parallel, incubated the embryos coming from the selected isolines at 25°C for 10 days.

When adults emerge select virgin females and restart all the procedure 10 times. It is assumed that 10 backcrosses are needed to get a cleaned genetic background (Fig. 6D).

5)

Addition of a balancer: Balancer chromosomes keep homozygous lethal or sterile mutations from being lost from a population and they prevent multiple alleles on the same chromosome from being separated by meiotic recombination. Take F1 female of your selected isolines and cross them with w 1118 male carrying the balancer. Let the tube incubate at 25°C and when adult emerge transfer them in new tube containing fresh Bloomington media to amplify the fly stock (Fig. 6E).

6)

After 10 backcrosses select male and virgin female from the same isoline, and cross them (Fig. 7F). When flies laid eggs, extract DNA from both adult male and female, to select the tube containing a couple carrying the mutation. Let the tube at 25°C for approximately 10 days.

7)

To be certain that the balanced flies have the mutation of interest, extract DNA via the Squishing buffer protocol, perform a PCR with specific oligonucleotide primers and sequence the amplicon to identify the double peak.

Figure 6. Experimental design for the backcross protocol

Steps followed to introgress the Aubergine (Aub) mutant flies in the wild-type background. The same steps were followed to introgress Zucchini mutant flies. For Agornaute-3 mutants, since the gene is located in the third chromosome, the first step (A) of the introgression was done using + ; +/CyO ; + flies, and the final stock balancing step (F) was done using + ; +/TM3 ; + balancer line. Aside from these changes, the same general crossing scheme was followed. The piRNA pathway mutant flies: selection, characteristics and routine works. 

PDLc

-Aub HN2 and Aub QC42 ; first detected during a study where all the sterile mutants for the chromosome 2 were selected (25).

-Ago3 t2 and Ago3 t3 ; characterization of these mutants in Li et al. 2009 (26) -Piwi 1 and Piwi 2 ; mutants produced and described in Lin and Spradling 1997 (27) -Zuc HM27 After the introgression procedure, we chose three isolines for each mutant. The behavior of each isoline was tested by measuring susceptibility to viral infection. I used two different viruses, DCV and DXV, to inject flies and compared the survival between w 1118 , the original parental strains and the three isolines for each mutant.

Figure 8 shows the survival curve for all the mutants backcrossed in the w 1118 background. All the isolines tested display a similar susceptibility to viral infection. For Argonaute-3 mutants infected with DCV the isolines are more resistant to infection when compared to the parental strain, but behave similarly to the w 1118 strain. For Aubergine mutants the same behavior is observed: the isolines are more susceptible to DCV infection when compared to parental strains (Fig. 8B1) but display the same sensitivity as w 1118 flies. Interestingly, for Zucchini mutants (Fig. 8C1 andC2) the three isolines present the same behavior, and display an increased resistance to viral infection with DCV and DXV than w 1118 .

As all the isolines tested behave similarly, I selected the isoline 2 for Ago-3 and isolines 1 for both Aub and Zuc mutants for the rest of the study.

For the Piwi mutants used in the study, it was not possible to apply the introgression protocol.

The major issue was related to the primers designed to follow the mutation. I designed primers to detect the piwi 1 and piwi 2 P-element insertion in piwi gene (Fig. 9A and B) but it was not possible to obtain a clean amplicon, even with different combinations of primers (Fig. 9C andD). I used an alternative way to verify the presence of the mutation, to observe the phenotype induced by the mutation. This phenotype corresponds to atrophied ovaries, which are visible after ovaries dissection under a magnifying glass (Fig. 9E). Since its discovery, RNA interference has been identified as involved in many different cellular processes, and as a natural antiviral response in plants, nematodes, and insects. In insects, the small interfering RNA (siRNA) pathway is the major antiviral response. In recent years, the Piwi-interacting RNA (piRNA) pathway also has been implicated in antiviral defense in mosquitoes infected with arboviruses. Using Drosophila melanogaster and an array of viruses that infect the fruit fly acutely or persistently or are vertically transmitted through the germ line, we investigated in detail the extent to which the piRNA pathway contributes to antiviral defense in adult flies. Following virus infection, the survival and viral titers of Piwi, Aubergine, Argonaute-3, and Zucchini mutant flies were similar to those of wild type flies. Using next-generation sequencing of small RNAs from wild type and siRNA mutant flies, we showed that no viral-derived piRNAs were produced in fruit flies during different types of viral infection. Our study provides the first evidence, to our knowledge, that the piRNA pathway does not play a major role in antiviral defense in adult Drosophila and demonstrates that viralderived piRNA production depends on the biology of the host-virus combination rather than being part of a general antiviral process in insects.

antiviral RNAi | insect | virus | small RNA | piRNA
T hree main small RNA-based silencing pathways have been de- scribed in animals: the microRNA (miRNA), small interfering RNA (siRNA), and Piwi-interacting RNA (piRNA) pathways. These pathways are involved in the regulation of different key biological processes, including organism development (1), defense against viral pathogens (2), and genome protection from transposable element (TE) activity (3). Despite their different biological functions, all three pathways use small RNAs (from 21 to 30 nt) to guide the sequencespecific recognition of target sequences by an Argonaute protein family member.

The siRNA pathway is a major antiviral defense mechanism in insects (4)(5)(6)(7)(8)(9)(10). This pathway is triggered in host cells by the presence of viral double-stranded RNA (vdsRNA) derived from viral replication intermediates, genomes of dsRNA viruses, overlapping transcripts of DNA viruses, or secondary viral genome structures. In Drosophila melanogaster,v d s R N Ai sr e c o g n i z e da n dp r o c e s s e di n t o 21-nt-long viral siRNAs (vsiRNAs) by Dicer-2 protein (Dcr-2), a type III RNA endonuclease. Once diced, double-stranded vsiRNAs are first loaded into the RNA-induced silencing complex (RISC), then unwound, and one strand is ejected from the complex. Singlestranded vsiRNAs are finally methylated in their 3′ end nucleotide 2'-OH group by Hen1 methyltransferase (11). Through the activity of its main catalytic component, the RNase H type nuclease Argonaute-2 protein (Ago-2), RISC guides the sequence-specific recognition and cleavage of viral target RNAs (12), leading to viral genome degradation and, consequently, restriction of viral replication.

The piRNA pathway has been identified as the main protection mechanism against the activity of TEs in animal genomes. The biogenesis of piRNAs involves twos t e p s ,t h ep r i m a r yp r o c e s sing mechanism and the secondarya m p l i f i c a t i o nm e c h a n i s m . Production of piRNAs is Dicer-independent and relies mainly on the activity of Piwi proteins, a subclass of the Argonaute family (13). Primary piRNAs are processed from single-stranded RNA precursors, which are transcribed mostly from chromosomal loci consisting mainly of remnants of TE sequences, termed piRNA clusters (14). In D. melanogaster, the cleavage of primary piRNA precursors and generation of 5′ end of mature piRNAs were recently linked to Zucchini endonuclease (Zuc) activity (15)(16)(17)(18). The cleaved precursor is loaded into Piwi family Argonaute proteins Piwi or Aubergine (Aub) and then trimmed by a still-unknown nuclease to reach its final length, which can vary from 24 to 30 nt. For example, piRNAs have a size centered around 25 nt in the fruit fly, but centered around 28 nt in Aedes mosquitoes. After trimming, piRNAs undergo a final 3′ end 2′-O-methyl nucleotide modification catalyzed by the methyltransferase Hen1 (11,19) to become mature piRNAs. Primary piRNAs harbor a 5′ uridine bias (U1) and are usually antisense to TE transcripts (20). The cleavage of complementary active transposon RNA by primary piRNAs loaded into Aub proteins initiates the second biogenesis round and leads to the production of secondary piRNAs that are loaded in Argonaute-3 protein (Ago-3). During this ping-pong or amplification cycle, Aub and Ago-3 proteins loaded with secondary piRNAs mediate the cleavage of complementary RNA to generate new secondary piRNAs identicali ns e q u e n c et ot h ep i R N At h a t initiated the cycle. Because target slicing by Piwi proteins occurs

Significance

In animals, one of the main forms of RNA interference involves Piwi-interacting RNAs (piRNAs),w h i c hp r o t e c tg e n o m e sa g a i n s t the activity of transposable elements. Several groups have recently described piRNAs from viruses in mosquitoes and suggested their involvement in antiviral defense. To understand the extent to which the piRNA pathway contributes to antiviral defense in insects, we used Drosophila melanogaster and different viruses. Using high-throughput sequencing, we were unable to find any evidence of piRNAs from viruses in flies. Furthermore, flies lacking components of the piRNA pathway were not unusually susceptible to viral infection. Taken together, our results indicate that fundamental differences have arisen between the antiviral defenses of flies and mosquitoes since theyl a s ts h a r e dac o m m o na n c e s t o r >200 Mya.

between nucleotides 10 and 11, the complementary secondary piRNAs typically have a 10-nt overlap and contain an adenine at position 10 (A10) (14,21).

Unlike the siRNA pathway that seems to be ubiquitously expressed in insect tissues, most experimental data indicate that the piRNA pathway is active mainly in germ-line tissues. Nevertheless, endogenous piRNAs also have been identified in various somatic tissues from fly, mouse, and macaque, as well as in mosquito head and thorax (22,23).

The piRNA pathway was recently implicated in antiviral defense in insects. The antiviral activity of the piRNA pathway was first suggested in 2010, when viral small RNAs with the length of piRNAs were detected in Drosophila ovarian somatic sheet (OSS) cells (24). Since then, work on the subject has centered exclusively on mosquito-arbovirus experimental systems. In Aedes mosquitoes and cell lines, an expanded family of Piwi proteins is expressed in somatic tissues, and viral-derived piRNAs (vpiRNAs) are produced from the genomes of several arboviruses (23,(25)(26)(27)(28)(29). Functional links among the piRNA pathway, arbovirus replication, and vpiRNA production have been described as well. Depletion of Piwi-4 protein was found to enhance replication of Semliki Forest virus [SFV; (+)ssRNA, Togaviridae]w i t h o u ti n t e r f e r i n gw i t hv p i R N A production in Aag2 cells (30), whereas both Piwi-5 and Ago-3 were shown to be required for the biogenesis of piRNAs from Sindbis virus [SINV; (+)ssRNA, Togaviridae]i nt h es a m ec e l ll i n e( 3 1 ) . Nevertheless, functional in vivo experimental data are scarce, and more work is needed to fully understand the extent to which the piRNA pathway contributes to antiviral defense not only in mosquitoes, but also in the context of other insect-virus interactions.

D. melanogaster is a powerful insect model for studying virus-host interactions (32,33). Mutants for virtually all genes encoded by the genome of the fruit fly are publicly available, and Drosophila viruses from several families have been isolated, their genomes sequenced, and their biological characteristics described. Despite the numerous molecular tools available to decipher antiviral responses in flies, and the fact that viral small RNAs with the length of piRNAs were first reported in fly tissues (24), no further work addressing the antiviral role of piRNAs has been performed in Drosophila. Only two studies published before the discovery of vpiRNA highlighted a functional link between piRNA pathway and antiviral defense in flies. Piwi mutant flies were found to be more susceptible to both DXV and West Nile virus [WNV; (+)ssRNA, Flaviviridae] infections, and Aub mutant flies were found to be more susceptible to DXV (10,37).

In the present work, we aimed to characterize the impact of the piRNA pathway on the fly antiviral response. We sought to understand whether the viral-derived piRNAs are part of the general antiviral process, or whether their production depends on the biology of the host-virus combination. Our results indicate that the piRNA pathway does not play a major direct role in antiviral defense in Drosophila, and that vpiRNAs are not produced in the fruit fly during different types of viral infection. We speculate that during speciation and diversification of the piRNA pathway proteins in insects, the piRNA pathway evolved solely to repress transposon activity in the fruit fly while expanding to an antiviral role in mosquitoes.

Results

Isogenization and Characterization of piRNA Mutant Flies on the w 1118

Isogenic Background. To reduce genetic background effects when studying the impact of the piRNA pathway mutants on antiviral response, we backcrossed Zuc, Aub,a n dAgo-3 mutants to wild type (WT) flies (w 1118 )s ot h e yw e r ei ns i m i l a rg e n e t i cb a c k g r o u n d s( SI Appendix,F i g .S 1 A). For each generation, we genotyped the flies by PCR to retain only those carrying the mutant allele (SI Appendix,Fig. S1). After 10 backcrosses, we compared the phenotypes from the new Aub (Fig. 1 and SI Appendix,F i g s .S 3a n dS 4 ), Ago-3,a n dZuc (SI Appendix,F i g s .S 2 -S4)b a c k c r o s s e dl i n e sw i t ht h ep a r e n t a ll i n e sb y performing small RNA deep sequencing and analyzing piRNA production. Small RNAs ranging from 19 to 30 nt were recovered and sequenced in mutant and WT flies, as well as in the parental mutant lines. Data analysis was centered on the following features: (i)overall small RNA production, (ii)productionofpiRNAsfromtheTEIdefix (Fig. 1 and SI Appendix,Fig. S2), (iii)productionofpiRNAsfromthe germ-line piRNA cluster 42AB (SI Appendix,F i g .S 3 ), and (iv)p r oduction of piRNAs from the somatic piRNA cluster Flamenco (SI Appendix,F i g .S 4 ). Fig. 1 B and C show that loss of Aub strongly impacted the secondary piRNA population from the Idefix TE sequence. In addition, loss of Aub interrupted the piRNA ping-pong cycle on the germ-line 42AB cluster (SI Appendix,F i g .S 3 C;l o s so f A10 bias). In contrast, the loss of Ago-3, which participates in the ping-pong amplification cycle, produced piRNAs with a ping-pong signature and the U1-A10 bias (SI Appendix,Figs. S3D andS4D)due to the Aub-Aub ping-pong that is still active in the absence of Ago-3 (38,39). All mutants produced similar profiles when mapped to Flamenco (SI Appendix, Fig. S4), a specific piRNA cluster of somatic cells (40). Finally, the loss of Zucchini protein led to the absence of primary piRNAs for Idefix, 42AB, and Flamenco (SI Appendix, Figs. S2B, S3B, and S4B). It is noteworthy that in the absence of Zucchini, the ping-pong signature and the U1-A10 bias were still present, because the loss of primary piRNAs increased detection of the secondaries.

We also compared primary and secondary piRNAs in whole flies versus ovaries. Germ line-dominant piRNA clusters, as well as somatic dominant piRNA clusters and TEs, were readily detectable in both conditions (SI Appendix, Fig. S5).

Through the foregoing analyses, we established not only the behavior of the backcrossed mutant flies as the parental lines regarding piRNA production, but also the capacity of our bioinformatic pipelines to detect somatic and germ-line piRNAs. All experiments with Aub, Ago-3, and Zuc mutant flies were performed in backcrossed flies, whereas the Piwi mutant was used in its original genetic background.

piRNA Mutant Flies Are No More Susceptible to Viral Infections than WT Flies. To determine the impact of the piRNA pathway on antiviral immunity, we studied the effect of acute viral infections on fly mutants for key components of both primary (Zuc and Piwi) and secondary (Aub and Ago-3)p i R N Ab i o g e n e s i sp a t h w a y s . We inoculated control, Piwi, Aub,a n dAgo-3 mutant flies with two Drosophila viruses, DCV and DXV, and one mosquito-infecting arbovirus, SINV. We assessed fly survival and virus accumulation after inoculation. We did not find any difference in mortality of control and mutant flies following infection; all flies died between 6 and 10 d postinfection (dpi) with DCV and DXV (Fig. 2 A and B, Upper).

Even in the absence of lethality, it is possible that piRNA mutant flies cannot successfully control viral loads, which would indicate a role of the piRNA pathway in viral defense. To test this, we collected fly samples at 0, 2 and 4 dpi with DCV and at 0, 3 and 6 dpi with DXV. We measured viral load by 50% tissue culture infective dose (TCID 50 ). We did not find differences in DCV or DXV accumulation between control and piRNA mutant flies at any time point analyzed (Fig. 2 A and B, Lower). When inoculating Zuc mutant flies with DCV and DXV we observed a significant resistance to virus infection in these flies that is not associated to the Pastrel gene allele (41) because flies were backcrossed. Similar to the others piRNA mutants, no difference in viral load was observed (SI Appendix,F i g .S 6A and B). In the case of SINV inoculations, neither control nor piRNA mutant flies succumbed after infection, as SINV developed a persistent infection (Fig. 2C, Upper). We assessed SINV accumulation by plaque assay in fly samples collected at 0, 3, and 6 dpi, and again found no differences in SINV load among the different genotypes (Fig. 2C, Lower and SI Appendix, Fig. S6C). Taken together, these results show that piRNA Zuc, Piwi, Aub,andAgo-3 mutants are no more susceptible to DCV, DXV, or SINV infections than control flies, suggesting that neither primary nor secondary piRNA biogenesis pathways play a major antiviral role for these viruses in adult Drosophila.

No Viral-Derived piRNAs Are Produced in Flies During Acute Viral Infection. The potential of the piRNA pathway to recognize and process viral RNAs in Drosophila has been demonstrated in the OSS cell line (24). Because OSS cells do not express Aub and Ago-3 proteins, only the primary piRNA biogenesis step is active in these cells (42), and consequently, only primary 25-30 nt vpiRNAs with a U1 bias were observed (24). The implication of secondary piRNA biogenesis pathway in vpiRNAs production in flies has not yet been addressed, nor has the production of vpiRNAs in vivo. To investigate this, we inoculated WT (w 1118 )flies with DCV, DXV, or SINV. Infected flies were sampled at 2 dpi for DCV and at 3 dpi for DXV and SINV after inoculation, and small RNAs ranging from 19 to 30 nt were recovered and subjected to β-elimination to enrich small RNA molecules harboring a 3′ end 2′-O-methyl nucleotide modification, such as mature siRNAs or piRNAs (43). Following high-throughput sequencing, the analysis of size distribution for DCV-, DXV-, and SINV-derived small RNAs showed a sharp peak of 21 nt enrichment, characteristic of vsiRNAs produced by Dcr-2 activity during the RNAi antiviral response (Fig. 3 A-C, Left). vsiRNAs represented 63%, 88%, and 90% of all viral reads for DCV, DXV, and SINV respectively, and were distributed across the entire viral genomes and derived from both negative and positive strands of viral replication intermediates (Fig. 3 A-C, Center and SI Appendix,T a b l eS 9 ). Only a small proportion of virus-derived small RNAs corresponded to the expected size of vpiRNAs of 24-26 nt: 5.7%, 0.4%, and 0.2% of all small RNA reads for DCV, DXV, and SINV, respectively (Fig. 3 A-C, Center and SI Appendix,TableS9). These reads, distributed along complete viral genomes, were derived mainlyfromtheviralpositivestrandand did not exhibit any of the characteristic biochemical biases described for piRNA: uridine at the 5′ end position (U1), adenosine at the tenth position (A10), and 10 nt overlaps between sense and antisense sequences (Fig. 3 A-C, Right).

We next analyzed the production of vpiRNAs in flies deficient for the siRNA pathway-Dcr-2 and Ago-2 null mutants-to test whether the absence of the main antiviral mechanism could reveal a contribution of the piRNA pathway to the antiviral response. We inoculated Dcr-2 and Ago-2 mutant flies with DCV, DXV, or SINV. As for WT flies, small RNAs ranging from 19 to 30 nt were recovered, samples were subjected to β-elimination and deep-sequenced. During SINV infection, as expected, the amount of viral small RNAs in Dcr-2 mutant flies was close to zero (SI Appendix, Fig. S7A), whereas Ago-2 mutant flies accumulated vsiRNAs of 21 nt from both polarities to a greater extent (SI Appendix,F i g . S7B). In no case were vpiRNAs detectable, and the few small RNAs in the size range of piRNAs did not exhibit a piRNA signature. In DCV and DXV infection, there was a significant accumulation of small RNAs of positive polarity in both Dcr-2 and Ago-2 mutant flies (SI Appendix,F i g s .S 7C and D and S8). Analysis of the small RNA reads corresponding to the size of piRNAS did not reveal any vpiRNAs, and the few reads that accounted for piRNA size did not display a ping-pong signature or U1-A10 bias (SI Appendix,Figs.S7 C and D and S8). Taken together, and considering the capability of our sequencing and bioinformatics pipeline to detect either somatic or germ-line piRNAs, these data suggest that vpiRNAs are not produced in adult WT flies during DCV, DXV, and SINV acute infections, and that in the absence of a fully functional antiviral RNAi pathway, the piRNA pathway is not able to engage in an antiviral response based on the production of viral small RNAs.

No Viral-Derived piRNAs Are Detected in Persistently Infected Flies.

Insects develop viral persistent infections as a common outcome. During a persistent infection, the virus replicates but has relatively little effect on host fitness. It has been proposed that the siRNA pathway is boosted during persistent infection by the production of more abundant and distinct vsiRNAs (44). Those vsiRNAs are generated from a viral DNA form. Because endogenous piRNAs sources are host genome-encoded DNA clusters, we thought that this viral-derived DNA could constitute the source of vpiRNAs. Thus, we decided to analyze the presence of vpiRNAs in fly stocks persistently infected with DCV, NoraV, or DAV. Small RNAs ranging from 19 to 30 nt were recovered from persistently infected flies, and the samples were subjected to β-elimination and deep-sequenced. DCV-, NoraV-, and DAV-derived small RNA profiles displayed the expected 21-nt vsiRNAs accumulation peak, a product of Dcr-2 activity during RNAi antiviral response (Fig. 4, Left). vsiRNAs were distributed across the complete viral genomes, matched both positive and negative viral strands, and represented 69.97% of the short RNA reads for DCV, 67.40% of those for NoraV, and 82.33% of those for DAV (Fig. 4, Center and SI Appendix, Table S9). In contrast, viral-derived small RNAs of the expected size for vpiRNAs (24-26 nt) represented only 2.89%, 1.66%, and 0.73% of the reads for DCV, NoraV, and DAV respectively (Fig. 4 and SI Appendix, Table S9). Reads were derived mainly from the viral positive strand and did not display any of the signatures of piRNAs (Fig. 4, Center and Right). Taken together, our data show that during persistent viral infections, D. melanogaster does not produce vpiRNAs.

No Viral-Derived piRNAs Are Detected in Flies Infected with a Vertically Transmitted Drosophila Virus. Although one study has reported the presence of endogenous piRNA-like small RNAs in fly heads and imaginal discs (22), piRNA pathway components are expressed and piRNAs produced predominantly in the fly germ-line tissues and surrounding somatic cells (45). DMelSV is a vertically transmitted natural Drosophila virus that is able to replicate in fly germ-line tissues (46,47). To study whether vpiRNA production is restricted to viruses able to replicate in germ-line tissues, we analyzed the presence of these small RNA species in flies infected with DMelSV. We used three Drosophila strains: a line (22a) naturally susceptible to DMelSV (48), a line (E320) persistently infected with the same virus (46), and w 1118 WT flies. We inoculated w 1118 and 22a flies with DMelSV. Small RNA populations present in WT and 22a line-infected flies were analyzed at 12 dpi. Small RNAs from the E320 line were analyzed in 4-to 6-d-old flies. In all cases, small RNAs ranging from 19 to 30 nt were recovered, and the samples were subjected to β-elimination (except for 22a flies) and deep-sequenced. As shown in Fig. 5, DMelSV infection produced abundant vsiRNAs distributed across the complete viral genomes, matching both positive and negative viral strands. For the small RNAs of 24-26 nt, no vpiRNAs were detected. This finding indicates that viruses that specifically infect the germ line as well as somatic tissues are also controlled by the siRNA antiviral response and do not trigger a piRNA-mediated antiviral response in adult flies.

No Viral-Derived piRNAs Are Detected in Flies Infected with Other Model Viruses. IIV-6 and FHV are not natural Drosophila viruses. Nevertheless, both are able to replicate in D. melanogaster under experimental conditions (49)(50)(51). IIV-6 is commonly used as a DNA virus model, and we thought that vpiRNAs could originate from a DNA source, as is the case for endogenous piRNAs. In contrast, FHV is a single-stranded positive-sense RNA virus that has been extensively used to study antiviral responses in flies. Work from our laboratory has demonstrated that during FHV infection of both flies and the S2 Drosophila cell line, an FHV-derived DNA form was produced that was implicated in the establishment of persistent infections (44). Based on the same rationale that we used for IIV-6, we hypothesized that the FHV DNA form could constitute a vpiRNAs source. We analyzed published small RNA libraries (SRA 048623 and SRA 045427) for the presence of vpiRNAs. As in all of the previous conditions and as shown in Fig. 6 for IIV-6, we were not able to detect viral small RNAs with the characteristic signature of piRNAs in D. melanogaster.

function since the last common ancestor of flies and mosquitoes. We believe that our results shed light on the complexity of the antiviral response in insects and reflect the diversity of action of the canonical RNAi pathways in invertebrates.

Materials and Methods

Fly Strains and Husbandry. Flies were maintained on a standard cornmeal diet (Bloomington) at a constant temperature of 25 °C. Fly stocks are listed in SI Appendix, Table S10. All fly lines were cleaned of possible chronic infections as described previously (59,60). In brief, eggs were collected in agar/apple plates, treated with 50% bleach for 10 min, washed with water, and transferred to fresh vials. To eliminate Wolbachia infection, flies were treated for two generations with 0.05 mg/mL of tetracycline hydrochloride (Sigma-Aldrich) in the medium. In addition, all fly stocks were analyzed by RT-PCR with specific pairs of primers for CrPv, DAV, DXV, DCV, FHV, and NoraV.

Virus Production and Titration. DCV and DXV stocks were prepared on lowpassage S2 cells, and titers were measured by end-point dilution. S2 cells (2.5 × 10 5 cells per well in a 96-well plate) were inoculated with 10-fold dilution of virus stocks. At 7 and 14 dpi, the cytopathic effect was analyzed. Titers were calculated as TCID 50 according to a published method (61). SINV viral stocks were produced on a BHK cell line, and virus titer (PFU/mL) was determined by a plaque assay on BHK cells.

To quantify viral load in flies, three pools of five flies each were analyzed at 0, 2, and 4 dpi for DCV infection and at 0, 3, and 6 dpi for SINV and DXV infection. DCV and DXV viral loads were measured by TCID 50 ,andSINVviralloadwasmeasured by a plaque assay.

Viral Infections and Survival Assays. The infection experiments were conducted using 4-to 6-d-old flies. Infections were done by intrathoracic injection (Nanoject II apparatus; Drummond Scientific) of 50 nLofaviralsuspensionin10mMTris,pH8. An injection of the same volume of 10 mM Tris, pH 8 served as a mock-infected control. Infected flies were kept at 25 °C and changed to fresh vials every 2 d. Survival of infected flies was measured daily by counting the number of dead flies in each test tube. Survival data were evaluated using a log-rank (Mantel-Cox) test.

RNA Extraction and Library Production. For each virus infection, small RNA was specifically extracted with the mirVana miRNA Isolation Kit (Ambion) from 150-200 flies at 2 dpi for DCV, 3 dpi for DXV and SINV, and 12 dpi for DMelSV. For each sample, 19-29 nt small RNAs were purified from a 15% acrylamide/ bisacrylamide (37.5:1), 7 M urea gel as described previously (62). Purified RNAs were used for library preparation using the NEBNext Multiplex Small RNA Library Prep for Illumina (New England Biolabs) with the 3′ adapter from Integrated DNA Technologies (linker 1) and in-house-designed indexed primers. Libraries were diluted to 4 nM and sequenced using the NextSeq 500 High-Output Kit v2 (Illumina) (75 cycles) on a NextSeq 500 sequencer (Illumina). Reads were analyzed with in-house Perl scripts.

Bioinformatics Analysis of Small RNA Libraries. The quality of fastq files was assessed using graphs generated by FastQC (www.bioinformatics.babraham.ac. uk/projects/fastqc/). Using cutadapt (https://cutadapt.readthedocs.io/en/stable/), low-quality bases and adaptors were trimmed from each read. Only reads with acceptable quality were retained. FastQC generated a second set of graphics on the fastq files created by cutadapt (63). Reads were mapped to genomes using bowtie1 (64) with the -v1( o n em i s m a t c hb e t w e e nt h er e a d and its target). bowtie1 generates results in sam format. All sam files were analyzed by the samtools package (38) to produce bam indexed files. To analyze these bam files graphs were generated using custom R scripts and the Bioconductor Rsamtools and Shortreads libraries (65).

Statistical Analysis. Each experiment was repeated independently three times. Error bars represent SD. Statistical significance of survival data were calculated with a log-rank (Mantel-Cox) test. The statistical significance of viral load in flies was calculated by two-way ANOVA. Grey bars represent w 1118 chromosome, the asterisk is the mutation of interest, here Ago-3 t2 or t3 , Aub HN2 or QC42 and Zuc HM27 or SG63 and the blue color represents the genetic background of the mutant strains. All females used for the backcross were virgin. After each crossing, isofemales were selected and a region of the DNA spanning the mutation was sequenced to confirm the presence of the mutation. After each crossing, isofemales were selected and a region of the DNA spanning the mutation was sequenced to confirm the presence of the mutation. After 10 generations, it was assumed that the genetic background of the mutant flies is identical to the one of the wild type strains. (B) Genotype comparison between parental strains and backcrossed flies. (C) Primers used to follow the mutations during backcrosses.
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Ago-3 t2 B w 1 ;st 1 Ago-3 t2 /TM6B; Tb + Size distribution of small RNAs extracted from w 1118 (A), parental strains and backcrossed flies for Zuc -/-(B) and Ago-3 -/-(C). Frequency map for Ago-3 -/-of the distance between 24-26nt small RNAs that mapped to opposite strands of the Idefix sequence. A peak is observed at position 10 for w 1118 but not Ago-3 -/-strains. For Zuc -/-(B) plots are not shown because read counts are too low. Relative nucleotide frequency per position of the 24-26nt viral small RNAs that map the sense and anti-sense of the genome, in red and green respectively. The intensity varied in correlation with the frequency. A nucleotide bias (U1 and A10) is observed for w 1118 but not for Ago-3 -/-strains. 

D

Size distribution of small RNAs extracted from w 1118 (A), parental strains and backcrossed flies for Zuc -/-(B), Aub -/-(C) and Ago-3 -/- (D). Frequency map of the distance between 24-26nt small RNAs that mapped to opposite strands of the 42AB sequence. A peak is observed at position 10 for w 1118 , for Zuc -/-and Ago-3 -/-strains but not for either of the Aub -/-. Relative nucleotide frequency per position of the 24-26nt viral small RNAs that map the sense and anti-sense of the genome, in red and green respectively. The intensity varied in correlation with the frequency. A nucleotide bias (U1 and A10) is observed for w 1118 , Zuc -/-and Ago-3 -/-but not for Aub -/-strains. (D). Frequency map of the distance between 24-26nt small RNAs that mapped to opposite strands of the Flamenco sequence. A peak is observed at position 10 for w 1118 , Zuc -/-and Ago-3 -/-but not for either of the Aub -/-strains. Relative nucleotide frequency per position of the 24-26nt viral small RNAs that map the sense and anti-sense of the genome, in red and green respectively. The intensity varied in correlation with the frequency. A nucleotide bias (U1 and A10) is observed for w 1118 , Zuc -/-and Ago-3 -/-strains but not for Aub -/-. 

Overview

It is accepted that the activity of transposable elements can be induced by biotic and abiotic stresses in various organisms. However, information on how stress induces the activity of TEs remains scarce. Most studies linking transposition and stress response come from the plant field (1-3). For example, plant retrotransposons Tnt1A or Tto1 were found to respond to both biotic and abiotic stresses, with their promoters being activated by compounds derived from bacterial or viral infections, and hormones as salicylic acid (3)(4)(5). In animals, works studying the relationship between transposition and stress response are fewer and most of them are focused on abiotic stresses, as temperature (6)(7)(8) or as oxidative stress (9)(10)(11). The effect of infectious stress on transposition is not well documented in animals.

As discussed in the introduction, TEs expression may lead to their amplification, mobility and relocation in the host genome causing either mutations in gene coding regions, modifications on transcriptional regulation of promoter regions or de-repression of epigenetic marks. These mutagenic changes may be either advantageous or deleterious for the organism, for this reason, the control of TEs expression, mobility and insertion site is tightly regulated (12)(13)(14).

In animals, both endo-siRNA and piRNA pathways regulate TEs activity in somatic and germline tissue respectively (15,16).

In Chapter 3 I found that viral piRNAs were not produced during viral infections in flies and, therefore, that the piRNA pathway does not play a direct antiviral role in flies. However, the possibility that through regulation of transposons in somatic and germ-line tissues or by the production of piRNAs derived from protein-coding genes, the piRNA pathway could tune or control in a subtle manner the antiviral state of the host by genes involved in immunity or other physiological processes cannot be disregarded. To initiate this area of study in the laboratory, I attempted to answer two main questions: 1. is TE expression regulated during viral infections in Drosophila melanogaster?; and 2. do piRNAs and endo-siRNAs populations change during viral infection? If that is the case, is it possible to link these changes to the regulation of the antiviral response in Drosophila melanogaster?

To answer these questions, I studied the accumulation of 24 TEs by RT-qPCR, following fly infection with two different viruses, DCV and DAV. I also analyzed endo-siRNAs and piRNAs populations in infected flies.

The development of this project, allowed me to start my bioinformatics learning. The next pages will briefly describe my main observations.

Infection stress as a regulator of transposable elements expression.

In order to study if stress from viral infection induces TEs activity in flies, I infected 3-5 days old wild type female flies with two Drosophila viruses, DCV and DAV (17,18). Following inoculation, the heads and bodies of flies were collected at 2 days post infection (dpi) or 3 dpi for DCV and DAV respectively. Mock-infected flies were used as control. Expression of TEs was determined by quantitative real-time RT-PCR (19) (Table 3). I selected and analyzed a total of 24 transposable elements belonging to different classes (DNA Transposons, LTRtransposons and non-LTR-transposons), based on bibliographical research (20) and used the ribosomal protein Rp49 as housekeeping gene (Fig. 10) . I did not find statistically significant changes in the expression level of the different transposons tested in heads (somatic tissue) and bodies (germline tissue) of non-infected, DCV or DAV infected flies (Fig. 11). These results suggest that viral infections do not impact TE expression.

Nevertheless I did notice variations of the Ct values for some TEs. For example, for the LTRtransposon Burdock, I observed an extended distribution in head tissue for the DCV infected flies (fig. 11A). The same trend was observed for the non-LTR transposons, Juan and Jockey (fig. 11E). I also observed a decreased variability for the LTR-transposons Burdock, Blood and HMS-Beagle in the body of DAV infected flies (fig. 11B).

To know if the difference observed in TE variability were correlated to the number of TEs copy in the drosophila genome, I used the data from flybase to count all the TEs copy (table 4). I couldn't establish a correlation within the number of TEs copy in the genome and the level of TEs variability; suggesting that the variation of TE expression and active TEs copy number are independent mechanisms. 

Infection stress and RNAi pathways

I next investigated whether endo-siRNA or piRNA populations change during viral infections.

One of the genomic sources for both small RNAs species are transposons. Yet, endogenous piRNAs that do not contain transposon sequences are abundantly expressed in somatic tissue of Drosophila (23)(24)(25). Some of these piRNAs derive from protein-coding genes, suggesting that they contribute to the regulation of mRNA turnover. By analyzing the behavior of endo-siRNAs and piRNAs in virus infected flies I expect to detect changes on the distribution and abundance of these small RNAs.

I analyzed the small RNA libraries described in Chapter 3 of this Thesis. They represent a dataset with a large spectrum of viruses and infection types: three acute viral infections (DCV, DXV and SINV), three persistent viral infections (Nora, DAV and DCV), the vertically transmitted Sigma Virus. As controls I used small RNA libraries available in the laboratory from bacteria-infected and mock-infected flies.

The small RNA libraries were processed through a bioinformatic pipeline with 3 main steps:

1. the libraries were mapped to a rRNA database in order to exclude ribosomal small RNAs 2. the remaining reads were mapped against a miRNA database and miRNAs were excluded 3. the remaining reads were sorted by their size in endo-siRNAs (21nt long) and piRNAs (24 to 29nt long) and mapped against the Drosophila melanogaster genome (version 6).

To visualize alignments of small RNAs on the Drosophila genome, I used the Integrative Genome Browser (IGV) (26,27), that gives the possibility to observe all the samples on one screen, allowing for better comparison.

A precise and carefully study on the coverage of the Drosophila genome by endo-siRNAs and piRNAs following viral infection needing much more time that the available to finish my PhD, I decided to concentrate in some 'case studies'. Thus, I focus my first analysis on the Hsp70 gene. Hsp70 was shown to be a major actor of the stress response (28) and to be involved in the fly antiviral response against DCV and CrPv (29). When I studied the coverage on small RNAs of the genome sequence of Hsp70, I observed that piRNAs (Fig. 3A), but not endo-siRNAs (Fig. 3B), cover the coding region of Hsp70 only in persistently infected flies and in late Sigma Virus acute infected flies. In virus acutely infected flies, mock infected flies and bacteria-infected flies, the presence of piRNAs was not detected. The specificity of this observation was further confirmed by analyzing the small RNA coverage of one Hsp cluster, in another genomic location, where no particular accumulation of piRNAs nor endo-siRNAs was found (Fig. 4A andB).

Further studies are needed in order to confirm the nature of these Hsp 70-derived small RNAs (determine ping-pong signature, U1-A10 bias, etc) and their biological function (determine the expression levels of Hsp70 transcripts in presence/absence of infection). Although preliminary, my results suggest not only that endogenous small RNAs populations vary during viral infections, and that that these variations seem to be dependent on the nature of the infection (persistent vs acute) and the pathogen identity (virus vs bacteria), but also that piRNAs derived from protein coding genes could regulate their expression. Three main small RNA-based silencing pathways have been described in animals: the microRNA (miRNA), the small interfering RNA (siRNA) and the Piwi-interacting RNA (piRNA) pathways. These pathways are involved in the regulation of different key biological processes such as organism development (1), defense against viral pathogens (2) and genome protection from transposable elements (TEs) activity (3) respectively. The identification of the siRNA pathway as the major antiviral defense mechanism in plants, nematodes, and insects led to a better understanding of hostpathogen interactions. Recently, different research works involved the piRNA pathway in antiviral defense in mosquitoes. The aim of my Thesis was to characterize the impact of the piRNA pathway on the fly antiviral response in order to understand whether the viral-derived piRNAs are part of the general antiviral process, or whether their production depends on the biology of the host-virus combination.

A direct role of the piRNA pathway in antiviral defense in Diptera ?

The diptera clade includes both mosquitoes and flies species. D. melanogaster has been the insect model of choice since the beggining of the last century (4). In recent years, there has been an increased interest in studying mosquitoes, the main vectors for human viral pathogens throughout the world (5,6). With the numerous molecular tools available to decipher antiviral responses in flies, and the fact that viral small RNAs with the length of piRNAs were first reported in fly tissues (7), I undertook the challenge of addressing the antiviral role of piRNAs in Drosophila. In contrast to what has been observed in mosquitoes (8)(9)(10)(11), my results clearly demonstrate that the piRNA pathway is not directly required for antiviral defense in Drosophila.

Mosquitoes and fruit flies diverged about 250 millions years ago (12,13), but they still share a considerable number of features in terms of ecology, morphology and life strategy. For example, the malaria mosquito Anopheles gambiae and Drosophila melanogaster genomes, share 50% of sequence identity for proteins involved in immunity and defense (14). Yet, increasing numbers of 'omics' studies have taught us that not all aspects of immunity can directly be translated from Drosophila to the actual mosquito. In the particular case of small RNA-based silencing mechanisms, both mosquito and Drosophila melanogaster genomes contain the same gene copy number for Dicers and Argonautes of the siRNA and miRNA pathways (15). However, piRNA pathway represents the exception, with only one gene copy for Piwi, Aub and Ago-3 in the fruit fly genome, while seven copies of Piwi and 1 copy of Ago-3 in the Aedes aegypti genome. It therefore seems that siRNA and miRNA pathways conserved their function across species, and that the antiviral function of the piRNA pathway was either gained in mosquitoes or lost in flies.

The dichotomy between flies and mosquitoes is just the tip of the iceberg.

Phylogenetic analyses of small RNA pathway components have indicated that loci encoding these molecules expanded or contracted during the course of the evolution of insects (16)(17)(18). For example, miRNA gene expansions are found in the pea aphid (Acyrthosiphon pisum), the Russian wheat aphid (Diuraphis noxia), and the housefly (Musca domestica). Gene expansions of siRNA are found in the locust (Locusta migratoria), the Russian wheat aphid, the red flour beetle (T. castaneum), the parasitoid wasp (Nasonia vitripennis), diverse species of Glossina (tsetse flies), the fruit fly, and the housefly (19). The piRNA pathway genes expanded in both pea and Russian wheat aphids, the parasitoid wasp, two types of ants (Camponotus floridanus and Harpegnathos saltator) and mosquitoes from the Aedes, Anopheles, and Culex genera. Duplication and diversification of small RNA pathways are widely present among insects, indicating that these changes are not rare and have occurred even at the species level.

Gene duplications are a frequent source of novelty in host genome defense repertoires, but the evolutionary fate of specific duplicates can vary. In most cases, one of the duplicated copies will be eliminated; alternatively, both copies may be retained but may acquire differentiated profiles of expression or different functions (20,21). The frequent expansion of genes in the RNAi pathway is often accompanied by changes in their evolutionary rates. Some of these changes might be explained by the involvement of these genes in host-pathogen interactions. My studies point to the uniqueness of each natural pathosystem (i.e., the natural insect-virus system) that is essential to understanding the contribution of antiviral RNAi, and they show that in some cases the use of model systems may not yield generalizable concepts. Although time-consuming to determine, the contribution of the RNAi pathway to the antiviral response, as well as the interactions of RNAi with other immune pathways, should be established for each individual pathogen-insect combination.

Indirect role of the piRNA pathway in antiviral defense in Drosophila

Only a decade ago, the piRNA pathway was discovered as an important small RNAs mediated silencing mechanisms in animals (22). In essence, piRNAs associate with PIWI proteins and are essential for transposon silencing, primarily in germline cells (23). Yet, endogenous piRNAs that do not contain transposon sequences and derive from protein-coding genes, have also been identified in diptera (24). Transposons are known by their capacity to cause either mutations in gene coding regions, modifications on transcriptional regulation of promoter regions or de-repression of epigenetic marks through their mobility and relocation. Evolution has favored rigorous mechanisms to control transposon activity, the piRNA pathway being one of them. As transposon activity is influenced by biotic and abiotic stresses, viral infection could be a main player determining transposon activity. However, studies linking the effect of viral infection on piRNA-mediated regulation of TEs have not yet been addressed. Additionally, one could wonder whether the stress due to virus infection produces changes in piRNAs targeting gene-coding regions that will affect the immune status of the host.

When I analyzed the accumulation of transcripts from individual transposons in virusinfected flies, no differences were found, probably due to the individual variation during infection. In contrast, the development of high-throughput sequencing and the emergence of systems biology, allow a more general picture of host-pathogen relationships through the manipulation of big datasets. Indeed, the initial result I obtained on the presence of piRNAs covering the coding sequence of Hsp70 is very promising. In a general manner, heat shock proteins (Hsps) serve as molecular chaperones during protein interactions (25,26). Among others, they are involved in maintenance of protein folding, the import/export and localization of proteins in organelles, decreasing the non-native protein aggregation, the modulation of protein degradation. Biotic and abiotic factors can induce Hsps expression (reviewed in Feder and Hofmann, 1999 (27). Among the family of Hsps, Hsp70 was shown as a major player during heat and hypoxia derived stresses (28,29). It was also shown that Hsp70 is involved in antiviral defense in virus-infected flies (30). The observation that the Hsp70 coding sequence is covered on piRNAs, and not endo-siRNAs, only during persistent viral infections, strongly suggests that the piRNA pathway has an indirect role modulating the Hsp70 transcripts and the outcome (acute versus persistent) of the antiviral response. Moreover, this observation highlights, as many others works, that the immune response is not a linear signaling pathway but composed of a complex set of specific responses arising from a dynamic network.

As a general perspective, my work highlighted two new concepts on small RNA biology:

1-The existence of piRNA-derived from protein coding genes and their role in the regulation of gene expression. 
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Figure 1 .

 1 Figure 1. Insect viruses diversityTable representing a non-exhaustive list of insect viruses. The classification is based on the virus biology and replication cycle, the different classes correspond to the Baltimore Classification.

  classification by scientists. Finnegan initiated the first one in 1989[START_REF] Finnegan | Eukaryotic transposable elements and genome evolution[END_REF].Today the unified classification done by Wicker 2007 (78) is used. The class I TEs is composed of RNA-mediated transposons, divided in five orders based on their mechanistic features, genomic organization and reverse transcriptase phylogeny: LTR retrotransposons, DIRS-like elements, Penelope-like elements, LINEs and SINEs. Their transposition is done via a copy-paste mechanism, first the DNA is transcribed in a RNA intermediate and then it is reverse transcribed into DNA by TE encoding reverse transcriptase. This new DNA copy can move and be inserted into a new genomic location. Class I TEs are similar to retroviruses (Fig. 2). Class II TEs are DNA-mediated transposons, a class subdivided in two subclasses distinguished by their transposition mechanism. The first subclass contains TEs characterized by their terminal inverted repeats (TIR) sequence of variable length. They usually transpose via a cut and paste mechanism with the help of their transposase. The second subclass contains transposons with a specific replication type. It includes the Helitron family, that replicates via a rolling circle system (79). It also includes Mavericks, giant transposons bordered by long TIR (80); they encode their own integrase and DNA polymerase. It has beenproposed that an excised Maverick can self-replicate with its own polymerase and integrate into the genome using its integrase[START_REF] Pritham | Mavericks, a novel class of giant transposable elements widespread in eukaryotes and related to DNA viruses[END_REF].

Figure 2 .

 2 Figure 2. Classification and molecular structure of transposable elements Left: Class I, retrotransposons. LTR-retrotransposons: they resemble to exogenous retroviruses with two Long Terminal Repeat (LTR) sequences flanking the coding sequence containing the functional polyproteins, the capsid (gag) and the protease (PR), integrase (66), reverse-transcriptase (RT), RNaseH compacted in the polymerase (82) area. Non-LTR retrotransposons: the element is composed of two coding regions, one with the gag protein and another containing the reverse transcriptase (RT). A poly A tail protects the 3' extremities of non-LTR retrotransposons. Right: Class II, DNA transposons. The best known are the TIR DNA transposons, which contain a transposase coding sequence flanked by Terminal Inverted Repeat (TIR) which excises the TE out of the donor position and re-integrates it into the genome. Helitrons are DNA transposons with several coding region containing different coding sequence, Zinc-finger like (ZN), a Replication initiator (Rep) and an Helicase. Their sequence starts typically by a 5' A and terminates by a stem loop (in red) following by a 3' T. Their size can be variable. Mavericks elements are a family of giant DNA transposons that can have multiple coding region, usually they are composed of different coding sequence such as C-integrase (C-INT), packaging ATPase (ATP), cysteine protease (CyP) and a DNA polymerase B (PolB). The coding sequences are flanked by two long TIR sequence. Their size can be variable depending on the element.

Figure 3 .

 3 Figure 3. TEs content in insect genomes Analysis of the percentage of genome occupied by TEs (class I and class II) in different insects. The insect

Figure 4 .

 4 Figure 4. Consequences of transposable elements mobility on host gene (adpated from Feschotte 2008 (106))

  environment. For example,Gonzalez et al. 2008 (109) showed that fly adaptation to climate was related to TEs insertions. As mentioned above, the allele of the gene CHKov1 where the Doc 1420 element is inserted induces resistance to Sigma virus infection (101). And one insertion in the gene Cyp6g1 provides insecticide resistance to the flies (110). All these examples put in evidence the importance of TEs insertions in the acquisition of new gene functions for insect survival.

piRNAA

  third RNA interference pathway, the piwi-interacting RNA pathway (piRNA) was recently described (Fig.5C). Molecules initiating the piRNA pathway are ssRNA precursors transcribed from chromosomal loci that mostly consist of remnants of transposable element sequences, called piRNA clusters (111). Biogenesis of piRNAs involves two steps, primary processing and secondary amplification. Production of piRNAs is Dicer independent and mainly relies on the activity of PIWI proteins, a subclass of the AGO family (145). Primary piRNAs are processed from ssRNA transcripts derived from piRNA clusters. Zucchini endonuclease (Zuc) cleaves primary piRNA precursors and generates the 5′ end of mature piRNAs (146-148). The cleaved precursor is loaded into PIWI or Aubergine (Aub) proteins and then trimmed by an unknown nuclease to reach its final length. After trimming, piRNAs undergo a final 3′-end 2′-O-methyl nucleotide modification catalyzed by DmHEN1 (143, 144) to yield mature piRNAs. Primary piRNAs harbor a 5′ uridine bias (U1) (149). Cleavage of the complementary active transposon RNA by primary piRNAs loaded into Aub proteins initiates the second round of biogenesis, which leads to the production of secondary piRNAs that are loaded into Ago-3. During this ping-pong, or amplification, cycle, Aub and Ago-3 proteins loaded with secondary piRNAs mediate the cleavage of complementary RNA, generating new secondary piRNAs that are similar in sequence to the piRNA that initiated the cycle. The complementary secondary piRNAs usually have a 10-nt overlap and contain an adenine at position 10 (A10) (150). Most data indicate that the piRNA pathway is mainly active in germline tissues, where it acts as a genome guardian by cleaving transposons RNA or transcriptionally silencing transposable elements.

Figure 5 .

 5 Figure 5. RNA interference pathway in Drosophila melanogaster (A) Exo and endo-siRNA pathway: dsRNAs are processed by Dicer-2 (Dcr-2) and its co-factor R2D2 for exo-siRNA or LOQ-S for endo-siRNA, and generates siRNA duplexes. This complex loads the siRNA duplex into Argonaute-2 (Ago-2) protein. The passenger strand is unwound and released, the guide strand stays into Ago-2 and its 3' extremities are protected by the addition at the 3' end of a 2'-O-methyl modification catalyzed by the methyltransferase HEN1.

  cytoplasm, where it is processed by Dicer-1 (Dcr-1) and LOQ-S to generate a miRNA duplex.

  observe host miRNAs, which regulate viral transcript (151), viral miRNAs that regulate host transcripts (152, 153) and viral miRNAs that can regulate viral transcripts via the host miRNA machinery (154). miRNA regulation can impact different cellular processes and thus change many factors that influence viral infection. For example in mosquitoes, studies showed that miRNA expression influence the viral tropism of certain viruses. For example, in Ae. aegypti miR-275 depletion affects egg production and blood digestion, two important mechanisms for virus life cycle and transmission (155). miRNA can also directly impact immune pathways. For example, Ae. aegypti miR-375, detected after blood meal, targets the 5'UTRs of the Toll immune pathway components Cactus and REL1 (156). Other examples of miRNA gene regulation during hostpathogen interactions were observed in cases of arboviruses infections in mosquitoes. The expression in vitro of the KUN-miR-1 during West Nile infection, up-regulates the GATA4 mRNA and induces protein accumulation that supports viral replication (152). During DNA virus infection miRNA produced by the virus can induce viral cycle modifications, as for Nudivirus-1 pag1 miRNA, which down regulates the viral early gene hhi1 to induce viral latency (157).

melanogaster. In chapter 2 ,

 2 I describe the protocol to homogenize the genetic background of the different mutant flies used in my studies. The chapter 3, presents the main results of my research concerning the study of viral piRNAs in diptera. I observed that, unlike mosquitoes, Drosophila melanogaster does not produce viral piRNAs, independently from the type of viruses, the infection state or the viral transmission route. I demonstrate that adult Drosophila melanogaster flies do not require the production of viral piRNAs to mount an efficient antiviral response. Following these results, I investigate whether the production of piRNAs are affected by stress due to viral infection, and this is the subject of Chapter 4.

Figure 7 .

 7 Figure 7. Scheme of PIWI subfamily and Zucchini protein domains and the mutations used in this work.

Figure 8 .

 8 Figure 8. Survival of backcrossed Ago-3, Aub and Zuc mutant flies compared to wild-type and parental strains. The backcrossed Ago-3, Aub and Zuc mutant lines, their respective parental mutant lines and wild-type (w 1118 ) flies were inoculated with 2 TCID 50 of DCV or 100 TCID 50 of DXV and fly survival was determined. Dashed
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 91 Figure 9. Piwi mutant alleles. Map of the P-element inserted in piwi 1 (A) and piwi 2 (B). The red lines correspond to the piwi gene and the arrowheads to its orientation. The blue, purple and orange arrows correspond to the specific primers designed to
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 12 Fig. 1. Loss of secondary piRNAs for Idefix TE in the Aubergine mutant strains. (Left) Size distribution of β-eliminated small RNAs extracted from w 1118 (A), Aub parental mutant strain (B), and backcrossed Aub (C)m u t a n t flies. (Right)F r e q u e n c ym a po ft h ed i s t a n c eb e t w e e n2 4 -26 nt small RNAs that mapped to opposite strands of the Idefix sequence. A peak is observed at position 10 for w 1118 ,b u tn o tf o re i t h e ro ft h eAub mutant strains. The relative nucleotide frequencies per position of the 24-26 nt small RNAs that map the sense and antisense of the genome are shown in red and green, respectively. The intensity varies in correlation with frequency. A nucleotide bias (U1 and A10) is observed for w 1118 , but not for the Aub mutant strains.

Fig. 3 .

 3 Fig. 3. No viral-derived piRNAs are produced during acute infection of flies. (Left) Size distribution of β-eliminated small RNAs extracted from w 1118 Drosophila infected with DCV (A), DXV segment A (B), and SINV (C). (Center) Profile of 21 nt and 24-26 nt small viral RNAs that mapped along the viral genome of interest. The sense and antisense small RNAs are shown in red and green, respectively. Uncovered regions are represented as gray lines. (Right)Frequencymap of the distance between 24-26 nt small RNAs that mapped to opposite strands of the viral genome. No peak is observed at position 10. The relative nucleotide frequencies per position of the 24-26 nt viral small RNAs that map the sense and antisense of the viral genome are shown in red and green, respectively. The intensity varies in correlation with the frequency. No nucleotide bias (U1 and A10) is observed.

Fig. 4 .

 4 Fig. 4. Drosophila persistently infected with viruses do not produce viral-derived piRNAs. (Left) Size distribution of β-eliminated small RNAs extracted from Drosophila persistently infected with DCV (A), DAV (B), and NoraV (C). (Center)P r o f i l eo f2 1n ta n d2 4 -26 nt small RNA reads that mapped along the viral genome of interest. The sense and antisense small RNAs are shown in red and green, respectively. Uncovered regions are represented as gray lines. (Right) Frequency map of the distance between 24-26 nt small RNAs that mapped to opposite strands of the viral genome. No peak is observed at position 10. The relative nucleotide frequencies per position of the 24-26 nt viral small RNAs that map the sense and antisense of the viral genome are shown in red and green, respectively. The intensity varies in correlation with the frequency. No nucleotide bias (U1 and A10) is observed.

Fig. 5 .

 5 Fig. 5. There is no production of viral-derived piRNAs during Sigma virus infection. (Left) Size distribution of β-eliminated small RNAs extracted from Drosophila injected with DmelSV. RNA was extracted at 12 dpi for the w 1118 (A)and22a (B) strains of Drosophila. E320 corresponds to a fly strain persistently infected with DmelSV (C). (Center)Profileof21ntand24-26 nt small viral RNA that mapped along the viral genome of interest. The sense and antisense small RNAs are shown in red and green, respectively. Uncovered regions are represented as gray lines. (Right) Frequency map of the distance between 24-26 nt small RNAs that mapped to opposite strands of the viral genome. No peak is observed at position 10. The relative nucleotide frequencies per position of the 24-26 nt viral small RNAs that map the sense and antisense of the viral genome are shown in red and green, respectively. The intensity varies in correlation with the frequency. No nucleotide bias (U1 and A10) is observed.

Fig. 6 .

 6 Fig. 6. The infection of Drosophila with a DNA virus does not lead to viral-derived piRNA production. (Left)SizedistributionofsmallRNAsextractedfrom Drosophila injected with IIV6 (28). w 1118 (A), Dcr-2 L811fsX (B), and Ago-2 414 (C )m u t a n ts t r a i n so fDrosophila.( Center)P r o f i l eo f2 1n ta n d2 4 -26 nt small viral RNAs that mapped along the viral genome of interest. The sense and antisense small RNAs are shown in red and green, respectively. Uncovered regions are represented as gray lines. (Right)F re q u e n c yma po ft h ed i st a n ceb e tw e e n2 4 -26 nt small RNAs that mapped to opposite strands of the viral genome. No peak is observed at position 10. The relative nucleotide frequencies per position of the 24-26 nt viral small RNAs that map the sense and antisense of the viral genome are shown in red and green, respectively. The intensity varies in correlation with the frequency. No nucleotide bias (U1 and A10) is observed.
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 S1 Fig. S1. Backcross design (A) Backcrossed schematic inspired by Presgraves review in Trends in Genetics 2008 (65).
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 1S2 Fig. S2. Analysis of small RNAs profile for Idefix TE for w 1118 , Zucchini -/-and Argonaute-3 -/- strains.
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 S3 Fig. S3. Analysis of small RNAs profile on the piRNA cluster 42AB for w 1118 , Zucchini -/-, Aubergine -/-and Argonaute-3 -/-strains.

Fig. S4 .

 S4 Fig. S4. Analysis of small RNAs profile on the piRNA cluster Flamenco for w 1118 , Zucchini -/-, Aubergine -/-and Argonaute-3 -/-strains.

counts

  Size distribution of small RNAs extracted from w 1118 (A), parental strains and backcrossed flies for Zuc -/-(B), Aub -/-(C) and Ago-3 -/-
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 S5 Fig. S5. Comparison of small RNAs profiles from ovaries and whole flies for piRNA clusters and TEs.Left panel: Size distribution of small RNAs extracted from w 1118 flies (A 1 , B 1 and C 1 ) or w 1118 ovaries (A 2 , B 2 and C 2 ). The size distribution is similar between whole flies and ovaries for germline dominant piRNA cluster 42AB (A), somatic dominant piRNA cluster Flamenco (B) and Gypsy 6 TE (C).Right panel: Frequency map of the distance between 24-26nt small RNAs mapped to opposite strands of the sequence. A peak is observed at position 10 for both whole flies and ovaries. Relative nucleotide frequency per position of the 24-26nt viral small RNAs that map the sense and anti-sense of the genome sequence, in red and green respectively for germline dominant piRNA cluster 42AB (A), somatic dominant piRNA cluster Flamenco (B) and Gypsy 6 TE (C). The intensity varied in correlation with frequency.

Fig. S6 .

 S6 Fig. S6. Characterization of DCV, DXV and SINV infection in wild type and Zucchini -/-flies. Group of 20 flies wild type (w 1118 ) and Zucchini -/-(Zuc HM27/SG63 ), were infected by injection with 2 TCID50 of DCV (A), 100 TCID50 of DXV (B) and 5000 TCID50 of SINV (C). Data shown are mean and the standard deviation. Control (w 1118 ) flies are in blue and mutant flies in red. Dashed lines correspond to the control Tris injection. All experiments were independently performed three times. Left panels: Survival after infection was monitored daily. Right panels: viral titers for a group of 3 x 5 flies at 0, 2, 4 dpi (DCV) or at 0, 3, 6 dpi (DXV and SINV). No significant difference between control and mutant flies was observed.

  Fig. S7. Small RNAs profile in siRNA mutant flies after SINV and DCV infection. Left panel: Size distribution of β-eliminated small RNAs extracted from Drosophila injected with SINV (A, B) and DCV (C, D). RNA was extracted at 3 dpi for Dcr-2 -/-(A, C) and 2 dpi for Ago-2 -/-(B, D) flies. Central panel: Profile of 21nt and 24-26nt small viral RNAs that mapped along the SINV and the DCV genome. The sense and anti-sense small RNAs are in red and green, respectively. Right panel: Frequency map of the distance between 24-26nt small RNAs that mapped to opposite strands of the viral genome. No peak observed at the position 10. Relative nucleotide frequency per position of the 24-26nt viral small RNAs that map the sense and anti-sense of the viral genome, in red and green respectively. The intensity varied in correlation with the frequency. No nucleotide bias (U1 and A10) is observed.

Fig. S8 .

 S8 Fig. S8. Small RNAs profile in siRNA mutant flies after DXV infection. Left panel: Size distribution of β-eliminated small RNAs extracted from Drosophila injected with DXV. RNA was extracted at 2 dpi for Ago-2 -/-(B,D) and 3 dpi for Dcr-2 -/-(A, D) flies. Central panel: Profile of 21nt and 24-26nt small viral RNAs that mapped along DXV A genome (A, B) and DXV B genome (C, D). The sense and anti-sense small RNAs are in red and green, respectively. Right panel: Frequency map of the distance between 24-26nt small RNAs that mapped to opposite strands of the viral genome. No peak observed at the position 10. Relative nucleotide frequency per position of the 24-26nt viral small RNAs that map the sense and anti-sense of the viral genome, in red and green respectively. The intensity varied in correlation with the frequency. No nucleotide bias (U1 and A10) is observed.

Figure 11 .

 11 Figure 11. Transposon expression following DCV and DAV infection Expression level of 24 transposons determined by RT-qPCR. Flies were infected with 2 TCID 50 /50nl of DCV and 75 TCID 50 /50nl for DAV. Transposons are represented by family: LTR (A, B), non-LTR (C, D) and DNA transposons (E, F). Each bar represents the mean of 3 biological replicates for a specific TE and error bars are the 10th-90th percentile. Results were normalized on the Rp49 gene expression level (ΔCt). Statistical

Figure 12 .

 12 Figure 12. small RNAs covering the Hsp70Aa and Hsp70Ab coding sequence in Drosophila melanogaster

Figure 13 .

 13 Figure 13. small RNAs covering the Hsp cluster in Drosophila melanogaster
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 2 The role of piRNA pathway regulating the immune status of the host during viral infection through transposon activity and/or piRNA-derived from gene coding regions.The dataset of small RNA libraries generated through my PhD constitute an ideal start point to investigate these concepts. First, through the protocol established in Chapter 2, the genetic background is identical, rendering comparisons possible. Second, small RNA libraries corresponding to different viruses and different type of infections are available. Third, small RNA libraries are beta eliminated or not, allowing to infer for biological characteristics of the small RNA population.I would like to finish with a personal thought on how viruses might prompt host genome mutation, adaptation and evolution through the regulation of the piRNA pathway and transposon activity. One could imagine that virus infection would titer on/off the concentration of a given piRNA in germline with a concomitant change in transposon activity. That would induce transposition, and generate a progeny more/less adapted to a given signal (external or internal). Therefore, changes in the transposition landscape derived from the host-virus arms race, could result in a host resistant or tolerant to viral infection or a host in which viral transmission is maximized. Even if transposon activity is often deleterious, it generates genetic variation that becomes the cornerstone of natural selection. The interplay between viruses, piRNAs and regulation of gene expression could then be at the base of hostpathogen coevolution.

  almost 69% of the insect clade. The most common host is the aquatic stage of Diptera,

		RNA viruses				Reverse-transcribing viruses	DNA viruses
	Genome							
	replication cycle	RNA	RNA		RNA	DNA	DNA	DNA
	Virion contents	(-)RNA	(+)RNA		dsRNA	ssRNA	dsDNA	ssDNA	dsDNA
	Examples	Bunyaviridae Tospovirus La Crosse virus Rhabdoviridae Sigma Virus Quaranjavirus Thogotovirus Orthomyxoviridae Vesiculovirus Ephemovirus	Dicistroviridae DCV CrPV Flaviviridae West Nile virus Dengue virus Togaviridae Sindbis virus Chikungunya Picorna-like	Reoviridae Idnoreovirus Birnaviridae DXV	Metaviridae Errantivirus		Bidnaviridae Ambidensovirus Hepandensovirus Parvoviridae Densovirus	Iridovirus (IIV6) Iridoviridae Ascovirus Ascoviridae Baculoviridae Bracovirus Polydnaviridae Betabaculovirus Alphabaculovirus
			Nora					
	especially mosquitoes.						

Table 1 .

 1 Primers used to detect virus and Wolbachia infection in flies

	Viruses	Primers (5'-3')	Size expected
		GTTGCCTTATCTGCTCTG	
	DCV	CGCATAACCATGCTCTTCTG	1195 pb
		CCAGATCACCCGAACTGAAT	
	FHV1	CGACCGATGGAAACCACAGTTC	933 pb
		CGTCACAACAACCCAAACAG	
	FHV2	CCACCGCTAGAACACCATCT	700 pb
		CGTCGAGTATTAGCGGCTTC	
	DXV a	GCCCTACGGAGTCCACATTA	490 pb
		TCAAGGCATTCGATCCCTAC	
	DXV b	CCATACGCGTTGTGTATTCG	519 pb
		ATGGCGCCAGTTAGTGCAGACCT	
	Nora	CCTGTTGTTCCAGTTGGGTTCGA	338 pb
		GACCTTCTCCGGCCTCAGCG	
	CrPv	GACCTAGGGTTGCTTCAGGTGC	518 pb
		AGAGTGGCTGTGAGGCAGAT	
	DAV	GCCATCTGACAACAGCTTGA	246 pb
	bacteria		
		TGGTCCAATAAGTGATGAAGAAAC	
	Wolbachia1	AAAAATTAAACGCTACTCCA	610 pb
	Wolbachia 2	TTTGCAAGTGAAACAGAAGG GCTTTGCTGGCAAAATGG	784 pb

Control of Wolbachia infection in flies (estimated time: 1 month)

  

Table 2

 2 

	PIWI 843 aa				PAZ				PIWI
	0	100	200	300	400	500	600	700	800
		piwi 1				piwi 2			
		insertion P{PZ} in exon1	insertion P{ry11} in exon4	
	Aubergine 866 aa				PAZ				PIWI
	0	100	200	300	400	500	600	700	800
		QC42							HN2
		Y93 Stop							Q622 Stop
	Argonaute3 867 aa				PAZ				PIWI
	0	100	200	300	400	500	600	700	800
						t3 W452Stop	t2 deletion	
							N513 to D523	
	Zucchini								
	253aa								
	0	100	200					
		SG63		HM27					
		H168 Y	Q5 Stop					

) before the introgression steps. These flies are not viable in homozygosis, thus obtaining piRNA pathway mutants necessitated a crossing between heterozygote mutants for different alleles. Different mutant alleles are available for the same proteins; according to the literature (23, 24) I selected (Fig.

7

):

  and Zuc SG63 ; described inPane et al. 2007 (28) 

	Mutants name	Mutagens	Genotype	Genetic background	Oligonucleotides primers (5'-3')
	Zucchini HM27	Ethyl methanesulfonate	+;cnbwZuc HM27 /Cyo;+	+;Cnbw;+	CGGCTTGCCTTCTCTCGCTT TTCGAATGGGCAAGCGCATG
	Zucchini SG63	Ethyl methanesulfonate	yw c ;pr c px sp Zuc SG63 /Cyo;+	yw c ;pr c px sp ;+	AAACGTGGCTGTGAGTTTGT TTTGGCGGATTCAATAAAGC
	Argonaute-3 t2	Ethyl methanesulfonate	Bw 1 ;st 1 Ago-3 t2 /TM6B; Tb +	Bw 1 ;st1;Tb+	TACAAGAGTTTCGCCAAATCA TTGCAGCATAACGATCATCTC
	Argonaute-3 t3	Ethyl methanesulfonate	Bw 1 ;st 1 Ago-3 t3 /TM6B; Tb 1	Bw 1 ;st 1 ;Tb 1	TACAAGAGTTTCGCCAAATCA TTGCAGCATAACGATCATCTC
	Aubergine HN2	Ethyl methanesulfonate	+;Aub HN2 cn 1 bw 1 /Cyo;+	+;cn 1 bw 1 ;+	CTAGATTAACCCCAACTAAGC GTGGAGAAGTAGCGGAAAGAC
	Aubergine QC42	Ethyl methanesulfonate	w 1118 ;Aub QC42 cn 1 bw 1 /Cyo;P (sevRasI.v12)FK1	w 1118 ;cn 1 bw 1 ;P (sevRasl.v12)F K1	TTCGAACCCAGCTTCTGTGAG ATACAAGAAAGACCGTCGCAG
	Piwi 1	P-element activity	w 1118 ;P(PZ)Piwi1/Cyo;+	w 1118 ;P(PZ) ;+	NA
	Piwi 2				

P-element activity w 1118 ;P(ry 11 )Piwi2/Cyo+ ;+ w 1118 ;P(ry 11 );+ NA Table 2. piRNA mutants description

  Nodaviridae], originally isolated from the grass grub Costelytra zealandica(35), and the rice stem borer larvaeisolated Invertebrate iridescent virus 6 [IIV-6; dsDNA, Iridoviridae] (36), among others, is also possible under laboratory conditions.

	These include Dro-
	sophila Cvirus[DCV;(+)ssRNA Dicistroviridae], Drosophila Xvirus
	[DXV; bisegmented dsRNA, Birnaviridae], Drosophila Av i r u s
	[DAV; (+)ssRNA, unclassified, related to Permutotetraviridae], Nora
	virus [NoraV; (+)ssRNA, unclassified, related to Picornaviridae], and
	D. melanogaster sigma virus [DMelSV, (-)ssRNA, Rhabdoviridae]
	(34). Infection of flies with viruses from other insect hosts, such as
	SINV, a mosquito-infecting arbovirus; Flock house virus [FHV;
	bisegmented (+)ssRNA,

Table S9 . Deep sequencing results summary

 S9 

	type of infection	virus	Fly strain	% Dmel	% remaining	% viral reads (a)	% 21pb (b)	% 24-26pb (c)
			w1118	86.99	13.01	35.6	63,00	5.7
		DCV	Dcr2	93.11	6.89	3.35	16,00	16.7
			Ago2	94.58	5.42	2.47	15,00	13.6
			w1118	89.37	10.63	33.81	88,00	0.4
		DXVA	Dcr2	94.89	5.11	0.75	15,00	12.1
	acute		Ago2 w1118	93.66 89.37	6.34 10.63	2.19 33.81	16,00 88,00	9.27 0.52
		DXVB	Dcr2	94.89	5.11	0.75	16,00	9.91
			Ago2	93.66	6.34	2.19	18,00	5.7
			w1118	88.93	11.07	33.4	90,00	0.2
		SINV	Dcr2	94.64	5.36	0.39	50,00	5.3
			Ago2	92.5	7.5	6.9	51,00	14.3
		DAV	Ago3t1/ TM6B	62.75	37.25	5.43	82.33	0.73
	persistent	DCV	Ago3t3/ TM6Bb	86.17	13.83	1.88	69,97	2,89
		Nora	PGRP	87.13	13.83	0.43	67,40	1,66
	acute	Sigma	w1118 22a	94.07 84.34	5.93 15.66	18.46 2.86	69,70 68,24	0,23 0,56
	persistent		E320	89.26	10.74	16.54	68,60	0,42
			w1118	40.85	59.15	0.97	84,07	1,64
	acute	IIV6	Dcr2	15.97	84.03	0,01	31,53	22,12
			Ago2	48.7	51.3	3.86	74,12	3,76
	(a) proportion of remaining small RNA reads that map to the viral genome		
	(b) proportion of viral reads displaying a length of 21 pb			
	(c) proportion viral reads displaying a length of 24-26 pb			

Table S10 . Genotype of the flies used in the study

 S10 

	Experiment	Fly name	Fly genotype
		w 1118	+;+;+
	Acute infection	Dcr2 -/-	+;Dcr2 L811fsX ;+
		Ago2 -/-	+;+;Ago2 414 /TM6, Sb 1 Tb 1
		Ago3 t1	bw 1 ;st 1 Ago3 t1 /TM6B;Tb +
	Persistent infection	Ago3 t3	bw 1 ;st 1 Ago3 t3 /TM6B;Tb +
		PGRP	ywP ry+;dipt-LacZ ,p W+;DSR-gfp ;+;PGRP-Lc e12 /TM6B
		w 1118	+;+;+
	Sigma infection	22a	Reference (48)
		E320	Reference (46)
		w 1118	+;+;+
	IIV6 infection	Dcr2 -/-	y d2 w 1118 , P{ry +t7.2 =ey-FLP.N}2 ; Dcr2 L811fsX ; +
		Ago2 -/-	w*;+ ; AGO2 414 /TM6, Sb 1 Tb 1

Table 3 .

 3 qPCR primers list Figure 10. Expression level of the housekeeping gene rp49

Table 4 .

 4 Copy number in the Drosophila melanogaster genome of the 24 transposons used in

	Category	name	copy on 2R	copy on 2L	copy on 3R	copy on 3L	copy on X	copy on	total
		Bari2	0	2	2	0	0		5
	DNA	Bari1	1	1	2	0	1		6
	transposons	H	18	18	15	5	13		69
		S	14	6	16	12	8		62
		17.6	4	3	2	7	5		21
		297	13	14	9	17	25		81
		Burdock	8	4	4	0	4		22
		Mc Clintock	2	1	0	4	0		8
		Idefix	3	5	1	6	2		17
		micropia	4	1	5	2	1		13
		blood	4	14	5	4	2		29
	LTR retrotransposons	opus rover	12 1	6 0	8 2	7 0	3 5		36 8
		quasimodo	6	5	2	10	4		29
		flea	11	3	2	4	9		30
		roo	28	30	26	35	35		154
		transpac	1	1	2	0	2		6
		springer	7	5	3	9	5		29
		HMS-Beagle	4	12	4	1	7		28
		Juan	2	1	2	1	5		11
		Jockey	19	16	16	19	23		97
	Non-LTR retrotransposons	R1a1	6	2	1	4	10		26
		F	21	12	13	17	6		74
		I	11	9	7	3	9		41
	this study								
	Even if my results do not show differences in TE expression at 2 and 3 days post infection, it
	would be interesting to perform the same study at different times points of infection but also
	during acute and persistent infection. This study could shed light on the relationship between
	infectious status and TEs expression.						
	Additionally, the study of the TE mobility during infection, by the use of techniques such as
	Southern Blot or Transposons display technique (21, 22), could shed light on the impact of
	viral infection on TEs movement in the host genome.				

2o f1 0 | www.pnas.org/cgi/doi/10.1073/pnas.1607952113 Petit et al.
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Chapter 2

On the importance of fly genetic background

Discussion

The piRNA pathway was recently implicated in antiviral defense in insects. This pathway is based on small RNAs and was first identified as the main mechanism controlling TE activity in animal genomes. Despite the fact that viral-derived piRNAs were first suggested to be present in Drosophila OSS cells (24), and that Aubergine (10) and Piwi (37) mutant flies appeared to be more sensitive to viral infection, none of these studies actively sought to prove or disprove the existence of viral piRNAs in Drosophila. The reports that followed used arboviral infections of mosquitoes or mosquito cells in culture as model systems. We decided to carry out a comprehensive study on the role of the piRNA pathway during viral infection in D. melanogaster. Using an array of RNAi mutants, an array of viruses corresponding to different families with (+)ssRNA, dsRNA, and dsDNA genomes that, naturally or not, infect the fly, our phenotypic observations of the impact of viral infection on piRNA mutants via measures of fly survival and viral loads, as well as high-throughput sequencing, we demonstrate that (i)m u t a n ta d u l tf l i e sf o rk e yc o m p o n e n t so f the piRNA pathway (Zuc, Piwi, Aub, and Ago-3) are no more susceptible than WT flies to two Drosophila viruses (DCV and DXV) and an arbovirus (SINV); (ii) no vpiRNAs are produced during acute infections with DCV, DXV, SINV, DMelSV, IIV6, and FHV; (iii) no vpiRNAs are produced during persistent infections with DCV, NoraV, DAV, or DMelSV; (iv) in the absence of the siRNA pathway (Ago-2 and Dcr-2 mutants), no vpiRNAs are produced during DCV, DXV, and SINV infection; and (v) no vpiRNAs are detected during infection with DmelSV, DXV, and FHV, shown to infect ovarian cells (51,52). Taken together, these results indicate that the piRNA pathway is not involved in the antiviral response mediated by vpiRNAs. In addition, our capacity to detect somatic piRNAs from ovarian somatic sheet cells when performing deep sequencing of ovaries indicates that we are not missing a very low number of vpiRNAs that could have been generated by this cell type. Indeed, Flamenco has been proposed as an ovarian somatic sheet cells-only piRNA cluster, and as such validates the sensitivity of our deep-sequencing methodology.

Before vpiRNAs were described, Zambon et al. (10) and Chotkowski et al. (37) reported that Piwi and Aub mutant flies were more sensitive to DXV and WNV infection, displaying an accelerated death and higher viral loads compared with WT flies. The fact that we did not observe the same phenotype in flies that are backcrossed leads us to believe that their observation is based on a genetic background effect. The background effect was acknowledged in recent publications (53), and there is considerable natural genetic variation among Drosophila lines in their susceptibility to the viruses that we have studied. Thus, our results reinforce the importance of studying mutants in the same genetic backgrounds to avoid misleading interpretations.

Along with the genetic background, our results also allow us to rule out effects due to superinfection. Indeed, a recent study found that about 40% of fly stocks are persistently infected with different viruses (54). As described in Materials and Methods,o u rf l ys t o c k s were treated to eliminate Wolbachia (antibiotic treatment) and persistent viruses (bleach treatment of the embryos); therefore, previous infections and genetic background are not issues when analyzing our results.

It has been shown that genes involved in pathogen defense evolve much faster than the rest of the genome. Ago-2 is a clear example of this observation (55). Interestingly, genes in the piRNA pathway, including Piwi and Aub,a l s oe v o l v ev e r yr a p i d l y ,w h i c hh a sb e e n suggested to be caused by adaptation to the ever-changing landscape of transposition activity in the fly (55,56). The possibility that through regulation of transposons in somatic and germ-line tissues, the piRNA pathway could tune or control in a subtle manner the immune state of the host by genes involved in immunity cannot be disregarded. A curious example arises when studying the Flamenco locus, which is located downstream of the DIP1 gene and is the source of piRNAs that silence various transposable elements. Flamenco-derived piRNAs are produced exclusively from the plus strand of the genome, indicating transcription from the DIP1 gene toward the centromere (40). Recently, DIP1 was reported to be involved in antiviral immunity against DCV, but not against DXV (57). Fly mutants for DIP1 are hypersensitive to DCV infection, and the authors postulated that DIP1 is a novel antiviral gene. The fact that Flamenco-derived piRNAs in somatic tissues in the ovary are produced from transcription from the DIP1 gene (40) allows us to hypothesize that DIP1-mediated DCV sensitivity is dependent on the presence of piRNAs targeting the DIP1 gene. In this way, the piRNA pathway or, more precisely, the production of piRNAs from the Flamenco locus, would not have a direct and general effect as an antiviral but instead would have an indirect and virus-specific effect. Alternatively, it could be presumed that the piRNA pathway exhibits an antiviral effect in Drosophila larvae or embryos. This hypothesis merits further study together with the antiviral response during development in flies and other model insects.

Interestingly, whereas flies encodethreePiwiproteins(Piwi,Aub, and Ago-3), the Piwi family is expanded to eight members (Piwi 1-7 and Ago-3) in the mosquito Aedes aegypti and to seven members in Culex pipiens (58). It is tempting to speculate that during speciation and diversification of piRNA pathway proteins, the piRNA pathway gained additional functions in addition to the repression of transposon activity in mosquitoes, while remaining focused exclusively on the control of transposons in the fly. Alternatively, it could be proposed that the piRNA pathway has lost an ancestral antiviral