Trans-kingdom RNAi against phytopathogenic bacteria cellules végétales. De plus, nous avons montré qu'une perturbation de l'homéostasie d'AGO1 peut altérer l'activité de la fraction d'AGO1 liée à la chromatine, et que ces effets moléculaires étaient associés à l'activation de l'ETI médiée par la paire de NLR RRS1 et RESISTANCE TO PSEUDOMONAS SYRINGAE 4 (RPS4). Cette étude suggère donc que la fraction d'AGO1 liée à la chromatine pourrait être protégée par le complexe de récepteurs immunitaires RRS1/RPS4, qui serait vraisemblablement converti à un état activé lors de la perturbation de l'homéostasie d'AGO1. En résumé, cette étude décrit pour la première fois une stratégie utilisée par un effecteur bactérien pour cibler directement une protéine AGO et le mécanisme potentiel par lequel les plantes perçoivent son activité de suppression du RNA silencing pour déclencher une contre-contre-défense de l'hôte.

Chapter 1

Role of small RNAs in plant-pathogen interactions:

General Introduction

the signaling events that are triggered downstream of HopT1-1 recognition.

To address these questions, we have combined molecular biology, cell biology, genetics and biochemical approaches using mostly the well-established Arabidopsis-Pto DC3000 pathosystem.
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Thesis summary

RNA silencing or RNA interference (RNAi) is a conserved gene regulatory mechanism that has been characterized as an antiviral defense response by repressing translation, accumulation and/or replication of viral RNAs. In plants, RNAi has also been shown to control resistance against bacterial, fungal and oomycete pathogens partly by fine-tuning the expression of immune-responsive genes. The core mechanism of RNAi involves the processing of double-stranded RNAs (dsRNAs) or single-stranded RNAs (ssRNAs) carrying stem loop structures (e.g. primary microRNA -miRNA-transcripts) by Dicer-Like (DCL) proteins leading to the production of 20-25 nt long short interfering RNAs (siRNAs) or miRNAs. siRNAs or miRNAs are then loaded into Argonaute (AGO) proteins to direct Post-Transcriptional Gene Silencing (PTGS) of sequence complementary mRNA targets through endonucleolytic cleavage and/or translational inhibition.

An important feature of plant small RNAs, and particularly of siRNAs, is their ability to trigger non-cell autonomous silencing in adjacent cells as well as in distal tissues. This phenomenon is essential to prime antiviral response ahead of the infection front but also to translocate silencing signals between plant cells and their non-viral eukaryotic interacting (micro)organisms. However, there is currently no evidence that plant small RNAs could directly reprogram bacterial gene expression as part of an antibacterial defense response. This intriguing scenario would suggest that plant small RNAs are capable of (i) passing through the plant plasma membrane and cell wall to reach the extracellular space (ii) being taken-up by bacterial cells, and (ii) acting in prokaryotic cells that do not possess a canonical eukaryotic-like RNAi machinery.

Here, we have investigated this intriguing hypothesis using the Gram-negative bacterium Pseudomonas syringae pv. tomato strain DC3000 (Pto DC3000) as an experimental model system. For this end, we have generated and characterized Arabidopsis-based transgenic systems expressing artificial small RNAs directed against key virulence-associated genes from Pto DC3000. Interestingly, we found that these Arabidopsis-encoded small RNAs were competent in repressing the expression of the targeted virulence factors during infection. This Antibacterial Gene Silencing (AGS) phenomenon was associated with a reduced bacterial pathogenesis, which was also observed upon external application of corresponding plant-derived small RNAs onto wild-type Arabidopsis and tomato leaves prior to infection. Furthermore, we demonstrate that these plant small RNA species were causal for both AGS and pathogenesis suppression. This implies that the Gram-negative bacterium Pto DC3000 is capable of taking-up -passively and/or actively-small RNAs despite the presence of a cell wall comprising an intricate double membrane structure, namely the bacterial inner and outer membranes. In addition, we discovered that apoplastic small RNAs, which are competent for AGS, were either embedded into Extracellular Vesicles (EVs) or presumably in a free form. The latter small RNA species have not yet been reported and were referred to as Extracellular Free Small RNAs (efsRNAs). Overall, this thesis work unveils a novel phenomenon of trans-kingdom regulation between a eukaryotic host and a prokaryotic pathogen and thus makes significant advances in the fields of RNA biology, microbiology and host-bacterial interactions.

Given that PTGS plays a major role in regulating plant immune responses as well as in targeting viral but also non-viral pathogen transcripts, it is not surprising that many pathogens have evolved strategies to suppress PTGS as part of their virulence function. This phenomenon has been extensively characterized in plant-viral interactions and we know now that most, if not all, plant RNA viruses encode Viral Suppressors of RNA silencing (VSRs). Effectors derived from plant pathogenic bacteria, oomycetes and fungi have also recently been shown to suppress PTGS to enable disease. More specifically, Pto DC3000 was found to inject a series of type-III secreted proteins in Arabidopsis host cells to suppress different steps of the miRNA pathway. However, it is currently unknown whether any of these Bacterial Suppressors of RNA silencing (BSRs) could directly interact with, and interfere with the function of, components of the RNA silencing machinery.

Thesis summary

Trans-kingdom RNAi against phytopathogenic bacteria Here, we report that one of such BSRs, namely Hrp outer protein T1-1 (HopT1-1) is a critical virulence determinant of Pto DC3000 that promotes pathogenicity by suppressing the AGO1-dependent miRNA pathway in Arabidopsis. We show that HopT1-1 can physically interact with Arabidopsis AGO1 through two conserved glycine/tryptophan (GW) motifs, which represent AGO-binding platforms previously found in some metazoan and plant silencing factors. We also provide evidence that the GW motifs of HopT1-1 are essential for its ability to suppress plant immunity mediated by evolutionarily conserved Pathogen-Associated Molecular Patterns (PAMPs). These results indicate that the silencing suppression activity of HopT1-1 is coupled with its virulence function and likely relies on the targeting of Arabidopsis AGO1. In addition, we show that plants can sense the silencing suppression activity of HopT1-1 and in turn activate Effector-Triggered Immunity (ETI), which was associated with an over-accumulation of some RNA silencing factors that are controlled by miRNAs, including AGO1, AGO2 and DICER-LIKE 1 (DCL1).

Remarkably, alleviating miR168-directed silencing of AGO1 was sufficient to trigger an ETIlike response, orchestrated by the nucleotide-binding domain and leucine-rich repeat (NLR) immune receptor signaling factor PHYTOALEXIN DEFICIENT 4 (PAD4) and by downstream salicylic acid (SA)-mediated defense. These findings indicate that HopT1-1-induced disruption of AGO1 homeostasis represents one trigger of ETI that likely activates downstream defense signaling. They also suggested that disruption of AGO1 homeostasis might be sensed as a signal for ETI activation. Consistent with this idea, we found that Arabidopsis AGO1 physically interacts with the NLR immune receptor RESISTANT TO RALSTONIA SOLANACEARUM 1 (RRS1) in plant cell nuclei. Furthermore, we show that a perturbation of AGO1 homeostasis can alter the chromatin-bound activity of AGO1 over transcription of active genes, which was associated with ETI activation mediated by the dual NLR pair RRS1 and RESISTANCE TO PSEUDOMONAS SYRINGAE 4 (RPS4). This study therefore suggests that the pool of chromatin-bound AGO1 might be guarded by the RRS1/RPS4 immune receptor complex, which is presumably converted to an activated state upon disruption of AGO1 homeostasis. In summary, this study reports for the first time a strategy used by a bacterial effector to directly target an AGO protein and on how plants perceive its silencing suppression activity to trigger a host counter-counter defense.

Résumé de thèse

Le « RNA silencing » ou l'interférence par ARN (ARNi) est un mécanisme de régulation génique conservé qui joue une rôle important dans la défense antivirale en réprimant la traduction, l'accumulation et / ou la réplication des ARN viraux. Chez les plantes, il a également été démontré que l'ARNi contrôle la résistance aux agents pathogènes bactériens, fongiques et oomycètes en régulant l'expression de gènes impliqués dans la réponse immunitaire. Le mécanisme de base de l'ARNi implique la production d'ARN double brin (ARNdb) ou d'ARN simple brin (ARNsb) contenant des structure en tige-boucle (par exemple, les transcrits de microARN -miARN-primaires) qui sont clivés par les enzymes Dicer-Like (DCL) en petits ARN interférents (siARN) ou miARN de 20-25 nucléotides. Les siARN ou les miARN sont ensuite incorporés dans des complexes protéiques contenant une protéine Argonaute (AGO) et peuvent induire l'extinction post-transcriptionnelle de gène (PTGS) au niveau d'ARNm cibles de séquence complémentaire.

Une caractéristique importante des petits ARN de plantes, et en particulier des siARN, est leur capacité à déclencher une extinction de l'expression de gène cible dans les cellules adjacentes . Ce phénomène est essentiel pour protéger les plantes des infections virales à proximité du site de l'infection, mais également pour transférer petits ARN entre les cellules de la plante et les (micro)organismes eucaryotes non-viraux avec lesquels elles interagissent. Cependant, il n'existe actuellement aucune preuve que les petits ARN de plantes puissent reprogrammer directement l'expression de gènes bactériens dans le cadre d'une réponse de défense antibactérienne. Ce scénario intrigant suggèrerait que les petits ARN de plantes seraient capables (i) de passer à travers la membrane plasmique et la paroi cellulaire de la plante pour atteindre l'espace extracellulaire (ii) d'être internalisés par des cellules bactériennes, et (ii) d'agir dans des cellules procaryotes qui ne possèdent pas de machinerie de RNA silencing canonique de type eucaryote.

Ici, nous avons étudié cette hypothèse en utilisant la souche de bactérie Gram-négative Pseudomonas syringae pv. tomato DC3000 (Pto DC3000). À cette fin, nous avons généré et caractérisé des lignées transgéniques d'Arabidopsis exprimant des petits ARN artificiels dirigés contre des gènes de virulence de Pto DC3000. Fait intéressant, nous avons constaté que ces petits ARN exprimés par les plantes d'Arabidopsis étaient capables de réprimer l'expression des gènes bactériens cibles au cours de l'infection. Ce phénomène d'extinction de gène antibactérienne (AGS) était associé à une diminution de la pathogénèse bactérienne, également observée lors de l'application externe de petits ARN dérivés des plantes correspondantes sur des feuilles sauvages d'Arabidopsis et de tomate. De plus, nous avons découvert que ces espèces de petits ARN de plantes étaient responsables à la fois de l'AGS et de la suppression de la pathogenèse. Cela implique que la bactérie Gram-négative Pto DC3000 est capable d'internaliser, de manière passive et / ou active, des petits ARN malgré la présence d'une paroi cellulaire comprenant une structure complexe à double membrane, à savoir les membranes interne et externe de la bactérie. De plus, nous avons découvert que les petits ARN apoplastiques fonctionnels étaient soit intégrés dans des vésicules extracellulaires (EV), soit présent dans l'espace extracellulaire sous une forme libre. Ce travail de thèse révèle donc un tout un nouveau phénomène de régulation transrègne entre un hôte eucaryote et un agent pathogène procaryote et a permis de faire avancer de manière significative nos connaissances dans les domaines de la biologie de l'ARN, de la microbiologie et des interactions hôte-bactérie.

Étant donné que le PTGS joue un rôle majeur dans la régulation de la réponse immunitaire des plantes et dans le ciblage des transcrits viraux mais également non-viraux, il n'est pas surprenant que de nombreux pathogènes aient développé des stratégies pour supprimer le PTGS pour induire la maladie. Ce phénomène a été largement caractérisé dans les interactions plante-virus et nous savons maintenant que la plupart des virus à ARN de plante codent pour des suppresseurs viraux d'ARN interférence (VSR). Des effecteurs dérivés de bactéries phytopathogènes, d'oomycètes et de champignons ont également démontré leur capacité à inhiber le PTGS pour favoriser la maladie. Plus spécifiquement, Pto DC3000 s'est avéré injecter une série de protéines par son système de sécrétion de type III dans des cellules hôtes d'Arabidopsis afin de supprimer différentes étapes de la voie des miARN. Cependant, à l'heure actuelle nous ne savons pas si l'un de ces suppresseurs bactériens d'ARN interférence (BSR) pourrait interagir directement avec des composants de la machinerie d'ARN interférence et induire leur inactivation.

Dans ces travaux de thèse, nous avons démontré que l'un de ces BSR, à savoir la protéine HopT1-1, représente un facteur de virulence critique de Pto DC3000. Cet effecteur bactérien, favorise la pathogénicité en supprimant la voie des miARN d'Arabidopsis dépendante d'AGO1. Nous montrons que HopT1-1 était capable d'interagir physiquement avec la protéine AGO1 d'Arabidopsis par le biais de deux motifs glycine / tryptophane (GW) conservés, qui représentent des plates-formes de liaison aux protéines AGO précédemment identifiés chez certains facteurs d'inactivation de métazoaires et de plantes. Nous apportons également la preuve que les motifs GW de HopT1-1 sont essentiels pour sa capacité à supprimer l'immunité des plantes, médiée par des motifs moléculaires associés aux pathogènes (PAMPs). Ces résultats indiquent que l'activité de suppression du RNA silencing médiée par la protéine HopT1-1 est couplée à sa fonction de virulence et repose probablement sur le ciblage de la protéine AGO1 d'Arabidopsis. De plus, nous avons démontré que les plantes peuvent détecter l'activité de suppression du RNA silencing de 

Overview of plant immune system

The commencement of evolution of land plants dates back to more than 700 million years [START_REF] Heckman | Molecular evidence for the early colonization of land by fungi and plants[END_REF]. Ever since their existence, plants have been constantly exposed to complex environments and a diverse range of microbes such as virus, bacteria, fungi and oomycetes. Plants can harbor microorganisms of symbiotic, pathogenic or mutualistic nature, at both below and above ground level. Since the phyllosphere, which is the surface area of the aerial or above ground part of plants, is estimated to be approximately two times the land surface area on earth, it is presumed to be a suitable habitat for numerous microorganisms that colonize either the leaf surfaces (epiphytic) or inner leaf tissues (endophytic). The phyllosphere of a healthy plant is composed of a diverse range of nonpathogenic or commensal bacterial species with an average count of 10 6 -10 7 bacteria per square centimeter of leaf surface [START_REF] Lindow | Microbiology of the phyllosphere[END_REF]. Additionally, the phyllosphere hosts a diverse range of fungal species. Conversely, susceptible plants encounter pathogens that can either extract nutrients from the living cells (biotrophs) or rapidly kill their host and feed on dead plant cells (necrotrophs). Hemibiotrophs share characteristics with both biotrophic and necrotrophic pathogens (Kraipeil et al., 2015). They initially maintain their hosts alive and thus employ a biotrophic lifestyle prior to a transition towards a necrotrophic phase. Some phytopathogenic bacteria are considered as hemibiotrophs as they possess arms to suppress or avoid premature elicitation of plants defense mechanisms initially to develop on living hosts, and can later trigger necrosis, which is required for disease development and possibly for the uptake of nutrients from dead cells [START_REF] Guttman | Microbial genome-enabled insights into plant-microorganism interactions[END_REF].

The epiphytic lifestyle of phytopathogenic bacteria is marked by the initial phase of foliar colonization. Plants produce a wide range of structurally diverse secondary metabolites with antimicrobial activity, which specifically targets pathogenic bacteria. Also, there are several other physical barriers that have to be breached by the bacteria to reach inner leaf tissues.

It was previously assumed that the entry of bacteria into leaf tissues through natural openings such as stomata was a passive process as the daily opening and closing of stomata reflects the internal circadian rhythm of plants. However, several lines of evidence indicate that stomata actively close in response to bacteria or when exposed to mirobial-derived conserved molecules (Melotto et al., 2006;[START_REF] Gudesblat | Stomata and pathogens: Warfare at the gates[END_REF]; Because not all stomata are closed, those 'non-responsive' open stomata (e.g., stomate on the left) may provide a route for bacterial entry at a basal level. Dashed arrows indicate diffusion of PAMPs on the epidermal surface or in the intercellular space (apoplast) between mesophyll cells, which can also perceive PAMPs and activate additional host defenses. (c) In the case of the virulent plant pathogen Pst DC3000, 3h after infection bacteria produce diffusible COR in the apoplast and/or on the plant surface to re-open closed stomata (e.g., middle stomate), thereby increasing the number of sites for bacterial invasion. Pst DC3000 bacteria also inject TTSS effectors into mesophyll cells to suppress host defenses and to release nutrients. COR and TTSS effectors have overlapping functions in the suppression of host defenses in the apoplast and in the promotion of disease symptoms (see text). Left panel: pictures under light microscopes of representative stomata exposed with mock solution (top panel) and with pto DC3000 in absence (middle panel) or in presence of COR (bottom panel) (Lee et al., 2013).! (Taken from [START_REF] Melotto | Role of stomata in plant innate immunity and foliar bacterial diseases[END_REF] Role of Stomata in Plant Innate Immunity and Foliar Bacterial Diseases)! [START_REF] Schellenberg | Pseudomonas syringae virulence factor syringolin A counteracts stomatal immunity by proteasome inhibition[END_REF][START_REF] Roy | Escherichia coli O157: H7 induces stronger plant immunity than Salmonella enterica Typhimurium SL1344[END_REF], indicating that guard cells can perceive microbes and trigger a signaling cascade that triggers stomatal closure. Bacterial-triggered stomata closure is a response that occurs in less than an hour, which is directly part of a plant immune response (Figure 1) as it involves recognition of bacterial Pathogen or Microbe Associated Molecular Pattern (PAMPs or MAMPs) by Pattern Recognition Receptor (PRRs) and homeostasis of the defense hormone salicylic acid (SA) in the guard cell (Melotto et al., 2006). These overall physical and chemical barriers that control the entry of phytopathogens are often referred to as the "pre-invasive immunity". To reach the inner leaf tissues and eventually establish an endophytic lifestyle, pathogens can pass through wound sites or suppress pre-invasive immunity at the natural openings, such as stomata.

Pto DC3000 has evolved a natural virulence mechanism that can counteract PAMP-induced stomatal closure. Pto DC3000 delivers in the host cell cytoplasm a well-characterized virulence factor, the phytotoxin coronatine (COR) [START_REF] Bent | Elicitors, effectors, and R genes: The new paradigm and a life supply of questions[END_REF], which was shown to be essential to re-open the stomata three hours after PAMPs perception (Melotto et al., 2006) (Figure 1). In order to subsequently colonize and multiply in the inner leaf tissue (apoplast or vascular tissue), Pto DC3000 notably delivers effectors through the type-three secretion system (T3SS) to suppress "post-invasive immunity". These different layers of immunity rely on sophisticated active cellular and molecular defense mechanisms, often referred to as the plant immune system [START_REF] Doughari | An Overview of Plant Immunity[END_REF].

More specifically, phytopathogens encounters PRRs and can readily recognize PAMPs/MAMPs of diverse range of pathogens in a non-specific manner as part of both preand post-invasive immunity (Couto and Zipfel., 2016) (Figure 2). Plant PRRs are composed of receptor-like kinases (RLKs) and receptor-like proteins (RLPs), which are structurally and functionally analogous to animal Toll-Like Receptors (Li et al., 2016). The best-characterized plants PRRs are the FLS2 and EFR receptors, which recognize conserved epitopes from bacterial flagellin or elongation factor Tu, respectively (Gómez-Gómez and Boller, 2000;Zipfel et al., 2006). Perception of a microorganism at the cell surface initiates a complex phosphorylation cascade at the PRR complex that triggers PAMP-triggered immunity (PTI), which is for instance characterized by in planta production of reactive oxygen species (ROS), callose deposition, SA accumulation and expression of PATHOGENESIS RELATED (PR) genes Figure 2. Plant innate immune response to pathogens: arm-race between host plant and bacteria.! Upon pathogen attack, pathogen-associated molecular patterns (PAMPs), like flagellin from P. syringae DC3000 (Pto DC3000) are recognized by pattern-recognition receptors (PRRs), like FLS2, in the host, activating downstream signaling cascade (MAP kinase activation) that leads to PAMP-triggered immunity (PTI) in order to restrict bacteria growth. Virulent pathogens have acquired virulence factors such as effectors that are injected by the type three secretion system (TT3S) into the host cell cytoplasm to suppress PTI as well as a toxin, coronatine (COR), that suppress salicylic acid (SA) pathway. In turn, plants have acquired resistance intracellular receptors NBS-LRR or R proteins that recognize, directly or indirectly, some bacterial effectors, resulting in a powerful immune response called effector-triggered immunity (ETI) that can lead to a cell death.! to subsequently limit the invasion by the pathogen (Gómez-Gómez et al. 1999;Felix et al., 1999;Zipfel et al., 2004;Navarro et al., 2004;Zipfel et al., 2006;Couto and Zipfel, 2016;Hauck et al., 2003;Tsuda and Katagiri, 2010) (Figure 2). Successful pathogens have evolved the means to counteract and suppress PTI notably by secreting pathogenicity factors, known as "effector" proteins into the plant cell cytosol that presumably target host proteins and suppress PAMP recognition and/or signaling (Figure 2). For instance, the Pto DC3000 injects 36 type-III secreted effectors into plant cells to dampen PTI (Jones and Dangl, 2006;[START_REF] Wei | Pseudomonas syringae pv. tomato DC3000 Type III Secretion Effector Polymutants Reveal an Interplay between HopAD1 and AvrPtoB[END_REF]. There are other factors/toxins produced by the bacterial pathogens such as COR that plays multiple roles in bacterial pathogenesis by facilitating the entry of bacterial cells through stomata and by suppressing plant defense responses mediated by SA (Figure 2), a phytohormone that is critical for controlling resistance against biotrophic pathogens [START_REF] Geng | The phytotoxin coronatine is a multifunctional component of the virulence armament of Pseudomonas syringae[END_REF]. To counteract PTI, plants have notably evolved specialized intracellular receptors, which belong to the nucleotide-binding domain (NBD), leucine-rich repeat (NLR) superfamily (described in details in the introduction of chapter 3 part II). Plant NLRs can recognize microbial effectors, directly or indirectly, and restore a pronounced immune response, referred to as Effector-Triggered Immunity (ETI) (Figure 2). ETI responses significantly overlap with PTI responses, although with a stronger amplitude, and often lead to a cell death phenotype also known as the Hypersensitive Response (HR) (Jones and Dangl, 2006).

Although PTI and ETI responses are essential to fight-off pathogens, they need to be tightly regulated in the absence and/or presence of pathogens to prevent trade-off effects. During the last decade, it has been well demonstrated that the regulation and activation of PTI and/or ETI responses are regulated by small non-coding RNAs (sRNAs) (Staiger et al., 2013;Pumplin and Voinnet 2013). Besides their role in regulating endogenous gene expression, plant small RNAs additionally control directly the replication of viruses and can even translocate inside eukaryotic parasite cells, a phenomenon referred to as trans-kingdom RNA interference (RNAi) [START_REF] Huang | Small RNAs -Big Players in Plant-Microbe Interactions[END_REF]. Here we will mainly highlight the plausible role of plant sRNAs in trans-kingdom gene regulation in both eukaryotic and prokaryotic pathogens, even if prokaryotes do not possess canonical RNAi machinery. Also, we will further discuss the possible mechanism by which these sRNAs could traffic between these Chapter 1 kingdoms. We will further provide some insights into the counter-defense strategy employed by different pathogens to suppress RNA silencing to enable disease.

Overview of small RNA pathways implicated in post-transcriptional gene silencing in plants

Plant small RNAs involved in post-transcriptional gene silencing are divided into two major classes, namely microRNAs (miRNAs) and small interfering RNAs (siRNAs) that are distinguished by their mode of biogenesis. MicroRNAs are typically 20-22 nt long in size (Figure 3a). They are produced in a two-step process involving in the first place the processing of RNA polymerase II (Pol II)-dependent primary miRNA transcripts (pri-miRNAs) into miRNA precursors (pre-miRNAs), which are again processed into miRNA/miRNA* duplexes. The two processing steps are directed by the Dicer-Like 1 (DCL1) RNase-III endonuclease, which is present in a nuclear protein complex composed of other miRNA biogenesis factors such as HYPONASTIC LEAVES 1 (HYL1) and SERRATE (SE) (Katiyar-Agarwal and [START_REF] Katiyar-Agarwal | Role of small RNAs in host-microbe interactions[END_REF][START_REF] Rogers | Biogenesis, turnover, and mode of action of plant microRNAs[END_REF]Holoch and Moazed, 2015). The two 3' termini of the miRNA/miRNA* duplex are 2'-O-methylated by HUA ENHANCER 1 (HEN1) and this modification is required to protect them from 3' terminal uridylation and degradation [START_REF] Boutet | Arabidopsis HEN1: a genetic link between endogenous miRNA controlling development and siRNA controlling transgene silencing and virus resistance[END_REF][START_REF] Yu | Methylation as a crucial step in plant microRNA biogenesis[END_REF] (Figure 3a). The majority of miRNA duplexes are bound by AGO1, a central component of the post-transcriptional RNA-induced silencing complex (RISC) in plants [START_REF] Vaucheret | Plant ARGONAUTES[END_REF]. Subsequent strand separation on the AGO1 protein forms a mature RISC composed of AGO1 and the mature miRNA, the guide strand, while the passenger strand is degraded (Figure 3a). The majority of miRNAs that are incorporated in AGO1 exhibit a 5'-uridine nucleotide composition. Other miRNAs with different 5' nucleotide compositions are bound by different AGOs (Mi et al., 2008). This is for instance the case of the Arabidopsis miR393b*, which starts with a 5' adenosine and that is incorporated into AGO2 during antibacterial defense (Zhang et al., 2011). This highlights a selective sorting mechanism of miRNAs in different AGOs, which has also been observed for siRNAs.

Short interfering RNAs (siRNAs) are majorly 20-24 nt long in size. They are typically processed from long double-stranded RNA (dsRNA) molecules, which are derived from either endogenous or exogenous loci, such as viral transcripts or transgenes (Henderson et al., 2006;[START_REF] Zhang | Biogenesis, Function, and Applications of Virus-Derived Small RNAs in Plants[END_REF]. Endogenous siRNAs differ from miRNAs in that they are produced from distinct biogenesis pathways, which often involve the action of RNAdependent RNA polymerases (RDRs) that convert single-stranded RNAs into dsRNAs [START_REF] Chapman | Specialization and evolution of endogenous small RNA pathways[END_REF]Zhang et al. 2012). This is for example the case of the biosynthesis of trans-acting siRNAs (tasiRNAs) (Figure 3b), phased-secondary siRNAs (phasiRNAs), natural antisense siRNAs (natsiRNAs) (Figure 3c) and epigenetically activated siRNAs (easiRNAs), which are all required for post-transcriptional gene silencing (Bologna and Voinnet, 2014). However, some RDR-independent endogenous siRNAs can also be produced from specific miRNA precursors (e.g. young miRNAs), but also from long endogenous inverted repeats, which resemble artificial inverted repeat transgenes. In all cases, the resulting dsRNA precursors are further processed by DCL proteins (i.e. DCL2, DCL3 and/or DCL4) enzymes, which give rise to siRNA duplexes that are also protected from degradation through HEN1-dependent methylation, and further bound by different AGO proteins (Bologna and Voinnet, 2014). The tasiRNA species are produced from TAS precursor transcripts, which possess one or more miRNA target sites (Allen et al., 2005;[START_REF] Yoshikawa | A pathway for the biogenesis of trans-acting siRNAs in Arabidopsis[END_REF] (Figure 3b). The miRNA-mediated cleavage products of TAS transcripts are converted by RDR6 into dsRNAs and subsequently processed by DCL4 and DCL2 into 21-22 nt "phased" siRNA species, which can function in trans to target proteincoding genes (Montgomery et al., 2008). TAS genes were initially thought to produce noncoding RNAs but recent studies indicate the presence of small ORFs (sORFs) at these loci, which are required for TAS transcripts stability and tasiRNA biogenesis [START_REF] Bazin | Global analysis of ribosome-associated noncoding RNAs unveils new modes of translational regulation[END_REF][START_REF] Yoshikawa | A Short Open Reading Frame Encompassing the MicroRNA173 Target Site Plays a Role in trans-Acting Small Interfering RNA Biogenesis[END_REF]. Importantly, the slicing activity of AGO1 is critical for the phase definition of tasiRNAs but is dispensable for their biogenesis (Arribas-hernandez et al., 2016). This implies that RDR6 is likely recruited at TAS transcripts by AGO1 rather than as a consequence of miRNA-directed fragment cleavage. The functions of TAS genes have been well studied in Arabidopsis, which has four families of TAS genes (Rajagopalan et al., 2006).

They have been implicated in various developmental and physiological processes [START_REF] Fahlgren | Regulation of AUXIN RESPONSE FACTOR3 by TAS3 ta-siRNA affects developmental timing and patterning in Arabidopsis[END_REF][START_REF] Garcia | Specification of leaf polarity in Arabidopsis via the trans-acting siRNA pathway[END_REF][START_REF] Marin | miR390, Arabidopsis TAS3 tasiRNAs, and their AUXIN RESPONSE FACTOR targets define an autoregulatory network quantitatively regulating lateral root growth[END_REF]. As an example, the evolutionarily conserved TAS3 locus is targeted by the miR390-AGO7 complex functioning at two target sites of the TAS3 transcripts (Figure 3b), resulting in the production of tasiRNAs known as tasi-ARFs (Montgomery et al., 2008). These tasi-ARFs negatively regulate specific Auxin Response Factors (ARFs) to control lateral root development but also juvenile-to-adult Chapter 1 phase transition. The biogenesis of phasiRNAs is identical to that of tasiRNAs and many NLR genes from different plant species were shown to produce these small RNA species that can act in cis but also in trans (see below) (Fei et al., 2013). They are typically triggered by 22 nt miRNAs in complex with AGO1 protein directing silencing of primary precursor (PHAS) transcripts, which are converted by RDR enzymes into dsRNAs and processed by DCL proteins, leading to the production of 21 nt or 24 nt phasiRNAs, the latter 24 nt-phasiRNA pathway being present in a broad range of angiosperms [START_REF] Xia | 24-nt reproductive phasiRNAs are broadly present in angiosperms[END_REF]. Similar to tasiRNA and phasiRNA pathways, easiRNAs are produced from transcriptionally reactivated transposable elements, often triggered by miRNAs, and require RDR6 and DCL4 for their biogenesis (Nuthikattu et al., 2013). In Arabidopsis, easiRNAs were shown to be produced in the context of epigenetic reprogramming in mature pollen [START_REF] Slotkin | Epigenetic reprogramming and small RNA silencing of transposable elements in pollen[END_REF], in parental genome dosage [START_REF] Martinez | Paternal easiRNAs regulate parental genome dosage in Arabidopsis[END_REF], in cell cultures [START_REF] Tanurdzic | Epigenomic consequences of immortalized plant cell suspension culture[END_REF], in hypomethylated mutants [START_REF] Ito | An siRNA pathway prevents transgenerational retrotransposition in plants subjected to stress[END_REF]Creasey et al., 2014) as well as in response to biotic and abiotic stresses [START_REF] Dowen | Widespread dynamic DNA methylation in response to biotic stress[END_REF][START_REF] Mccue | Genome-wide identification of genes regulated in trans by transposable element small interfering RNAs[END_REF].

NatsiRNAs are derived from convergent, overlapping PolII transcription at natsiRNAgenerating loci that produce transcripts with regions of perfect complementarity [START_REF] Wang | Genome-wide prediction and identification of cisnatural antisense transcripts in Arabidopsis thaliana[END_REF] (Figure 3c), resulting in a dsRNA that is processed in part by DCL2 to produce natsiRNAs that can mediate Post-Transcriptional Gene Silencing (PTGS) of complementary sequences in cis (transcribed from the opposite strands at the same locus) or in trans (transcribed from different genomic locations). Although less characterized than the small RNA species from other silencing pathways, natsiRNAs are often differentially regulated in response to biotic and abiotic stresses [START_REF] Borsani | Endogenous siRNAs derived from a pair of natural cis-antisense transcripts regulate salt tolerance in Arabidopsis[END_REF]Katiyar-Agarwal et al., 2006;[START_REF] Moldovan | Hypoxiaresponsive microRNAs and trans-acting small interfering RNAs in Arabidopsis[END_REF].

Role of endogenous small RNAs in plant-pathogen interactions

The role of sRNAs in the regulation of plant immune responses was initially described in response to the bacterial PAMP flg22 (flg22 is a very conserved motif located at the Nterminal part of bacterial flagellin) (Felix et al., 1999). The conserved microRNA miR393, which is bound to AGO1, was reported to be induced by flg22 and to negatively regulate auxin signaling in Arabidopsis by targeting auxin receptors such as TRANSPORT INHIBITOR RESPONSE 1 (TIR1), AUXIN SIGNALLING F-BOX2 and 3 (AFB2 and AFB3) during PTI (Navarro et al., 2006) (Figure 4). Overexpression of Arabidopsis miR393 was found to promote disease resistance against the virulent Pto DC3000 strain as well as the oomycete Hyaloperonospora arabidopsidis isolate Noco2, while overexpressing an auxin receptor that is partially refractory to miR393 action led to enhanced disease susceptibility towards these pathogens (Navarro et al., 2006;[START_REF] Robert-Seilaniantz | The microRNA miR393 re-directs secondary metabolite biosynthesis away from camalexin and towards glucosinolates[END_REF]. MicroRNA393 additionally contributes to resistance against agriculturally biotrophic pathogens, which is the case of soybean miR393, which is induced in response to Phytophthora sojae and positively regulates resistance against this oomycete pathogen (Wong et al., 2014). Furthermore, Arabidopsis miR393 was shown to enhance disease susceptibility against the necrotroph Alternaria brassicicola, presumably by reducing the levels of phytoalexin camalexin [START_REF] Robert-Seilaniantz | The microRNA miR393 re-directs secondary metabolite biosynthesis away from camalexin and towards glucosinolates[END_REF], which is known to promote resistance against this fungal pathogen [START_REF] Thomma | Deficiency in phytoalexin production causes enhanced susceptibility of Arabidopsis thaliana to the fungus Alternaria brassicicola[END_REF][START_REF] Nafisi | Arabidopsis cytochrome P450 monooxygenase 71A13 catalyzes the conversion of indole-3acetaldoxime in camalexin synthesis[END_REF].

It was initially thought that the complementary strand of miRNAs, termed the miRNA* strand, was a non-functional by-products. However, miR393b* was shown to be incorporated in Arabidopsis AGO2 during infection with the Pto DC3000 strain expressing AvrRpt2 and to post-transcriptionally silence a gene encoding a retrograde trafficking protein, namely MEMB12 (Zhang et al., 2011). Silencing of MEMB12 led to increased secretion of antimicrobial proteins, such as the PATHOGENESIS-RELATED PROTEIN 1 (PR1) (Figure 4). Thus, miR393 and miR393* represent a well-characterized example of a miRNA-miRNA* pair that functions in plant-pathogen interactions through association with two distinct AGOs (Navarro et al., 2006;Zhang et al., 2011).

Figure n°4: Role of sRNAs in plant-bacteria interaction!

Plant sRNAs defend bacteria attack by fine-tuning plant hormone and disease resistance activity. Upon the infection, plants detect PAMPs and modulate the accumulation of miRNA and siRNA. miRNAs, such as miR393, miR160, and miR167, regulate disease resistance by fine-tuning plant hormone networks, while other miRNAs regulate the activation of R protein (miR482/miR472) or the slicing of genes inhibiting plant immunity (miR398/miR773). miR393b*, the pairing strand of miR393, increases plant immunity by promoting the exocytosis of antimicrobial protein. siRNAs, including siRNAATGB2 and AtlsiRNA-1, are induced by bacteria effectors and enhance ETI by silencing genes that negatively regulate plant disease resistance. ! (Taken from Huang et al. ( 2016). Diverse Functions of Small RNAs in Different Plant-Pathogen Communications)! Further high-throughput sequencing of Arabidopsis miRNAs in response to a type-III secretion deficient strain of Pto DC3000 or to the flg22 peptide identified a dozen of differentially expressed mature miRNA families. Among those, miR393 was retrieved but also miR160 and miR167 families, which target transcripts encoding for Auxin Response Factors (ARFs) transcription factors (Figure 4). These results revealed that the downregulation of auxin signaling is likely part of a plant defense response. Consistent with this hypothesis, and besides the above mentioned characterization of miR393 in PTI, the overexpression of the PAMP-responsive microRNA miR160a, which targets the Auxin Response Factors (ARF16) and ARF17, was shown to enhance PAMP-induced callose deposition in Arabidopsis (Li et al. 2010). Likewise, several other individual miRNAs such as miR158, miR156, miR398 and miR773 were differentially expressed in response to flg22 in Arabidopsis. For instance, miR398b and miR773 were down-regulated during flg22 elicitation (Li et al. 2010) (Figure 4). These bacteria-regulated miRNAs play important roles in plant defense by targeting genes involved in plant hormone biosynthesis and signaling pathways such as the above miR393 and miR160 conserved microRNAs. Likewise, miR408 was shown to target genes encoding plantacyanin-like proteins in both wheat (Triticum aestivum L.) and Arabidopsis. MicroRNA408 in wheat negatively regulates the expression of CHEMOCYANIN-LIKE PROTEIN GENE1 TaCLP1, a type of plantacyanin, and enhances the susceptibility of wheat to stripe rust [START_REF] Feng | Target of tae-miR408, a chemocyanin-like protein gene (TaCLP1), plays positive roles in wheat response to highsalinity, heavy cupric stress and stripe rust[END_REF].

The role of miRNAs in PTI has also been demonstrated in the context of fungal and oomycete infections. Osa-miR7695 was found to accumulate in rice treated with blast fungal mycelia [START_REF] Campo | Identification of a novel microRNA (miRNA) from rice that targets an alternatively spliced transcript of the Nramp6 (Natural resistance-associated macrophage protein 6) gene involved in pathogen resistance[END_REF]. MicroRNA169a, miR172a and miR398b were also characterized in basal resistance against the fungus Magnaporthe oryzae [START_REF] Li | Multiple rice microRNAs are involved in immunity against the blast fungus Magnaporthe oryzae[END_REF].

The powdery mildew fungus Blumeria graminis triggered the generation of many miRNAs in wheat T. aestivum, among which miR167, miR171, miR444, miR408 and miR1138 might orchestrate PTI responses [START_REF] Gupta | MicroRNA regulated defense responses in Triticum aestivum L. during Puccinia graminis f.sp. tritici infection[END_REF]. MicroRNA403 was down-regulated by the infection with oomycete P. sojae in soybean. Arabidopsis miR863-3p can sequentially silence both negative and positive regulators of plant immunity and likewise fine-tune plant immune responses during the course of infection to promote disease resistance while maintaining a plant developmental homeostasis (Niu et al., 2016). For instance, during PTI, Chapter 1 miR863-3p silences two negative regulators of plant immunity to rapidly activate defense responses. However, during ETI, miR863-3p silences SERRATE, a component of the miRNA biogenesis pathway, to reduce the accumulation of miR863, and down-regulates the immune response after successful defense to shift the resources back to plant growth.

Diverse classes of sRNAs, other than miRNAs, are also found to possess this dual function of regulating plant growth as well as defense responses. More specifically, phasiRNAs are known to tightly control the expression of NLR genes in the absence of a pathogen.

However, upon pathogen infection, 22 nt miRNAs and phasiRNAs are generally downregulated, which leads to the upregulation of the targeted NLR mRNAs and subsequent activation of immune responses. The existence of such a mechanism has been for instance described for miR472 in Arabidopsis (Boccara et al., 2014) but also for miR482 and miR2118 in tomato (Shivaprasad et al., 2012) (Figure 4). As a consequence, this miRNA-dependent targeting of NLR transcripts triggers the biogenesis of phasiRNAs, which further control the expression of the same NLRs in cis but also of several other NLRs in trans. In addition, some PRRs were found to be targeted by phasiRNAs. For instance, the tomato gene encoding the transmembrane receptor-like protein Cf9 is concomitantly targeted by miR6021, miR6022, and miR6023 [START_REF] Li | MicroRNA regulation of plant innate immune receptors[END_REF], which may presumably limit the resistance to the fungal pathogen Cladosporium fulvum.

Other endogenous siRNAs have also been characterized in the regulation of the plant immune system. The siRNA, nat-siRNAATGB2, which is highly and specifically induced by Pto DC3000 expressing the effector AvrRpt2 (Katiyar-Agarwal et al., 2006) was reported to regulate ETI mediated by the Arabidopsis RPS2 immune receptor (Figure 4). During infection, the recognition of the AvrRpt2 effector by RPS2 triggered the biogenesis of natsiRNAATGB2 in a NON RACE-SPECIFIC DISEASE RESISTANCE 1 (NDR1)-dependent manner.

Furthermore, natsiRNAATGB2 was shown to silence pentatricopeptide repeats-like (PPRL) genes, thereby limiting the negative regulatory effects of PPRL over RPS2-mediated immune signaling pathway.

A class of 30-40 nt long siRNAs (lsiRNAs) was also shown to positively regulate antibacterial defense. The biogenesis of these lsiRNAs is notably dependent on DCL1, DCL4, and AGO7 (Katiyar-Agarwal et al., 2007). As an example, AtlsiRNA-1 is specifically induced by Pto DC3000 expressing AvrRpt2 and contributes to ETI by silencing the negative regulator of plant defense RNA-BINDING DOMAIN ABUNDANT IN APICOMPLEXANS (AtRAP) mRNA (Figure 4), most likely through its decapping and EXORIBONUCLEASE4 (XRN4)-mediated degradation. AtRAP encodes a RAP domain containing protein involved in disease resistance. The silencing of AtRAP resulted in an enhanced resistance to bacterial infection (Katiyar-Agarwal et al. 2007).

Chapter 1

Role of components of the post-transcriptional gene silencing machinery in plant immunity

Several RNA silencing components have been shown to control infection towards phytopathogenic bacteria, fungi, oomycete and viruses. For instance, DCL1, which is required for the biosynthesis of miRNAs, nat-siRNAs, as well as lsiRNAs, positively regulates antibacterial resistance (Katiyar-Agarwal et al., 2006, 2007;Navarro et al., 2006). For example, an enhanced growth of adapted and non-adapted bacteria was reported in weak mutant alleles of dcl1 (Katiyar-Agarwal et al., 2006;2007;Navarro et al., 2006). Increased disease susceptibility towards the necrotrophic fungal pathogen Botrytis cinerea, which causes gray-mold disease on almost all fruits and vegetables, has also been reported in the Arabidopsis dcl1-7 hypomorphic mutant (Weiberg et al., 2013). This implies that miRNAs, nat-siRNAs, lsiRNAs and/or other as-yet uncharacterized DCL1-dependent sRNAs, likely play an important role in modulating Arabidopsis immune responses but also possibly in reprogramming pathogen gene expression (see the section below on trans-kingdom RNAi).

Although DCL1 is an important contributor to antibacterial and antifungal resistance, hierarchical and synergistic cooperation between DCL4 and DCL2 proteins is necessary to establish antiviral defense against various plant RNA viruses. Indeed, although DCL4 is the main antiviral DCL protein implicated in antiviral RNAi, it benefits from its surrogate DCL2, which provides a supporting role in this process [START_REF] Bouche | An antagonistic function for Arabidopsis DCL2 in development and a new function for DCL4 in generating viral siRNAs[END_REF]Déléris et al., 2006).

Arabidopsis thaliana encodes six RDR proteins, some of which contribute to plant immunity.

As described earlier, RDRs are involved in the biogenesis of siRNAs by converting single stranded RNAs (ssRNAs) into dsRNAs, which are then further processed by DCL into siRNAs.

The Arabidopsis RDR6 enzyme has been initially characterized in resistance against RNA viruses (Mourrain et al., 2000), but has more recently been shown to confer resistance against non-viral pathogens including the fungus Verticillium dahliae (Ellendorf et al., 2009) and the oomycete pathogen Phytophthora capsica (Hou et al., 2019). It has also been reported that rdr6 loss-of-function mutants are more susceptible to Pto DC3000 (AvrRpt2) in the apoplast of mesophyll cells, and also exhibit enhanced spreading of a virulent Pto DC3000 in the leaf vasculature of Arabidopsis plants (unpublished data). This indicates that Arabidopsis RDR6 contributes to ETI mediated by RESISTANT TO PSEUDOMONAS SYRINGAE 2 (RPS2) but also to basal resistance towards Pto DC3000 in the leaf vasculature. By contrast, RDR6 restricts growth of a virulent Pto DC3000 strain in the apoplast of mesophyll cells (Boccara et al., 2014), suggesting that this factor negatively regulates basal resistance against this bacterium in this extracellular compartment. The latter phenotype was attributed to the sensitized PTI induction of specific NLR genes in the rdr6 mutant, which is impaired in the production of miR472-directed secondary siRNAs that target these NLR transcripts in cis or in trans (Boccara et al., 2014). Initial genetic analysis of the Arabidopsis AGO proteins showed that out of 10 AGOs only AGO1, AGO2, and AGO7 were required for viral resistance. It was subsequently shown that ago1, ago2, and ago7 known-out mutants were hyper-susceptible to unrelated viruses (Harvey et al., 2011;[START_REF] Qu | Arabidopsis DRB4, AGO1, AGO7, and RDR6 participate in a DCL4-initiated antiviral RNA silencing pathway negatively regulated by DCL1[END_REF], Morel et al., 2002[START_REF] Lewsey | Symptom induction and RNA silencing suppression by the cucumber mosaic virus 2b protein[END_REF][START_REF] Ludman | Crispr/Cas9 Mediated Inactivation of Argonaute 2 Reveals its Differential Involvement in Antiviral Responses[END_REF][START_REF] Paudel | Expression and antiviral function of ARGONAUTE 2 in Nicotiana benthamiana plants infected with two isolates of tomato ringspot virus with varying degrees of virulence[END_REF]. The ago1 loss-of-function mutants were later on found to display attenuated PTI responses in response to flg22 as well as to a disarmed type-three secretion defective mutant of Pto DC3000 (Li et al., 2010). On the contrary, the ago1-27 mutant shows enhanced resistance against infection by the fungal pathogen Verticillium dahliae [START_REF] Ellendorff | RNA silencing is required for Arabidopsis defence against Verticillium wilt disease[END_REF] and B. cinerea (Weiberg et al., 2013). This phenotype has been attributed to the potential role of endogenous sRNAs in trans-kingdom RNAi [START_REF] Huang | Small RNAs -Big Players in Plant-Microbe Interactions[END_REF], although derepression of some positive regulators of plant defense that are controlled by AGO1-dependent sRNAs might also contribute to this process. AGO2 is mainly associated with 21-22 nt sRNAs with a 5' terminal adenosine (Mi et al., 2008;Montgomery et al., 2008) and is the only Arabidopsis AGO that is significantly up-regulated in response to the avirulent Pto DC3000 (AvrRpt2) bacterium (Zhang et al., 2011). A group of sRNAs were found to associate with AGO2, including several passenger strand miRNA* sequences, which are often considered to be useless byproducts that are degraded after AGO loading, but evidence in both plant and animal systems suggest that the function and physiological relevance of miRNA* have been underestimated [START_REF] Ghildiyal | Sorting of Drosophila small silencing RNAs partitions microRNA* strands into the RNA interference pathway[END_REF][START_REF] Mah | miRNA*: a passenger stranded in RNA-induced silencing complex? Critical reviews in eukaryotic gene expression[END_REF]Zhang et al., 2011). Arabidopsis AGO7 also plays an important role in plant-microbe interactions. The ago7 mutant weakly attenuates ETI triggered by Pto DC3000 (AvrRpt2) and Chapter 1 is also more susceptible to the fungal pathogen Verticillium dahliae [START_REF] Ellendorff | RNA silencing is required for Arabidopsis defence against Verticillium wilt disease[END_REF].

In monocotyledonous plants, the AGO18 subfamily was found to play an important role in regulating miRNA function as well as antiviral defense pathways. More specifically, the rice AGO18 (OsAGO18) was reported to be induced by the infection of two taxonomically different viruses, and to regulate AGO1 homeostasis by competing for and sequestering miR168 from loading into AGO1 during viral infection. In addition, AGO18 also sequestrates miR528, which cleaves the L-ascorbate oxidase mRNA and reduces the accumulation of reactive oxygen species to enhance antiviral defense [START_REF] Wu | Viralinducible Argonaute18 confers broad-spectrum virus resistance in rice by sequestering a host microRNA[END_REF]2017). analysis of the rice blast fungal pathogen, Magnaporthe oryzae, allowed the identification of sRNAs involved in its pathogenesis [START_REF] Nunes | Diverse and tissue-enriched small RNAs in the plant pathogenic fungus, Magnaporthe oryzae[END_REF]. Also, it has been shown that sRNAs of the entomopathogenic fungus, Metarhizium anisopliae, and the white mold fungus, Sclerotinia sclerotiorum, are differentially expressed during conidiogenesis formation [START_REF] Zhou | Genome-wide identification and profiling of microRNA-like RNAs from Metarhizium anisopliae during development[END_REF] and sclerotia production (Zhou et al., 2012a), respectively. Additionally, all size classes of Phytophthora sRNAs are associated with and potentially regulate RxLR and Crinkler effectors, which are important secreted effectors generally required for pathogen virulence [START_REF] Fahlgren | Phytophthora have distinct endogenous small RNA populations that include short interfering and microRNAs[END_REF][START_REF] Vetukuri | Evidence for small RNAs homologous to effector-encoding genes and transposable elements in the oomycete Phytophthora infestans[END_REF] (Figure 5). Furthermore, the upregulation of these sRNAs correlates with the silencing of these effectors [START_REF] Fahlgren | Phytophthora have distinct endogenous small RNA populations that include short interfering and microRNAs[END_REF][START_REF] Vetukuri | Evidence for small RNAs homologous to effector-encoding genes and transposable elements in the oomycete Phytophthora infestans[END_REF], which may potentially contribute to the variation in pathogenicity among different Phytophthora strains. For example, two Phytopthora infestans strains with different virulence mechanisms display distinct sRNA expression patterns, especially in effector gene loci, suggesting that sRNAs play a regulatory role in pathogen virulence [START_REF] Vetukuri | Evidence for small RNAs homologous to effector-encoding genes and transposable elements in the oomycete Phytophthora infestans[END_REF].

Role of small RNAs in

The role of these pathogen-derived small RNAs in regulating gene expression in their hosts was unknown until recently. However, several studies have now revealed that some sRNAs can travel between hosts and interacting microbes/parasites to trigger gene silencing in recipient cells, a mechanism termed ''cross-kingdom RNAi'' or "trans-kingdom RNAi'.

Natural trans-kingdom RNAi was first observed in plant-fungal interactions. The gray mold, B. cinerea, was found to deliver an array of sRNAs into plant cells, some of which were found to induce effective silencing of host immune-responsive genes in both Arabidopsis and tomato (Weiberg et al., 2013). Upon internalization into plant cells, the fungal sRNAs get loaded into Arabidopsis AGO1 to silence host genes, including MAPKs, cell-wallassociated kinases, and genes involved in the accumulation of reactive oxygen species (Weiberg et al., 2013), thereby inhibiting host immunity (Figure 5). Genetic analyses indicate that the biogenesis of these fungal sRNAs are dependent on both DCL1 and DCL2 of B. cinerea, as the dcl1 dcl2 double mutant strain was impaired in the production of these sRNA effectors but also in pathogenicity (Wang et al., 2016;Weiberg et al., 2013) (Figure 5).

Additional fungal sRNA effectors were subsequently identified from other destructive fungal pathogens, such as Verticillium dahliae and Puccinia striiformis f. sp. tritici, which cause wilt disease of different plant species and wheat stripe rust, respectively (Wang et al., 2017a[START_REF] Wang | Overexpression of GhPFN2 enhances protection against Verticillium dahliae invasion in cotton[END_REF](Wang et al., , 2016)). For example, sRNAs derived from V. dahliae cells were also found to be loaded into host AGO1 to trigger gene silencing in the host plant cells (Wang et al., 2016).

Additionally, the parasitic plant Cuscuta campestris can send miRNAs into host plants to silence host genes involved in defense responses against C. campestris [START_REF] Shahid | MicroRNAs from the parasitic plant Cuscuta campestris target host messenger RNAs[END_REF].

Interestingly, many of these transferred miRNAs are 22 nt in length and can trigger an efficient phasiRNA biogenesis in the host. sRNA trafficking was also observed in mammalparasite/microbe interactions. For example, the gastrointestinal nematode Heligmosomoides polygyrus can transport sRNAs into mammalian gut epithelial cells to suppress host genes involved in inflammation and immunity [START_REF] Buck | Exosomes secreted by nematode parasites transfer small RNAs to mammalian cells and modulate innate immunity[END_REF]. Transkingdom sRNA transport from microbes to hosts is not restricted to eukaryotic pathogens that encode canonical RNAi machinery. Recent reports also show that bacterial cells can also make use of such regulatory mechanisms. For example, a recent report provides evidence that rhizobial-tRNA-derived small RNA fragments (tRFs) can be injected in plant cells and hijack AGO1 to mediate silencing of host genes that are associated with nodule initiation and development (Ren et al., 2019). It has also been shown that human intracellular bacterial pathogens produce sRNAs that are bound to the host AGO-RISC. For example, the bacteria Mycobacterium marinum expresses sRNAs upon internalization into the host macrophage cells to regulate host genes [START_REF] Furuse | Search for microRNAs expressed by intracellular bacterial pathogens in infected mammalian cells[END_REF]. Another example is provided by Salmonella enterica sRNAs, such as PinT, which possesses a dual function: first this bacterial sRNA regulates the expression of host genes and second it promotes the activity of bacterial effectors and virulence factors that are required for invasion and intracellular survival, respectively [START_REF] Westermann | Dual RNA-seq unveils noncoding RNA functions in host-pathogen interactions[END_REF].

Chapter 1

Role of endogenous plant small RNAs in Trans-kingdom RNAi against eukaryotic pathogens

Small RNAs can move from cell to cell or over long distances to repress gene expression, a phenomenon known as non-cell autonomous RNAi. Cell-to-cell movement of the sRNAs has been shown to occur via plasmodesmata, whereas long distance movement occurs via the vascular system, in particular the phloem. Cell-to-cell movement of miRNAs was first demonstrated for miR156/166 in maize and Arabidopsis [START_REF] Juarez | microRNA-mediated repression of rolled leaf1 specifies maize leaf polarity[END_REF][START_REF] Kidner | Spatially restricted microRNA directs leaf polarity through ARGONAUTE1[END_REF]). MiR399 represents another example of a miRNA that can act in a noncell autonomous manner to control phosphate homeostasis [START_REF] Fujii | A miRNA involved in phosphate-starvation response in Arabidopsis[END_REF][START_REF] Hackenberg | Characterization of phosphorusregulated miR399 and miR827 and their isomirs in barley under phosphorus-sufficient and phosphorus-deficient conditions[END_REF]. By performing reciprocal grafting experiments between wild-type and miR399overexpressing Arabidopsis plants, the movement of miR399 as a long-distance signal from shoots to roots has been demonstrated. The movement of miR399 was shown to target gene expression in distal organs under phosphate deficiency and this phenomenon is known as 'systemic acquired silencing' SAS [START_REF] Lin | Regulatory network of microRNA399 and PHO2 by systemic signaling[END_REF]. Other miRNAs have also been retrieved in the phloem sap of diverse plant species [START_REF] Pant | MicroRNA399 is a long-distance signal for the regulation of plant phosphate homeostasis[END_REF]Marín-González and Suárez-López 2012), suggesting that these small RNA species can modulate gene expression in distal tissues. In plants, mobile siRNAs have been well-described in the context of transgene silencing and in antiviral defense. In the latter case, siRNAs play a critical role in the priming of antiviral resistance ahead of the infection front.

Non-cell autonomous silencing is also critical for the translocation of silencing signals between plant cells and their interacting non-viral pathogenic, parasitic or symbiotic organisms -excluding bacteria, which have not been shown to be targeted by this process [START_REF] Huang | Small RNAs -Big Players in Plant-Microbe Interactions[END_REF]. This natural trans-kingdom regulatory mechanism has been notably recently characterized in plant-fungal interactions (Koch et al., 2013;Wang et al., 2016;[START_REF] Hua | Trans-Kingdom RNA Silencing in Plant-Fungal Pathogen Interactions[END_REF]. For instance, specific cotton plant miRNAs, miR166 and miR159, trigger silencing of the fungal virulence genes Ca2+-dependent cysteine protease (Clp-1) and isotrichodermin C-15 hydroxylase (Hic-15), respectively (Zhang et al., 2016). These miRNAs were found to be exported into the hyphae of the fungal pathogen Verticillium dahliae to trigger sequence-specific silencing of these virulence factors. More importantly, both Clp-1 and Hic-15 transcripts were reduced in the hyphae recovered from V. dahliae-infected cotton plants, and the fungal knock out mutants of the targeted genes displayed reduced virulence (Zhang et al., 2016). Subsequently, Cai et al. developed a sequential protoplast preparation method to purify fungal protoplasts from infected plant tissue, which led to the identification of host sRNAs in the purified fungal cells, including miRNAs, tasiRNAs, and other siRNAs (Cai et al., 2018). Many of the transported host sRNAs could potentially silence B. cinerea genes involved in pathogen virulence, with a strong bias toward fungal-vesicletrafficking genes, such as VACUOLAR PROTEIN SORTING 51 (Vps51), a subunit of the dynactin complex that coordinates vesicle trafficking, and a suppressor of actin-like phosphoinositide phosphatase that regulates secretory membrane trafficking. B. cinerea mutant strains with a deletion in these target genes were strongly compromised in virulence when inoculated on plants (Cai et al., 2018), demonstrating that these targets play important roles in fungal pathogenicity. Consistently, the Vps51 protein of the human fungal pathogen Candida albicans is also involved in its virulence [START_REF] Liu | Mechanisms of Candida albicans trafficking to the brain[END_REF]. Similarly, wheat miRNA1023 was shown to silence the alpha/beta hydrolase gene in F. graminearum [START_REF] Jiao | microRNA1023 suppresses invasion of Fusarium graminearum via targeting and silencingJ[END_REF]. In plants, trans-kingdom RNAi is not restricted to interactions with fungal pathogens. Arabidopsis plants also deliver sRNAs, especially secondary phasiRNAs, into the oomycete Phytophthora capsici to induce sequence-specific gene silencing in this filamentous pathogen (Hou et al., 2019).

The biological relevance of trans-kingdom RNAi has also been demonstrated by expressing in planta artificial dsRNAs bearing homologies to vital or pathogenicity factors from a given parasite or pest providing that they possess a canonical RNAi machinery (e.g. functional DCL and AGO proteins). This Host Induced Gene Silencing (HIGS) phenomenon can also be recapitulated by spraying relevant exogenous dsRNAs or siRNAs onto wild type plants prior fungal infections (Wang et al., 2016). The latter process is referred to as Spray-Induced Gene Silencing (SIGS) and is reminiscent of 'environmental RNAi', a phenomenon involving the uptake of RNAs from the environment initially described in Caenorhabditis elegans and in some insects (Feinberg et al., 2003;Whangbo and Hunter, 2008;McEwan et al., 2012. Ivashuta et al., 2015). HIGS/SIGS is thus considered as a powerful complement, or even sometimes an alternative, to conventional breeding or genetic engineering designed to introduce NLR genes or PAMP receptors in agriculturally relevant crops. HIGS/SIGS technologies are however limited by the fact that they have only been shown to be functional against plant pathogens and parasites that possess a canonical RNA silencing machinery. For example, SIGS against F. graminearum relies at least in part on the uptake of dsRNAs and further processing by the fungal DICER-LIKE 1 protein (Koch et al., 2016).

Host small RNAs can reprogram bacterial gene expression

In the past, the RNA silencing-based approach was first deployed against the bacterial genes that were integrated into the plant genome. This strategy was suggested to be important to regulate the expression of oncogenes, transferred and inserted within the plant genome by the T-DNA from Agrobacterium tumefaciens large tumor-inducing (Ti) plasmid. For instance, [START_REF] Escobar | RNAi-mediated oncogene silencing confers resistance to crown gall tumorigenesis[END_REF] have used an RNA silencing-based approach to target the two Agrobacterium tumefaciens oncogenes iiaM and ipt, which were integrated in the genome of the host plants, including Arabidopsis and tomato. This gene regulatory mechanism completely relies on a classical RNA silencing process, which utilizes plant RNAi machinery and small RNAs to target bacterial genes that are expressed from plant cells, but not from bacterial cells.

A very recent study reported that mice fecal miRNAs secreted by gut epithelial cells could enter into the gut bacterial cells, and in turn modulate bacterial gene expression, either positively or negatively [START_REF] Liu | The host shapes the gut microbiota via fecal microRNA[END_REF]. Furthermore, they demonstrated that a mice strain specifically defective in DICER in gut endothelial cells suffered from uncontrolled growth of gut microbiota as well as from colitis, a phenotype that was rescued upon introduction of fecal miRNAs extracted from the wild-type strain. This work additionally showed that the in vitro incubation of the gut bacterium Fusobacterium nucleatum with miR-515-5p led to an up-regulation of the 16S ribosomal RNA (rRNA) target gene mRNAs and to an enhanced bacterial growth phenotype. These data indicate that miRNAs can modulate bacterial gene expression through an as-yet unknown mechanism. However, significant changes in intestinal miRNA profiles were reported when germ-free mice were forced to reestablish a normal microbiota, suggesting that gut microbiota influences host miRNA expression. Also, other than host-derived miRNAs, intestines are found to possess miRNAs from food source that can be absorbed by the host and can affect host gene expression [START_REF] Lukasik | Plant microRNAs-Novel players in natural medicine[END_REF]. Interestingly, certain food-sourced miRNAs remain stable in the digestive tract and reach the intestines, suggesting that even these miRNAs can potentially mediate cross-species regulation, more appropriately exemplified in the next section.

Chapter 1

Extracellular Vesicles (EVs) act as major facilitators of Trans-kingdom RNAi

Extracellular Vesicles (EVs) are nano-sized membrane-bound vesicles released from cells of almost all (micro)organisms and are found to be actively involved in cell-to-cell communication and intercellular transport of proteins, nucleic acids, lipids and other compounds. In the last years, EVs have been extensively studied in part due to their role in modulating immune responses [START_REF] Robbins | Regulation of immune responses by extracellular vesicles[END_REF][START_REF] Rybak | Functions of extracellular vesicles in immunity and virulence[END_REF].

Mammalian EVs can be classified as exosomes, shedding vesicles or apoptotic bodies.

Exosomes are intraluminal vesicles (ILVs) assembled inside multivesicular bodies (MVBs) and are released downstream through the fusion with the plasma membrane [START_REF] Mathieu | Specificities of secretion and uptake of exosomes and other extracellular vesicles for cell-to-cell communication[END_REF]. Exosomes thus contain proteins that are important for membrane transport and fusion (marker proteins such as RAB GTPases or annexins), cytoskeletal proteins, adhesion molecules, and tetraspanin family proteins (marker proteins such as CD81, CD82 and CD63) and RAB proteins (marker proteins such as RAB11, RAB27 and RAB35), which are involved in regulating their secretion [START_REF] Kowal | Proteomic comparison defines novel markers to characterize heterogeneous populations of extracellular vesicle subtypes[END_REF] In plants, EVs comprise two major classes: microvesicles and exosomes (with markers such as TETRASPANIN 8/9, TET8/9, and PENETRATION 1, PEN1), which are classified according to their difference in size [START_REF] Raposo | Extracellular vesicles: exosomes, microvesicles, and friends[END_REF]Rutter and Innes, 2017;Cai et al., 2018). Plant exosome release also relies on MVBs (with markers such as Rab5-like GTPase, ARA6), which should properly fuse with the cell membrane [START_REF] An | Multivesicular bodies participate in a cell wall-associated defence response in barley leaves attacked by the pathogenic powdery mildew fungus[END_REF][START_REF] Böhlenius | The multivesicular body-localized GTPase ARFA1b/1c is important for callose deposition and ROR2 syntaxin-dependent preinvasive basal defense in barley[END_REF][START_REF] Nielsen | Transcytosis shuts the door for an unwanted guest[END_REF] In animals exosomes are released constitutively, however their secretion can be increased during cellular immune responses. Mammalian cells send sRNAs in encapsulated EVs to other cells within the organism. For instance, immune synapses formed at the T cell-antigen presenting cell (APC) interface are important in T cell activation and the delivery of effector molecules such as cytokines and lytic granules (Mittelbrunn and Sanchez-Madrid, 2012). A recent study showed that the exosomes of T, B and dendritic immune cells contain miRNAs that are exchanged during cognate immune interactions in synapse formation [START_REF] Mittelbrunn | Unidirectional transfer of microRNA-loaded exosomes from T cells to antigen-presenting cells[END_REF]. When these miRNAs are transferred to recipient cells, they can modulate gene expression, which supports a mechanism of cell-to-cell communication involving the intercellular transfer of miRNAs by exosomes during immune synapsis. Similarly, it has been shown that because of the requirement of host tissue colonization, a parasitic plant haustorium structure is often formed adjacent to the host phloem system. This implies that the EV-mediated immune response might occur within such an area. Moreover, some studies have reported the presence of a structure between plant and fungal cells known as the peri-arbuscular space, which is surrounded by MVBs, suggesting the possible release of EVs within this space [START_REF] Roth | Arbuscular cell invasion coincides with extracellular vesicles and membrane tubules[END_REF][START_REF] Ivanov | Extensive membrane systems at the hostarbuscular mycorrhizal fungus interface[END_REF]. It has been speculated that these EVs may also carry sRNAs and other RNA molecules.

Using the Arabidopsis-Blumeria graminis f.sp. hordei (Bgh) (a powdery mildew fungus) system, it has been shown that constitutive formation of papilla results in changes in host and non-host interactions. By performing a reverse genetic screening of this model system, three genes encoding plant-specific syntaxin proteins penetration 1 (PEN1), PEN2 and PEN3 were identified as key players in mediating plant innate immunity against Bgh through an exocytic pathway. Loss-of-function mutations in PEN1, PEN2 and PEN3 can cause host invasion of Bgh possibly through defect in exosome release or in the host transcytosis of toxin compounds such as glucosinolates, which are essential to control pathogen growth [START_REF] Collins | SNARE-protein-mediated disease resistance at the plant cell wall[END_REF][START_REF] Lipka | Pre-and postinvasion defenses both contribute to nonhost resistance in Arabidopsis[END_REF][START_REF] Clay | Glucosinolate metabolites required for an Arabidopsis innate immune response[END_REF]. PEN1-associated EVs have been more recently isolated from uninfected Arabidopsis through differential ultracentrifugation method and found to contain 11-17 nt sRNAs named "tiny RNAs" (Baldrich et al., 2019). It remains to be determined whether tiny RNAs have any regulatory role and whether PEN1associated EVs transport tiny RNAs to interacting microbes. These PEN1-associated EVs represent a distinct class of EVs from the plant exosomes described below, as they are likely derived from a different biogenesis pathway, which will need to be studied in future.

Recently, Cai et al. (2018) discovered that Arabidopsis TET8 and TET9 are up-regulated during B. cinerea infection. Both TET8 and TET9 are the orthologs of the well-described mammalian exosome markers, tetraspanins CD63, CD81, and CD9 [START_REF] Kowal | Proteomic comparison defines novel markers to characterize heterogeneous populations of extracellular vesicle subtypes[END_REF].

Similar to mammalian exosomes Arabidopsis TET8 was also found to be colocalized with MVB markers inside the plant cell. These results imply that TET8-labeled EVs represent plant exosomes (Cai et al., 2018). Further, it has been shown that these TET-associated vesicles accumulate at fungal infection sites and are secreted into the extracellular apoplastic space Chapter 1 (Cai et al., 2018). Intriguingly, these plant exosomes contain host sRNAs and can be efficiently taken-up by fungal cells within hours of infection. Exosome-mediated transport is likely one of the major sRNA delivery pathways in plants, as more than 70% of plant sRNAs found in B. cinerea protoplasts isolated from infected plant tissue were present in EVs.

Enhanced susceptibility to B. cinerea infection was also observed upon TET8 and TET9 inactivation in Arabidopsis that was possibly due to the inhibition of the transport of host sRNAs (Cai et al., 2018), although several other mechanisms, including the impaired transport of antimicrobial peptides, could additionally contribute to this phenotype.

Plant EVs have been found to possess sRNAs as well as various proteins, some of which are required for pathogen resistance. For example, proteins present in EVs recovered from sunflower seedlings are taken-up by fungi and inhibit fungal growth. In the Arabidopsis-Phytophthora capsici pathosystem, EVs of infected Arabidopsis leaves are found to possess plant-derived phasiRNAs that can target Phytophthora virulence-related genes, potentially to promote plant protection against this oomycete pathogen (Hou et al., 2019). Additionally, in the Arabidopsis-Botrytis cinerea pathosystem, tasiRNAs are transported into fungi by EVs, which results in increased disease resistance towards this necrotrophic fungal pathogen (Cai et al., 2018). In this case, it has been shown that the transportation of these mobile sRNAs in exosomes does not occur through a concentration-dependent diffusion process but possibly takes place through a selective process. sRNA profiling of the total RNAs of Arabidopsis leaves and EVs showed a clear selection bias in transferred sRNAs in EVs. Only 3 siRNAs (TAS1c-siR483, TAS2-siR453 and IGN-siR1) were proven to be assimilated by, and to function in, fungal cells (Cai et al., 2018). In mammals, this phenomenon is also selective and relies at least in part on some small RNA sequence features as well as on specific RNAbinding proteins.

It is also noteworthy that a recent report provides evidence that plant miRNAs ingested by mice are protected from degradation in plant EVs and further taken-up by specific commensal bacteria through their fusion with the bacterial cell envelope [START_REF] Zeng | Cross-kingdom small RNAs among animals, plants and microbes[END_REF].

In this study, the plant-derived exosome-like nanoparticles (ELNs) are shown to contain RNAs that alter microbiome composition and host physiology. More specifically, the Ginger ELNs (GELNs) are preferentially taken up by Lactobacillaceae in a GELN lipid-dependent manner and contain miRNAs that target various genes in Lactobacillus rhamnosus (LGG). Among these, GELN mdo-miR7267-3p-mediated targeting of the LGG monooxygenase ycnE yields increased levels of indole-3-carboxaldehyde (I3A) (Teng et al., 2018). These findings suggest that plant-derived EVs carrying sRNAs can also mediate gene regulation in prokaryotic organisms, however the mechanisms involved in this process are still unknown.

Chapter 1

Phytopathogens suppress PTGS and vesicle trafficking pathways to promote pathogenicity

Given that PTGS plays a major role in regulating plant immune responses as well as in targeting viral, fungal or bacterial transcripts, it is not surprising that unrelated phytopathogens have evolved strategies to suppress PTGS to cause disease. This phenomenon has been extensively characterized in plant-viral interactions and we know now that most, if not all, plant RNA viruses encode Viral Suppressors of RNA silencing (VSRs). Effectors derived from the oomycete pathogen Phytophthora infestans and from Pto DC3000 can also suppress RNA silencing to enable disease (Navarro et al., 2008;Qiao et al., 2013;Hou et al., 2019). More specifically, a seminal work provided evidence for a role of the Arabidopsis miRNA pathway in antibacterial resistance and, as a corollary, a series of Bacterial Suppressors of RNA silencing (BSRs) have been identified (Navarro et al., 2008).

These BSR proteins interfere with all steps of the miRNA pathway including miRNA transcription, biogenesis and/or activity. More specifically, the virulent Pto DC3000, but not Pto DC3000 hrcC mutant, was able to suppress PAMP-triggered transcriptional induction of At-miR393a/b in Arabidopsis infected leaves (Navarro et al., 2008). This result suggested that Pto DC3000 likely secretes type-three effectors to inhibit transcription of some PAMPresponsive miRNA genes (in addition to their known transcriptional suppression effects on PAMP-induced protein-coding genes). Accordingly, AvrPtoB was found to suppress PAMPtriggered transcriptional induction -as well as basal expression-of At-miR393a/b when transiently delivered in planta (Navarro et al., 2008). AvrPtoB encodes a protein with a Cterminal domain that structurally mimics host E3 ubiquitin ligases [START_REF] Janjusevic | A bacterial inhibitor of host programmed cell death defenses is an E3 ubiquitin ligase[END_REF].

Although this activity is required to promote AvrPtoB-mediated FLS2 ubiquitination and degradation, it is dispensable for suppression of early defense gene induction as well was MAP kinase signaling [START_REF] Göhre | Plant pattern-recognition receptor FLS2 is directed for degradation by the bacterial ubiquitin ligase AvrPtoB[END_REF]. Accordingly, the N-terminal 387 amino acids of AvrPtoB, that lacks the E3 ubiquitin ligase domain, are also required and sufficient to block PAMP-triggered signaling [START_REF] Göhre | Plant pattern-recognition receptor FLS2 is directed for degradation by the bacterial ubiquitin ligase AvrPtoB[END_REF]. Similarly, the AvrPtoB E3 ligase activity was not involved in suppressing transcription of At-miR393a and AtmiR393b (Navarro et al., 2008). Because AvrPtoB alters the function of different PRRs by multiple means, it is likely that the AvrPtoB-triggered decrease in At-miR393a/b transcription is indirect and may result from the suppression of PRR functions. Additionally, this effect might be due to the inactivation of miRNA factors that would be part of the PPR complex or of protein complexes acting during early PTI signaling. Bacterial effectors that alter miRNA biogenesis and/or accumulation were also discovered (Navarro et al., 2008). These candidates were identified in a screen for Pto DC3000 effectors that can inhibit the accumulation of unrelated miRNAs when transiently delivered in planta. Among those effectors, HopN1 and AvrPto were previously characterized in bacterial virulence. HopN1 encodes a type-three secreted protein that act as a suppressor of host cell death [START_REF] Rodríguez-Herva | A bacterial cysteine protease effector protein interferes with photosynthesis to suppress plant innate immune responses[END_REF].

This effector contains a cysteine protease activity that is required for host cell death suppression but dispensable for RNA silencing suppression (unpublished data). Future work will be necessary to underpin the mechanism by which HopN1 suppresses RNA silencing and whether this suppression is linked to its as yet uncharacterized PTI suppression activity.

AvrPto is another Pto DC3000 effector that down-regulated unrelated mature miRNAs when transiently or conditionally expressed in planta (Navarro et al., 2008). AvrPto is a key virulence determinant of Pto DC3000 as its conditional expression can rescue the growth of TTSS-defective P. syringae in planta (Hauck et al., 2003). AvrPto can also suppress PAMPtriggered callose deposition, early defense gene induction and MAP kinase signaling, implicating this virulence factor as a major PTI suppressor [START_REF] Zipfel | Plant immunity: AvrPto targets the frontline[END_REF][START_REF] Gimenez-Ibanez | Differential suppression of Nicotiana benthamiana innate immune responses by transiently expressed Pseudomonas syringae type III effectors[END_REF]. Such as AvrPtoB, AvrPto was shown to exert its PTI suppression activity by interacting with, and inhibiting the kinase activity of multiple PRRs [START_REF] Xiang | Pseudomonas syringae effector AvrPto blocks innate immunity by targeting receptor kinases[END_REF]. Moreover, AvrPto interacts with BAK1 therefore preventing BRI1-BAK1 as well as the flg22-induced FLS2-BAK1 complex formation [START_REF] Shan | Bacterial effectors target the common signaling partner BAK1 to disrupt multiple MAMP receptorsignaling complexes and impede plant immunity[END_REF]. Accordingly, AvrPto Y89D , a stable mutant, which is unable to interact with BAK1 and PRRs, displays compromised virulence function [START_REF] Shan | Bacterial effectors target the common signaling partner BAK1 to disrupt multiple MAMP receptorsignaling complexes and impede plant immunity[END_REF]. This mutant is also impaired in its ability to inhibit miRNA accumulation, indicating that AvrPto-triggered suppression of RNA silencing is linked to its virulence function (Navarro et al., 2008). The mechanism by which AvrPto interferes with miRNA accumulation remains to be further described. Bacterial effectors that suppress miRNA activity were also retrieved in a screen for Pto DC3000 effectors that enhance miRNA target accumulation (with no major effect on miRNA accumulation). Noteworthy, the majority of Pto DC3000 effectors tested specifically suppressed this step of the miRNA pathway (unpublished data). This suggests that targeting Chapter 1 miRNA activity is likely a crucial strategy used by bacterial pathogens, probably because it allows an immediate derepression of miRNA targets that contribute to disease development. Among these candidate effectors, Pto DC3000 HopT1-1 was shown to suppress flg22-triggered transcriptional induction of the basal defense marker gene NHO1 (Li et al., 2005) as well as slicing and translational inhibition functions of the AGO1 protein (Navarro et al., 2008). A recent work also provides evidence that HopT1-1 interacts directly with AGO1 through conserved glycine-tryptophan (GW) motifs and that this interaction is critical not only to suppress PTI responses but also to trigger ETI in Arabidopsis (see chapter 3). In addition, some Pto DC3000 BSRs might indirectly suppress miRNA activity, which is likely the case for the conserved effector HopM1 (unpublished data). This effector has previously been shown to target conserved vesicle trafficking components [START_REF] Xin | Bacteria establish an aqueous living space in plants crucial for virulence[END_REF], raising the hypothesis that dysfunctional vesicle trafficking might alter RNA silencing activity in plants, as previously reported in animals.

There are also at least two effectors derived from Phytophthora that have been shown to suppress RNA silencing. Phytophthora Suppressor of RNA Silencing 1 (PSR1) and PSR2 can both suppress transgene-mediated GFP silencing in GFP-transgenic N. benthamiana plants by inhibiting the biogenesis of plant sRNAs (Qiao et al., 2013). Functional analysis of PSR1 indicated that its binding to the RNA helicase PSR1-Interacting Protein 1 (PINP1) impairs the biogenesis of both miRNAs and siRNAs, possibly through disassembly of dicing complexes. It has recently been demonstrated that miR161 (but not miR173)-mediated phasiRNA synthesis is crucial for Arabidopsis resistance against Phytophthora capsica infection (Hou et al., 2019). However, this defense can be suppressed by the presence of PSR2, which has been shown to exhibit silencing suppressor activity through its interaction with the host DOUBLE-STRANDED-RNA-BINDING PROTEIN 4 (DRB4) protein, a nuclear dsRNA-binding protein that interacts specifically with DCL4 to regulate its function [START_REF] Hiraguri | Specific interactions between Dicer-like proteins and HYL1/DRB-family dsRNA-binding proteins in Arabidopsis thaliana[END_REF].

More recently a novel effector with silencing suppressor activity, PgtSR1, have been identified from rust-causing biotrophic fungi, Puccinia graminis (Yin et al., 2019). The PgtSR1 effector proteins, which are encoded by two allelic genes (PgtSR1-a and PgtSR1-b), both displayed RNA silencing suppression activities in plants, by altering in Arabidopsis and in wheat the abundance of miRNAs and their associated targets that serve as defense regulators (Yin et al., 2019). Expression of PgtSR1s also promoted susceptibility to multiple pathogens and partially suppressed cell death triggered by multiple NLR proteins, indicating that PgtSR1s suppress both basal defense and ETI (Yin et al., 2019). These findings provide the first evidence that a pathogenic fungus has evolved a fungal suppressor of RNA silencing (FSR). Therefore, PTGS suppression is likely a widespread virulence strategy used by a broad range of phytopathogens.

Chapter 1

Arabidopsis as a suitable model for plant-pathogen interaction studies

Arabidopsis thaliana was the first plant species, and the third multicellular organism after Caenorhabditis elegans (The C. elegans Sequencing Consortium 1998) and Drosophila melanogaster [START_REF] Adams | The genome sequence of Drosophila melanogaster[END_REF], which has been fully sequenced (The Arabidopsis Genome Initiative 2000). Arabidopsis possesses a small genome size of 125 Mb, which encodes more than 25000 protein-coding genes. Its short life cycle, efficient transformation methods and low maintenance cost, as well as the possibility to cultivate a large collection of plants in in vitro condition, qualify it as main model plant for forward and reverse genetic screens and molecular biology experiments. A repository of more than 1000 natural accessions of Arabidopsis, collected from around the globe, is available in the two major seed stock centers, Arabidopsis Biological Resource Centre (ABRC) and the Nottingham Arabidopsis Stock Centre (NASC). The most widely used Arabidopsis thaliana reference accessions include Columbia (Col-0), Landsberg (Ler-0) and Wassilewskija (Ws), from which several transposon or T-DNA insertion mutant collections are available for the plant research community.

Arabidopsis thaliana has been notably used extensively to dissect plant-pathogen interactions, both at the molecular and ecological levels. Many "phyto-pathosystems" have been established so far in Arabidopsis thaliana. For instance, different eukaryotic pathogens including obligate biotrophs (Puccinia sp.), hemibiotrophs (Phytophthora sp.) and necrotrophs (Botrytis sp., Fusarium sp., Plectosphaerella sp.) have been reported to infect this plant model system [START_REF] Dean | The Top 10 fungal pathogens in molecular plant pathology[END_REF]). In the case of plant-bacteria interactions, the "Arabidopsis-Pseudomonas" pathosystem has been extensively used by the plant research community to study the molecular bases of bacterial virulence, plant defense and disease resistance in plants. Pseudomonas syringae strains are Gram-negative bacteria with a pair of polar flagella [START_REF] Agrios | Plant Pathology[END_REF]. Those phytopathogenic bacteria are extracellular pathogens that colonize the apoplast, which is their main replicative niche in plants. The two virulent strains, Pto DC3000 and P. syringae pv. maculicola ES4326 (Psm), have been widely used in laboratory conditions. Pto DC3000 is notably equipped with two major virulence determinants: the type three secretion system (TTSS), which is composed of a needle-like structure that delivers 36 effector proteins within host cells to subvert plant immune responses, and the COR, which mimics the action of the plant hormone jasmonic acid (JA), thereby suppressing the SA-dependent defense pathway and other plant defense processes as mentioned above. The other examples of plant bacterial pathogens that can efficiently infect Arabidopsis thaliana are Ralstonia solanacearum and Xanthomonas campestris pv. campestris, both of which are canonical vascular bacterial pathogens that can infect a wide range of host plants (Mansfield et al. 2012).

Thesis objectives

The major objective of my thesis work was to investigate whether plant small RNAs could reprogram gene expression in phytopathogenic bacteria, which do not possess a canonical eukaryote-like RNAi machinery. It is important to note that, so far, there is no evidence indicating that such small RNA-based regulatory mechanism could exist in plant-associated bacteria. 

AGS: Antibacterial Gene Silencing

Plant small RNAs and/or double-stranded RNAs (dsRNAs) trigger RNA interference (RNAi) in interacting eukaryotic pathogens or parasites. Plants notably employ this gene regulatory mechanism to silence virulence factors and/or essential genes from phytopathogens that possess canonical RNAi machinery such as fungi and oomycetes. However, it is currently unknown whether this phenomenon could operate in bacterial phytopathogens, which lack a conventional eukaryotic-like RNAi machinery. In the first part of this chapter, we provide the lead evidence of trans-kingdom RNAi mediated by host plant-derived small RNAs in a phytopathogenic bacterium and this phenomenon is hereby designated as Antibacterial Gene Silencing (AGS). We demonstrate that antibacterial small RNAs are effective in triggering AGS and pathogenesis suppression. More specifically, we report that siRNAs are the RNA entities that are responsible for AGS, while their cognate dsRNA precursors are not required for this gene regulatory process. This is a major distinction from trans-kingdom RNAi previously reported in nematodes and plant herbivores, which specifically relies on long dsRNAs, or in fungi and oomycete phytopathogens, which is triggered by either dsRNAs or siRNAs. Finally, we show that synthetic siRNA duplexes were fully competent in triggering AGS. This implies that prokaryotic cells must have evolved a dedicated machinery to direct gene silencing through a small RNA-guided RNA targeting mechanism such as the one acquired by their eukaryotic counterparts. Additionally, in the second part, we provide further evidence that active antibacterial small RNA species are present in the apoplastic fluids of plants, either embedded into extracellular vesicles or presumably in a free-form, which are referred to here as extracellular free small RNAs or efsRNAs. We have additionally generated preliminary data suggesting that plant endogenous small RNAs might reprogram bacterial gene expression as part of a natural antibacterial defense response.

Overall, this study unveils a novel phenomenon of trans-kingdom regulation between a eukaryotic host and a prokaryotic pathogen and thus makes significant advances in the fields of RNA biology, microbiology and host-bacterial interactions. In plants, RNAi has also been shown to control resistance against bacterial, fungal and oomycete pathogens partly by fine-tuning the expression of immune-responsive genes 2,3 .

The core mechanism of RNAi involves the processing of dsRNAs or single-stranded RNAs (ssRNAs) carrying stem loop structures (e.g. primary microRNA -miRNA-transcripts) by DCL proteins leading to the production of 20-25 nt long short interfering RNAs (siRNAs) or miRNAs. siRNAs or miRNAs are then loaded into Argonaute (AGO) proteins to direct posttranscriptional silencing of sequence complementary mRNA targets through endonucleolytic cleavage and/or translational inhibition 4 .

An important feature of plant sRNAs, and particularly of siRNAs, is their ability to trigger non-cell autonomous silencing in adjacent cells as well as in distal tissues 5,6 . This phenomenon is essential to prime antiviral response ahead of the infection front but also to translocate silencing signals between plant cells and their non-viral eukaryotic interacting (micro)organisms 7,8 . For example, plant sRNAs were previously found to be exported in the fungal pathogens Verticillium dahliae 9 and Botrytis cinerea 10 as well as in the oomycete pathogen Phytophthora capsici 11 , leading to the silencing of pathogenicity factors. On the other hand, fungal siRNAs from B. cinerea were shown to be translocated into plant cells to silence defense genes 12 , highlighting bidirectional RNAi in a natural plant-fungal interaction.

In addition, a very recent report provides evidence that rhizobial tRNA-derived sRNAs can silence legume symbiotic genes 13 . However, whether plant sRNAs can in turn directly reprogram gene expression in plant-associated bacteria remains unknown.

Artificial trans-kingdom RNAi has long been employed to direct Host-Induced Gene Silencing (HIGS), a technology used to characterize the function of fungal and oomycete genes or to engineer disease resistance in plants. HIGS notably relies on in planta expression of dsRNAs bearing homologies to essential and/or virulence genes and can operate in insects, nematodes, parasitic plants, oomycete and fungi. For example, HIGS confers full protection against Fusarium graminearum 14 and B. cinerea 10 , a phenotype which can be recapitulated by spraying antifungal dsRNAs and/or siRNAs onto Arabidopsis wild type (WT) plants prior to infection 15,10 . The latter phenomenon is referred to as Spray-Induced Gene Silencing (SIGS) and is reminiscent of 'environmental RNAi', a process involving the uptake of RNAs from the environment to trigger RNAi 16,17 . However, so far, HIGS and SIGS have only been shown to be functional in eukaryotic (micro)organisms possessing canonical RNA silencing factors. Indeed, there is currently no evidence indicating that host-encoded dsRNAs and/or sRNAs could direct gene silencing in interacting phytopathogenic bacteria, which lack conventional eukaryotic-like RNAi factors. It is also unknown whether external application of any of these RNA entities could trigger environmental RNAi in pathogenic prokaryotic cells and if such hypothetical RNA-based regulatory process could be used to protect plants towards bacterial diseases. Here, we wanted to test these intriguing ideas using Pseudomonas syringae pv. tomato strain DC3000 (Pto DC3000) as an experimental model system.

Results

Pto DC3000 is a Gram-negative bacterium that is the causal agent of bacterial speck disease in tomato and can also infect Arabidopsis thaliana 18 . This bacterium enters into leaf tissues through stomata or wounds and further multiplies in the apoplast 19 . To assess whether plant sRNAs and/or dsRNAs could reprogram Pto DC3000 gene expression, we first targeted a chromosomally integrated Photorhabdus luminescens luxCDABE reporter driven by the constitutive kanamycin promoter 20 . This lux-tagged Pto DC3000 (Pto WT LUC) strain spontaneously emits luminescence because it co-expresses the luciferase catalytic components luxA and luxB genes along with the genes required for substrate production, namely luxC, luxD and luxE 21 (Fig. 1a). Two independent Arabidopsis transgenic lines that constitutively express a chimeric inverted repeat which carries sequence homology with the coding regions of luxA and luxB were selected on the basis of their ability to produce anti-luxA and anti-luxB siRNAs (Fig. 1b). They were subsequently syringe-infiltrated with the luxtagged Pto DC3000 strain and the levels of luminescence activity were monitored at 24 hours post-inoculation (hpi). A significant reduction in luminescence activity was found in IR-LUXA/LUXBcompared to control Col-0-infected plants (Fig. 1c). By contrast, the growth of the bacterial reporter strain remained unchanged in the apoplast of IR-LUXA/LUXB lines compared to Col-0 plants (Fig. 1d), indicating that the above effects were not due to a decreased bacterial titer in these transgenic lines. Furthermore, a significant reduction in the accumulation of both luxA and luxB mRNAs was found in IR-LUXA/LUXB-compared to control Col-0-infected plants, while the levels of the non-targeted proC bacterial transcripts remained unchanged (Fig. 1e). These data indicate that an Arabidopsis-encoded inverted repeat can trigger silencing of Pto DC3000 heterologous reporter genes during infection.

Pto DC3000 possesses a large repertoire of pathogenicity factors, among them the type III secretion system (TTSS) and the phytotoxin coronatine (COR), which mimics the most active isoleucine conjugate of the phytohormone Jasmonic Acid (JA), both being critical for pathogenesis 22-25 . To investigate whether Antibacterial Gene Silencing (AGS) could be additionally effective against endogenous Pto DC3000 genes that are relevant for pathogenesis, we next generated Arabidopsis transgenic plants that constitutively express a chimeric inverted repeat carrying sequence homology with the coding regions of the coronafacic acid polyketide synthase I (cfa6) gene and of the hrpL alternative sigma factor of Pto DC3000 (Fig. 2a). The former bacterial factor is essential for the biosynthesis of coronafacic acid (CFA), which is a major structural component of COR 26 , while the latter controls directly the expression of type III-secretion system associated genes and indirectly the expression of COR biosynthesis genes 27, 28 . As a negative control, we have generated Arabidopsis transgenic lines overexpressing an inverted repeat, which does not exhibit sequence homology with the Pto DC3000 genome, but instead targets three cytochrome P450 lanosterol C-14α-demethylase (CYP51) genes of the fungal pathogen F. graminearum 14 . These stable transgenic lines are referred to as IR-CFA6/HRPL and control vector (CV) plants, respectively, and do not exhibit any developmental defect compared to Col-0 plants, despite high accumulation of artificial siRNAs (Fig. 2b,c; Supplementary Fig. 2).

Additional characterization of the reference IR-CFA6/HRPL#4 transgenic line by sRNA sequencing, revealed high and comparable levels of anti-cfa6 and anti-hrpL siRNAs, with a bias towards 21 nt siRNAs (Fig. 2d). Furthermore, siRNAs were produced along the CFA6 and HRPL regions of the chimeric inverted repeat (Fig. 2e), which is consistent with a processive cleavage of the CFA6/HRPL dsRNA precursors by DCL proteins. An sRNA target prediction analysis against the Arabidopsis thaliana and Pto DC3000 annotated genes also indicated that an off-target effect seems unlikely (Supplementary Fig. 1, Table S1,S2).

We further dip-inoculated these transgenic plants with Pto DC3000 and monitored cfa6 and hrpL mRNA levels by RT-qPCR analyses at 3 days-post infection (dpi). While the cfa6 mRNA levels were moderately altered in two out of three independent IR-CFA6/HRPL lines compared to Col-0 plants, the levels of hrpL transcripts were reproducibly and significantly reduced in all the three IR-CFA6/HRPL lines compared to Col-0 plants (Fig. 2f). By contrast, the down-regulation of cfa6 or hrpL mRNAs was not observed in CV-versus Col-0-infected plants (Fig. 2f), supporting a specific effect of these antibacterial RNAs. In addition, the mRNA level of the non-targeted proC gene was unchanged in IR-CFA6/HRPL-infected lines compared to Col-0-or CV-infected plants (Fig. 2f). We conclude that the Arabidopsisencoded IR-CFA6/HRPL transgene can at least trigger silencing of the Pto DC3000 hrpL gene during infection.

It has been previously reported that Pto DC3000 triggers the reopening of stomata as a counter-defense towards plant-induced stomatal closure, which is rapidly orchestrated upon bacterial detection 29 . This virulence response is critical for Pto DC3000 pathogenesis as it allows bacterial cells to reach the apoplast and to colonize inner leaf tissues. Previous studies have also shown that COR plays a major role in Pto DC3000-induced stomatal reopening 30 . Accordingly, the COR-deficient Pto DC3118 strain, which is specifically mutated in the cfa6 gene and referred to here as Pto DC3000 Δcfa6 (PtoΔcfa6), is not able to reopen stomata at 3 hpi (Fig. 3a, Supplementary Fig. 3a). Similarly, we found that the Pto DC3000 ΔhrpL (PtoΔhrpL) strain, which is also deficient in COR biosynthesis 24 , was not capable of reopening stomata (Fig. 3a, Supplementary Fig. 3a). On the contrary, and as shown previously 30 , a normal stomatal reopening phenotype was observed during infection with the type III secretion-defective Pto DC3000hrcC mutant (PtoΔhrcC) (Fig. 3a; Supplementary Fig. 3a), indicating that at this infection timepoint, type III effectors appear to be dispensable for this response.

We next monitored Pto DC3000-induced stomatal reopening response in IR-CFA6/HRPL transgenic lines. Significantly, these plants were fully insensitive to the stomatal reopening response typically triggered by Pto DC3000 at 3 hpi (Fig. 3b; Supplementary Fig. 3b), thereby mimicking the phenotypes observed during infection of Col-0 plants with the PtoΔcfa6 or the PtoΔhrpL strains (Fig. 3a,b; Supplementary Fig. 3a,b). By contrast, Pto DC3000-triggered stomatal reopening events were unaltered in CV-compared to Col-0-infected plants (Fig. 3c; Supplementary Fig. 3c), supporting a specific effect of antibacterial RNAs in this process. In addition, the altered stomatal reopening phenotype detected in IR-CFA6/HRPL plants infected with the WT Pto DC3000 strain, and in Col-0 plants challenged with the PtoΔcfa6 or the PtoΔhrpL strains, was fully rescued upon exogenous application of COR (Fig. 3a,b; Supplementary Fig. 3a,b). These data provide pharmacological evidence that the reduced Pto DC3000 pathogenesis manifested at infected IR-CFA6/HRPL stomata is likely caused by an altered ability of the associated and/or surrounding bacterial cells to produce COR.

We next assessed the impact that AGS could have on the ability of Pto DC3000 to colonize the apoplast of surface-inoculated leaves, a phenotype which is dependent on both type III effectors and COR 22 . To this end, we dip-inoculated Col-0, CV and IR-CFA6/HRPL plants with Pto DC3000 and subsequently monitored bacterial titer at 2 dpi. We found that Pto DC3000 was less effective in colonizing the apoplast of IR-CFA6/HRPL lines compared to Col-0 and CV-infected plants, a phenotype that was comparable to the growth defect of the PtoΔcfa6 strain in Col-0 plants (Fig. 4a). Nevertheless, this phenotype was less pronounced than the one observed with the PtoΔhrpL strain grown on Col-0 plants (Supplementary Fig. 4a), which might be due to the partial silencing of the targeted virulence factors and/or to the known RNA silencing suppression activity triggered by Pto DC3000 (Fig. 2f) 31, 32 . In addition, we noticed that IR-CFA6/HRPL plants dip-inoculated with Pto DC3000 showed reduced watersoaking symptoms at 1 dpi (Fig. 4b), thereby phenocopying Col-0 plants dip-inoculated with the PtoΔcfa6 or the PtoΔhrpL strains (Supplementary Fig. 4b). Therefore, AGS can alter the ability of Pto DC3000 to trigger water-soaking and to multiply in the apoplast of Arabidopsis leaves, which are both critical steps of bacterial pathogenesis 33 .

Next, we assessed whether AGS could interfere with the capacity of Pto DC3000 to colonize xylem vessels, which is the main route used by this bacterium to propagate in the leaf vasculature 34, 35 . This Pto DC3000 virulence phenotype has been recently characterized and found here to be dependent on both type III effectors and COR (Supplementary Fig. 4c,4d).

For this purpose, we wound-inoculated the leaf midvein of IR-CFA6/HRPL plants with a GFPtagged Pto DC3000 (Pto DC3000-GFP) and further scored the number of bacterial propagation from inoculation sites. We found a strong decrease in Pto DC3000-GFP vascular propagation in the IR-CFA6/HRPL lines compared to Col-0-and CV-infected plants (Fig. 4c,4d), thereby mimicking the impaired spreading phenotype of the PtoΔcfa6-GFP and PtoΔhrpL-GFP strains on Col-0 plants (Supplementary Fig. 4c). Altogether, these data demonstrate that AGS can limit pathogenesis of Pto DC3000 in different tissues of Arabidopsis transgenic plants.

Environmental RNAi is a phenomenon by which (micro)organisms uptake external RNAs from the environment, resulting in the silencing of genes containing sequence homologies to the RNA triggers 17 . This process has been initially characterized in Caenorhabditis elegans 36-39 and was further found to operate in other nematodes but also in insects, plants and fungi 15,40 . However, this approach has never been used against a bacterial phytopathogen that lacks a canonical eukaryotic-like RNAi machinery such as Pto DC3000.

To test this possibility, we first assessed whether RNA extracts from IR-CFA6/HRPL plants could trigger silencing of cfa6 and hrpL genes in in vitro conditions. For this purpose, we incubated total RNAs from CV and IR-CFA6/HRPL plants with Pto DC3000 cells, and further analyzed by RT-qPCR the levels of cfa6 and hrpL mRNAs. Results from these analyses revealed a reduction in the accumulation of both virulence factor mRNAs upon treatment with RNA extracts from IR-CFA6/HRPL plants (Fig. 5a). By contrast, the level of the nontargeted proC and rpoB mRNAs remained unaltered in the same conditions (Fig. 5a). These data imply that plant antibacterial RNAs are likely taken-up by Pto DC3000 cells and subsequently trigger gene silencing in these prokaryotic cells. It also suggests that exogenous application of these antibacterial RNAs could be used as a strategy to dampen pathogenesis. To test this idea, we pre-treated Arabidopsis Col-0 leaf sections with total RNAs from IR-CFA6/HRPL plants for one hour, subsequently challenged them with Pto DC3000, and further monitored stomatal reopening events at 3 hpi. Strikingly, we found that RNA extracts from IR-CFA6/HRPL plants fully suppressed the ability of Pto DC3000 to reopen stomata (Fig. 5b; Supplementary Fig. 6a), thereby mimicking the phenotype observed in infected IR-CFA6/HRPL leaves (Fig. 3b; Supplementary Fig. 3b). We additionally investigated whether this approach could be used to control the growth of Pto DC3000 in planta. For this purpose, we pre-treated for one hour Arabidopsis Col-0 plants with total RNAs from IR-CFA6/HRPL plants and further dip-inoculated them with Pto DC3000. We found that these RNA extracts triggered a decreased Pto DC3000 titer at 2 dpi, a phenotype that was comparable to the ones observed in IR-CFA6/HRPL and Col-0 plants inoculated with the PtoΔcfa6 strain (Fig. 4a,5c). By contrast, application of total RNAs from CV plants did not alter growth of Pto DC3000 in the same conditions (Fig. 5c), supporting a specific effect of antibacterial RNAs in this process. To assess whether such RNA-based biocontrol approach could also be effective in cultivated plants, we repeated the same assay on tomato (Solanum lycopersicum), which is the natural host of Pto DC3000. Pre-treatment of WT tomato leaves for one hour with RNA extracts from IR-CFA6/HRPL plants led to compromised Pto DC3000-induced necrotic disease symptoms and to a reduction in bacterial content compared to leaves pre-treated with RNA extracts from CV plants (Fig. 5df; Supplementary Fig. 5 a-c). Collectively, these data demonstrate that external application of plant antibacterial RNAs can trigger AGS and disease protection against Pto DC3000 in both Arabidopsis and tomato plants.

Next, we interrogated which RNA entities are responsible for AGS upon external application of antibacterial RNAs. To this, we purified sRNA species from IR-CFA6/HRPL plant total RNAs using a glass fiber filter-based method (Supplementary Fig. 7a,7b), and subjected them to stomatal reopening assay. We found that these sRNA species suppressed Pto DC3000-triggered stomatal reopening, to the same extent as IR-CFA6/HRPL plant total RNA extracts (Fig. 6a; Supplementary Fig. 7c). By contrast, long RNA species, which were not filtered through the above columns, were inactive (Fig. 6a; Supplementary Fig. 7c), further supporting that CFA6/HRPL long dsRNAs are not involved in this response. We have then synthesized CFA6/HRPL long dsRNAs and cognate double-stranded siRNAs in vitro to further test their antibacterial activity (Fig. 6b). The in vitro-synthesized CFA6/HRPL long dsRNAs did not alter the ability of Pto DC3000 to reopen stomata, nor did CYP51 long dsRNAs used as controls (Fig 6b;Supplementary Fig.7d). By contrast, in vitro-synthesized anti-cfa6 and anti-hrpL siRNAs fully suppressed stomatal reopening (Fig 6c; Supplementary Fig. 7d), and accordingly, triggered silencing of cfa6 and hrpL genes (Fig. 6c). Altogether, these data provide evidence that siRNAs directed against cfa6 and hrpL genes are critical for AGS and pathogenesis reduction, while cognate long dsRNAs are ineffective for both processes.

Although the above findings indicate that siRNAs can trigger AGS and antibacterial activity, they do not firmly demonstrate that these RNA entities are causal for these phenomena. To address this, we decided to generate recombinant bacteria expressing a siRNA-resilient version of the hrpL gene. To this end, we complemented the PtoΔhrpL mutant with either a WT hrpL transgene or a mutated version that contains as many silent mutations as possible in the siRNA targeted region, which were predicted to alter the binding of siRNAs with the hrpL mRNA but to produce the same protein sequence (Fig. 7a,7b, Supplementary Table3).

Both transgenes were expressed under the constitutive neomycin phosphotransferase II (NPTII) promoter (Fig. 7c). The resulting recombinant bacteria, referred to as PtoΔhrpL WT hrpL and PtoΔhrpL mut hrpL, were found to restore the ability of the PtoΔhrpL strain to reopen stomata when inoculated on Col-0 leaf sections (Fig. 7f; Supplementary Fig. 9a,9b), indicating that both transgenes are functional in a stomatal reopening assay. We further assessed the sensitivity of each recombinant bacterium to AGS. For this purpose, we incubated PtoΔhrpL WT hrpL and PtoΔhrpL mut hrpL strains with total RNA extracts from CV and IR-CFA6/HRPL#4 plants and further monitored hrpL transgene mRNA levels by RT-qPCR analysis. We found a significant decrease in the accumulation of hrpL mRNAs expressed from the PtoΔhrpL WT hrpL strain, which was not detected upon treatment with RNA extracts from CV plants (Fig. 7d). These data indicate that the WT hrpL transgene expressed from the PtoΔhrpL WT hrpL strain is sensitive to AGS despite its constitutive expression driven by the NPTII promoter. By contrast, the accumulation of hrpL mRNAs expressed from the PtoΔhrpL mut hrpL strain was unaltered in response to RNA extracts from IR-CFA6/HRPL#4 plants (Fig. 7d), indicating that siRNAs no longer exert their AGS effect towards this recombinant bacterium. Collectively, these findings demonstrate that anti-hrpL siRNAs are causal for silencing of the hrpL gene in Pto DC3000 cells.

We finally investigated the responsiveness of each recombinant bacterial strain to siRNAdirected pathogenesis reduction by exploiting the Pto DC3000-induced stomatal reopening assay. To assess the specific effect of siRNAs towards suppression of hrpL-mediated stomatal reopening function, we cloned an IR-HRPL inverted repeat targeting the same hrpL sequence region than the one targeted by the IR-CFA6/HRPL hairpin, and further validated its capacity to produce anti-hrpL siRNAs upon Agrobacterium-mediated transient expression in Nicotiana benthamiana leaves (Fig. 7e). N. benthamiana total RNAs containing anti-hrpL siRNAs were found to fully suppress the ability of Pto DC3000 to reopen stomata (Fig. 7f, Supplementary Fig. 8). Importantly, similar results were obtained when N. benthamiana RNA extracts containing anti-hrpL siRNAs were incubated with the PtoΔhrpL WT hrpL strain (Fig. 7f; Supplementary Fig. 9a,9b), supporting a sensitivity of this bacterial strain to siRNA action. By contrast, the PtoΔhrpL mut hrpL strain was fully competent in reopening stomata (Fig. 7f; Supplementary Fig. 9a,9b), indicating that anti-hrpL siRNAs no longer exert their antibacterial effects towards this recombinant bacterium. Similar results were also observed in Arabidopsis stable IR-HRPL transgenic lines overexpressing anti-hrpL siRNAs (Fig. 7g,7h; Supplementary Fig. 9c). This indicates that the suppression of stomatal reopening phenotype is not due to potential off-target effects of these host-encoded siRNAs but rather caused by their targeting effects over the hrpL transcript sequence. Altogether, these data provide sound evidence that anti-hrpL siRNAs are causal for the suppression of hrpL-mediated stomatal reopening function. They also further validate a novel role of hrpL in bacterialinduced stomatal reopening, indicating that AGS can be employed as a tool to characterize bacterial gene function.

Discussion

We show here that Arabidopsis-encoded siRNAs trigger the silencing of Pto DC3000 virulence-associated genes, resulting in the dampening of pathogenesis. In particular, we found that anti-cfa6 and/or anti-hrpL siRNAs fully suppressed Pto DC3000-induced stomatal reopening, a virulence response that is dependent on the production of COR by epiphytic bacterial cells 46 . Our data therefore indicate that antibacterial siRNAs can act at the preinvasive stage of the infection, presumably by preventing COR biosynthesis in Pto DC3000 cells that come in contact with the leaf surface. In addition, we found that AGS was capable of reducing the ability of Pto DC3000 to mount water-soaking symptoms, to multiply in the leaf apoplast and to propagate in the leaf vasculature of Arabidopsis. Therefore, siRNAs additionally act at a post-invasive stage of the infection by targeting endophytic bacterial cells present in the apoplast and in xylem vessels. These observations imply that siRNAs must be externalized from plant cells towards the leaf surface, the apoplast and xylem vessels in order to reach epiphytic and endophytic bacterial populations. One siRNA trafficking mechanism might involve plant extracellular vesicles (EVs), whose secretion is enhanced during antibacterial defense and which contain diverse species of sRNAs 43, 44 .

Such a hypothesis would be consistent with recent findings showing that EVs ensure the movement of siRNAs from plant cells to fungal or oomycete cells 7,11 . It would also be congruent with a recent report showing that plant-derived exosome-like nanoparticles ingested by mice deliver plant miRNAs into specific commensal bacteria to reprogram their gene expression 45 .

We additionally showed that incubating RNA extracts containing antibacterial siRNAs with Pto DC3000 cells was sufficient to trigger AGS. However, corresponding dsRNAs were ineffective for this process, suggesting that the latter RNA entities are either not taken-up by, or not properly processed in, Pto DC3000 cells. This is a major distinction from environmental RNAi in C. elegans and plant herbivores, which specifically relies on long dsRNAs 37-40,46 , or in filamentous pathogens, which is triggered by both dsRNAs and siRNAs 15,10 . Instead, we found that plant siRNA species were causal for environmental RNAi in Pto DC3000, and this regulatory process was even, intriguingly, recapitulated in the presence of in vitro-synthesized siRNA duplexes. These data imply that Pto DC3000 must additionally be capable of taking-up -passively and/or actively-free sRNAs, despite the presence of a cell wall and an intricate double membrane structure. The data also suggest that Pto DC3000 must have evolved a machinery to take charge of the internalized sRNAs and direct gene silencing in bacterial cells. It will thus be appealing to identify such prokaryotic factors and to elucidate the principles of sRNA target recognition and mode of action in bacterial cells. Investigating whether our findings also apply to endogenous plant sRNAs, and assessing their possible implications in the regulation of the transcriptome, community composition and genome evolution of plant-associated bacteria will represent exciting directions for future studies.

Material and Methods

Plasmid construction

The IR-CFA6/HRPL construct is composed of 250 bp regions of Pto DC3000 genes, cfa6 (1-250 nt) and hrpl (99-348 nt), aligned in sense and antisense directions with the intron of the petunia chalcone synthase gene (CHSA) in between. The control vector (CV) construct IR-CYP51 is composed of described conserved regions from F. graminearum CYP51A, CYP51B and CYP51C 13 and the IR-LUXA/LUXB is composed regions from luxA and luxB genes of the luxCDABE operon and they are aligned in sense and antisense directions with the same intron sequence as described above. The IR-CFA6/HRPL, IR-CYP51 and IR-LUXA/LUXB constructs containing EcoRI and SalI sites at both extremities were synthesized by GenScript® and inserted by restriction enzymatic digestion into a modified pDON221-P5-P2 vector carrying additional EcoRI and SalI sites to facilitate the insertion of these longinverted repeats. The plasmids containing the 35S pro :IR-CFA6/HRPL and 35S pro :IR-CYP51 were obtained by a double recombination between pDON221-P5-P2 carrying the inverted repeat sequences and pDON221-P1-P5r carrying the Cauliflower Mosaic Virus (CaMV) 35S promoter sequence, in the the pB7WG Gateway destination vector using LR clonase plus (Life Technologies). These plasmids were then introduced into the Agrobacterium C58C1 strain. The IR-HRPL construct, which is composed of the same 250 bp region of hrpL as in the IR-CFA6/HRPL construct, was recombined by using GreenGate technology 47 to constitute the plasmid 35S pro :IR-HRPL, which was then transformed in the Agrobacterium C58C1 strain.

To generate the WT hrpL and the mut hrpL plasmids, the wild type hrpL sequence was amplified from the genomic DNA isolated from Pto DC3000, while the mutant hrpL sequence was amplified from a mutated sequence synthesized by GenScript®. These two sequences were further cloned into pDON207 vector using BP clonase (Life Technologies) and then introduced by recombination using LR clonase (Life Technologies) into the pBS0046 destination vector, which carries a constitutive NPTII promoter. Specific primers used for the purpose of cloning are listed in Supplementary table 4.

Plant material and growth conditions

Stable transgenic lines expressing IR-LUXA/LUXB, IR-CFA6/HRPL, IR-CYP51 (CV) and IR-HRPL constructs were generated by transforming Arabidopsis (accession Col-0) plants using Agrobacterium mediated-floral dip method 48 . Two independent Arabidopsis T2 transgenic lines of IR-LUXA/LUXB, #18 and #20; three independent Arabidopsis T4 transgenic lines of IR-CFA6/HRPL, #4, #5 and #10; two independent Arabidopsis T2 transgenic lines of IR-HRPL, #1 and #4 and one reference Arabidopsis T4 transgenic line for IR-CYP51 #2 (CV) were generated and used in our experiments. For genetic analysis, dcl2-1 dcl3-1 dcl4-2 (dcl234) triple mutant was crossed with the reference line IR-CFA6/HRPL#4 and the F3 plants were genotyped to select homozygous dcl234 mutant containing the IR-CFA6/HRPL transgene.

Sterilized seeds of Arabidopsis Col-0 and the selected homozygous transgenic lines were first grown for 12-14 days at 22°C on plates containing ½ x MS medium (Duchefa), 1% sucrose and 0.8 % agar (with or without antibiotic selection) in 8h photoperiod. Seedlings 

Bacterial strains

The PtoΔcfa6-GFP (Pto DC3118-GFP) strain is a gift from S. Y. He, while the PtoΔhrpL strain is a gift from C. Ramos 49 . The PtoΔhrpL strain expressing the GFP reporter gene was generated by transformation with the GFP-pPNpt Green plasmid by electroporation and then plated on NYGB medium (5 g L -1 bactopeptone, 3 g L -1 yeast extract, 20 ml L -1 glycerol) containing gentamycin (1 µg mL -1 ) for selection at 28 °C. To generate the Pto DC3000 WT hrpL and mut hrpL strains, the PtoΔhrpL strain was transformed with the plasmids NPTII pro :WT-hrpL and NPTII pro :mut-hrpL, respectively, by electroporation and then plated in NYGB medium with gentamycin (1 µg mL -1 ) at 28°C for two days. The colonies containing the plasmid were selected by PCR using specific primers to hrpL gene. The lux-tagged Pto DC3000 strain has been previously described 21 .

Bacterial infection assays in plants (a) Bacterial dipping assay: Three hours after the beginning of the night cycle in growth chamber, three plants per condition were dip-inoculated with Pto DC3000 at 5 x 10 7 cfu ml -1 supplemented with 0.02 % Silwet L-77 (Lehle seeds). Plants were then immediately placed in chambers with high humidity. Water-soaking symptoms were observed 24 hours postinfection and pictures of representative leaves were taken. Two days post-inoculation, bacterial titer was measured for individual infected leaves (n=8). To quantify bacterial transcripts in infected plants, pool of infected leaves from three plants was collected three days post-inoculation.

(b) Wound-inoculation assay: Bacterial propagation in the mid-veins was assessed as described previously 34 . Around 15 leaves from three plants per condition were inoculated with a toothpick dipped in GFP-tagged bacteria at a concentration of 5 x 10 6 cfu ml -1 and then the plants were covered for 3 days. Bacterial propagation was then analyzed by monitoring GFP signal under a UV light using an Olympus MV 10 × Macrozoom with a GFP filter and representative pictures of bacterial propagation were taken with a CCD camera AxioCam Mrc Zeiss.

(c) Plant protection assay: Prior to bacterial infection, four leaves of three Col-0 plants were dipped with mock solution (water) or 20 ng μl -1 of specific total RNAs, both supplemented with 0.02% of Silwet L-77. After one hour, leaves were dip-inoculated with Pto DC3000 WT or PtoΔcfa6 at 5 x 10 7 cfu ml -1 with 0.02% of Silwet L-77. Bacterial titers were monitored two days post-inoculation, as specified earlier. Similar assay was performed using tomato plants but with a GFP-tagged Pto DC3000. Representative pictures of bacterial disease symptoms observed at 3 dpi were depicted.

(d) Bacterial luminescence quantification: Three plants per condition were syringeinfiltrated with the lux-tagged Pto DC3000 strain at 10 6 cfu ml -1 . Plants were placed in a chamber with high humidity to facilitate proper infection. After 24 hours, leaf discs were prepared and placed in individual wells of a 96 well plate to quantify the luminescence using Berthold Centro LB 960 Microplate Luminometer. Four leaves per plant were taken into consideration. Leaf discs from individual leaves were collected and pooled to monitor bacterial titers as described in (a).

Tomato infection quantification

(a) GFP loci quantification: Tomato leaves infected with Pto DC3000-GFP strain were analyzed under a UV light using an Olympus MV 10x Macrozoom with a GFP filter and pictures were taken with a CCD camera AxioCam Mrc Zeiss. Number of GFP loci was quantified with ImageJ software for at least 10 pictures per condition. Individual leaves were collected to extract genomic DNA.

(b) Bacterial genomic DNA quantification:

To quantify bacterial infection in the infected tomato plants, the amount of bacterial genomic DNA (gDNA) was measured relative to plant gDNA 50 . Genomic DNA was isolated from tomato leaf samples infected with Pto DC3000-GFP using the DNeasy plant mini kit (QIAGEN, Germany) according to the manufacturer's instructions. Using 1 ng of gDNA, qPCR was performed using Takyon SYBR Green Supermix (Eurogentec®) and GFP-specific primers. Amount of bacterial gDNA was normalized to that of tomato using Ubiquitin-specific primers. Primer sequences are listed in Supplementary table 4.

Agrobacterium-mediated transient expression of inverted repeats in N. benthamiana

To express the IR-HRPL hairpin and the IR-CFA6/HRPL chimeric hairpin transiently, the A. tumefaciens C58C1 strains carrying these plasmids were grown overnight in LB medium at 28°C. Cells were resuspended in a solution containing 10 mM MES, pH 5.6, 10 mM MgCl 2 and 200 μM acetosyringone at a final concentration of 0.5 OD 600 . Cultures were incubated in the dark at room temperature for 5-6 hours before Agrobacterium-mediated infiltration in 4-week old N. benthamiana. After 3 days, leaves were harvested for total RNA extraction and molecular analyses.

Stomatal aperture measurements

Using intact leaves from three plants, sections were dissected and immersed in mock solution (water) or bacterial suspension at 10 8 cfu ml -1 . After 3 hours, unpeeled leaf sections were stained with 10 μg ml -1 propidium iodide (Sigma) and abaxial surface was observed under SP5 laser scanning confocal microscope. The stomatal aperture (width relative to length) was measured using ImageJ software for at least 50-70 stomata per condition. For RNA and vesicle treatments, the leaf sections were incubated with total RNAs or APF and P40 fraction extracted from specified genotypes for one hour before incubation with the bacteria. In specified experiments, 1 μM of Coronatine (COR; Sigma) was supplemented to the bacterial suspension.

In vitro AGS assay

To assess whether the transcripts of Pto DC3000 cfa6 and hrpL can be directly targeted by the dsRNA and/or the siRNAs generated by the hairpin IR-CFA6/HRPL, 2 ml cultures of Pto DC3000 WT, PtoΔhrpL WT hrpL and PtoΔhrpL mut hrpL at 10 7 cfu ml -1 were treated for 4 and/or 8 hours, with 20 ng μl -1 of specified total RNA extracted from CV or IR-CFA6/HRPL#4 transgenic plants. For each condition, bacteria were harvested and processed for molecular analyses.

Quantitative RT-PCR Analyses

To monitor plant-encoded transcripts, total RNA was extracted from plant samples using Nucleospin RNA plant kit (Macherey Nagel). 0.5 µg of DNase-treated RNA was reverse transcribed using qScript cDNA Supermix (Quanta Biosciences®). cDNA was then amplified by real time PCR reactions using Takyon SYBR Green Supermix (Eurogentec®) and genespecific primers. Expression was normalized to that of Arabidopsis Ubiquitin. To monitor bacterial transcripts, total RNA was extracted from bacteria-infected plant samples or from in vitro treated bacteria using Nucleospin RNA kit. After DNAse treatment, 250 ng of total RNA was reverse transcribed using random hexamer primers and qScript Flex cDNA kit (Quanta Biosciences®) and then amplified by real time PCR reaction using gene-specific primers. Expression was normalized to that of gyrA. Real time PCR was performed in 384well optical reaction plates heated at 95°C for 10 min, followed by 45 cycles of denaturation at 95°C for 15s, annealing at 60°C for 20s, and elongation at 72°C for 40s. A melting curve was performed at the end of the amplification by steps of 1°C (from 95°C to 50°C). Primer sequences are listed in Supplementary table 3.

RNA Gel Blot Analyses

Accumulation of low molecular weight RNAs was assessed by Northern blot analysis as previously described 31 . Total RNA was extracted using TriZOL reagent and stabilized in 50% formamide and 30 μg of total RNAs were used. To generate specific 32 P-radiolabelled probes, regions of 150 bp to 300 bp were amplified from the plasmids using gene specific primers (Supplementary Table 4) and the amplicons were labeled by random priming (Prime-a-Gene® Labeling System, Promega). U6 was monitored as an equal loading control.

Separation of long and small RNA fractions

From 100 μg of TriZOL-extracted total RNA, long and small RNA fractions were separated using the mirVana miRNA isolation kit (Ambion®) according to the manufacturer's instructions. The long and small RNA fractions were visualized using agarose gel electrophoresis and further analyzed using Bioanalyzer 2100 (Agilent Technologies).

In vitro synthesis of Inverted Repeat (IR) RNAs

In vitro synthesized RNAs were generated following the instruction of the MEGAscript® RNAi Kit (Life Technologies, Carlsbad, CA). Templates were amplified by PCR using gene specific primers containing the T7 promoter. PCR amplification was done in two steps with two different annealing temperatures to increase the specificity of primers annealing. After the amplification step, PCR products were purified by gel extraction using the PCR Clean-up kit (Macherey-Nagel) to eliminate any unspecific PCR products. To produce dsRNAs, the purified PCR products were used as templates for in vitro transcription performed according to the MEGAscript RNAi Kit instructions (Life Technologies). After purification with the filter catridges, the corresponding dsRNAs were processed in 18-25 nt siRNAs by ShortCut® RNase III (NEB, Ipswich, MA) for 40 min at 37°C. siRNAs were then specifically purified by using the mirVana™ miRNA Isolation Kit (Life Technologies, Carlsbad, CA). Each step of this process was followed by gel electrophoresis (TAE 1X, 1% agarose gel for DNA amplification and 2% agarose gel for RNAs) to verify the quality of RNAs.

Bioinformatic analysis

Small RNA libraries were constructed and sequenced from four-to five-week old leaves of IR-CFA6/HRPL#4. Raw reads have been deposited at the NCBI SRA under Bioproject (PRJNA587213). Libraries were mapped against the Arabidopsis thaliana genome (v TAIR10.1 GCF_000001735.4) and the IR-CFA6/HRPL sequence using ShortStack (default parameters) 52 . Coverage of mapped loci was obtained with the Genomic Alignments package in R 53 . Unique reads mapping to cfa6 and hrpL in both replicates were extracted and quantified from ShortStack mapping results using samtools 54 . Each unique read was aligned against annotated Arabidopsis and Pto DC3000 coding sequences (CDS) using BLAST 55 (-e-value 10, -word_size 4, -ungapped, -reward 1, -penalty -1), and the top target (with lowest e-value) was kept for each read in each target set. Binding free energy was calculated for each read/target pair using RNAup (-interaction pairwise) 56 . 

Oligo name

Oligo Sequence (5'- 

3') Usage GyrA-F AACTGCTGGGTGAGTACCA GyrA-R GAGCTCTTCGCGGATCACT ProC-F CGCAGATGATGAAAAGCGTC ProC-R AGTCAGGCTGGCACAGGTG RpoB-F GTAGGTCTGGTCCGTGTTGA RpoB-R GCAAGTAATCTCGGACAGCG Cfa6-F GTCTTCATCTTTCCCGGTCA Cfa6-R GTCTCGATCTGGTCGATGGT HrpL-F CGAGTCATTCAGGCCATTGATT HrpL-R GTTTCCTGATAATTGCCGTCCA luxA-F CGGAGTTTGGTTTGCTTGGT luxA-R CAAGTTGGCGTACTGGATGG luxB-F GCGGAGGAAGCTTGCTTATT luxB-R TGATATTCAACCGGGCGATT Nb-lUXA/LUXB-F TGCTTACATACCAACCTCCCCAATT Nb-lUXA/LUXB-R GGCGCGCCCAGGATGATGAGTTGTA Nb-CFA6-F CAACAACTTGCCGGGATCCTG Nb-CFA6-R GGCTTGCATCCGACAGAATCAG Nb-HRPL-F CACTTCGTCTTCCCAGCTTTC Nb-HRPL-R TTTATCCAAAAGCGGGTGATGAAC Nb-CYP51-F ATCCGAGCATGACATGATGA Nb-CYP51-R GTACGGGTCGATGCCATATT U6 AGGGGCCATGCTAATCTTCTC probe for northern blot analysis tomato-Ubi-F GGACGGACGTACTCTAGCTGAT tomato-Ubi-F AGCTTTCGACCTCAAGGGTA Pto-GFP-F TGGAAGCGTTCAACTAGCAG Pto-GFP-R AAAGGGCAGATTGTGTGGAC IR-CFA6/HRPL-F GTTCATCACCCGCTTTTGGA IR-CFA6/HRPL-R CCCCTCTTTCTACCTTCCCA Ath-Ubi-F TGAAGTCGTGAGACAGCGTTG Ath-Ubi-F GGGCTTTCTCATTGTTGGTC HRPL-pDON207-F AAAAAGCAGGCTTCATGTTTCAGAAGATTGTGATC HRPL-pDON207-R AGAAAGCTGGGTCGGCGAACGGGTCGATTTGCTG IR-HRPL-F aGGTCTCaCTGCCTGATGACTGACATCACCGTG IR-HRPL-R aGGTCTCaTAGTCAGGGCGTTTATCCAAAAGCG dcl2-1-WT-FP TGAATCATCTGGAAGAGGTGG dcl2-1-mut-FP ATTTTGCCGATTTCGGAAC dcl2-1-WT-RP TGAATCATCTGGAAGAGGTGG dcl3-1-LP ACAGGTAACCTTGCCATGTTG dcl3-1-RP TGGAAAAGTTTGCTACAACGG LBa1 TGGTTCACGTAGTGGGCCATCG dcl4-2-G8605-FP GGCTGCACAGCTGATGATTACAA dcl4-2-G9512-RP GCCGCTCGAGATCATCAGCAAAGGAAT GABI-

Abstract

In the first part of this chapter, we successfully demonstrated that plant-derived artificial small RNAs directed against virulence factors from phytopathogenic bacteria could direct Antibacterial Gene Silencing (AGS) and disease protection. However, the mechanisms by which plant small RNAs are translocated in bacteria and further direct AGS in these prokaryotic cells remain elusive. Furthermore, it is currently unknown whether endogenous small RNAs could similarly reprogram bacterial gene expression as part of a natural antibacterial defense response. Here, we wanted to address some of these questions using

Pseudomonas syringae pv. tomato strain DC3000 (Pto DC3000) as an experimental model system. More specifically, our objectives were 1) to determine whether siRNAs generated from an Arabidopsis endogenous inverted repeat could potentially regulate Pto DC3000 transcripts and control bacterial disease, and 2) to take advantage of a well-characterized

Arabidopsis exogenous inverted repeat system to investigate the nature of the apoplastic small RNA species that were competent for AGS. We first showed a role of an endogenous Arabidopsis inverted repeat in promoting disease protection against Pto DC3000, suggesting that siRNAs produced from this hairpin can either target repressors of plant defense and/or bacterial genes required for pathogenicity and/or survival. By performing unbiased bioinformatics analyses, we have further identified putative targets of some of these siRNAs in the genomes of Pto DC3000 but also of Xanthomonas campestris pv. campestris (Xcc), which will need to be experimentally validated in future studies. In addition, we have shown that the apoplast of Arabidopsis plants is composed of various small RNA species, which are either embedded into EVs or, unexpectedly, in a free form. Overall, this preliminary work suggests that endogenous small RNAs can potentially reprogram bacterial gene expression during infection and that plants send their small RNAs in bacterial cells either in an EVdependent or -independent manner.

Introduction

In plants, small RNAs (sRNAs) including both microRNAs (miRNAs) and small interfering RNAs (siRNAs) are the key regulatory components involved in targeting complementary mRNAs to mediate Post-Transcriptional Gene Silencing (PTGS) 1 . RNA interference (RNAi) has been initially characterized in transgene silencing as well as in antiviral defense 2,3 . In the past two decades, increasing number of studies has revealed an additional role of sRNAs in controlling resistance against non-viral pathogens 4,5 . Plant sRNAs along with the RNA silencing machinery components were shown to be essential for modulating plant defense against unrelated viral and non-viral plant pathogens 6 . As a corollary, various pathogens have evolved strategies to suppress PTGS to cause disease 7 . One example involves the production of pathogen-derived effector proteins that specifically suppress the biogenesis of sRNAs or their action in host plants. Initial studies were mainly focused on intracellular gene regulation mediated by plant sRNAs in response to pathogen attack. However in the past few years, it has been shown that fungal effector sRNAs can additionally be transported towards plant cells to direct silencing of immune-responsive genes, thereby contributing to pathogenesis 8 . Conversely, plant-encoded sRNAs were shown to silence fungal and oomycete genes to reduce pathogen virulence, providing evidence of a bidirectional transfer of sRNAs between the host plant and their interacting microbes 9,10 .

The first demonstration of such plant trans-kingdom RNAi mechanism has been described

during Arabidopsis-Botrytis cinerea interaction, where specific Botrytis-encoded sRNAs were found to induce silencing of functionally relevant immune-responsive genes to promote virulence 8 . Similarly, another major fungal pathogen Puccinia striiformis f. sp. tritici was shown to encode a miRNA-like small RNA, Pst-miR1, which triggers silencing of the wheat Pathogenesis Related 2 (PR2) gene during infection 11 . The biogenesis of these pathogenderived sRNAs is dependent on eukaryotic-like Dicer-Like (DCL) proteins in the fungal pathogens but they can further hijack host AGO proteins to form an active RNA-induced silencing complex (RISC) in the targeted plant cells, thereby resulting in the silencing of specific plant-related defense genes 8,11 . Interestingly, bacterial cells can also make use of such regulatory mechanisms. For example, a recent report provides evidence that rhizobial-tRNA-derived small RNA fragments (tRFs) can be injected in plant cells and hijack plant AGO1 to mediate silencing of host genes that are associated with nodule initiation and development 12 . Similarly, human intracellular bacterial pathogens can produce sRNAs that are bound by host RISC and active in host cells. For example, the bacterium Mycobacterium marinum expresses sRNAs upon internalization into the macrophage cells to regulate host genes 13 . Another example is provided by Salmonella enterica sRNAs, such as PinT, which possesses a dual function: first this bacterial sRNA regulates the expression of host genes and second it promotes the activity of bacterial effectors and virulence factors that are required for bacterial invasion and intracellular survival, respectively 14 .

Conversely, plant sRNAs can also direct gene silencing in eukaryotic pathogens and parasites. This has been initially demonstrated by expressing transgenic dsRNAs bearing homologies to vital or pathogenicity factors from a given parasite or pest provided that they possess a canonical RNAi machinery (e.g. functional DCL and AGO proteins). So far, this

Host-Induced Gene Silencing (HIGS) technology has been successfully used to protect plants from invasion and predation of insects, nematodes, oomycete, fungi and parasitic plants.

More recently, it has been reported that plant encoded-endogenous sRNAs could also silence pathogen virulence-associated or essential genes and ultimately suppress pathogenicity. For instance, cotton plant miRNAs miR166 and miR159 that are induced upon Verticilium dahliae infection, were found to have sequence complementarity to the virulence-associated Clp-1 and Hic-15 genes, respectively 15 . Furthermore, miR166 was recovered from fungal hyphae, providing additional experimental evidence for the transfer of plant sRNAs into the fungal pathogen 15 . A number of Arabidopsis-derived sRNAs have also been recovered in B. cinerea cells during infection and have been shown to target specific fungal genes to dampen fungal pathogenesis 9 . Such gene regulatory phenomenon has until recently only been shown to be functional against plant pathogens and parasites that possess a canonical RNA silencing machinery. Nevertheless, a recent report implicates a role for mice miRNAs in the regulation of bacterial genes in specific gut bacteria 16 . We have additionally shown that artificially produced plant siRNAs can direct silencing of Pto DC3000 virulence genes to reduce bacterial pathogenicity, although the underlying mechanism remains elusive. Over the past few years, extracellular vesicles (EVs), which are defined as membrane-bound vesicles, were found to be actively involved in intercellular communication within the host or between the host and the pathogens/parasites. EVs are known to carry proteins, nucleic acids, lipids, and other compounds 17, 18 . Plant EVs were initially isolated from sunflower seeds, which were subsequently shown to be taken-up by Sclerotinia sclerotiorum spores causing severe fungal growth defects 19 . This study therefore suggested a potential role of EVs in the delivery of antimicrobial siRNAs in fungal cells. A subsequent and more recent study further isolated EVs from leaves of Arabidopsis thaliana by density gradient centrifugations 18 . EVs were found to accumulate at the plant-fungus contact site, which further culminates into vesicle fusion, suggesting that the transfer of sRNAs from the plant to fungal cells might potentially involve EVs 20 . This assumption was demonstrated using B. cinerea as an experimental model system. Indeed, it has been shown that plant EVs can deliver sRNAs into B. cinerea, which were also detected inside the fungal spores recovered from the infected Arabidopsis tissue 21 . Importantly, the inactivation of tetraspanin 8 and 9, which are required for EV production in Arabidopsis, resulted in an enhanced disease susceptible phenotype against B. cinerea, supporting a role for EVs in the transfer of relevant sRNAs 21 . This seminal work has therefore provided solid foundation for the understanding of the mechanisms underlying sRNA trafficking in trans-kingdom regulation 21 . Subsequently, Arabidopsis EVs were also shown to transfer antimicrobial siRNAs from plant cells towards the oomycete pathogen P. capsici 22 , further supporting a central role of plant EVs in trans-kingdom RNAi against filamentous plant pathogens.

Interestingly, this phenomenon is not restricted to eukaryotic pathogens, because another very recent report provides evidence that plant miRNAs ingested by mice are protected from degradation in plant EVs, and further taken-up by specific commensal bacteria through their fusion with the bacterial cell envelope 23 . Collectively, these findings suggest a widespread role of EVs in the transfer of sRNAs towards cells of pathogenic and/or nonpathogenic microorganisms. They also suggest that endogenous small RNAs might control the expression of bacterial genes in pathogenic or commensal bacteria. Here, we wanted to get some insights into the small RNA trafficking mechanisms in the context of AGS and the potential role of apoplastic EVs in this process. We also wanted to assess whether endogenous small RNAs could reprogram bacterial gene expression as part of a natural defense response. To address these questions, we decided to use the Arabidopsis-Pto DC3000 pathosystem, which we have previously used to study trans-kingdom RNAi between a plant host and a bacterial phytopathogen.

Preliminary results

Could endogenous small RNAs trigger AGS in the context of bacterial infection?

In our previous study, we successfully demonstrated that artificial plant small RNAs produced from exogenous inverted repeat transgenes designed to target specific pathogenicity factors can trigger AGS and disease protection. These findings suggest that the endogenous pool of plant small RNAs might similarly reprogram bacterial gene expression during infection, potentially as part of a natural plant defense response. To test this possibility, we selected endogenous Arabidopsis inverted repeats, which produce abundant siRNA species, potentially through the same biogenesis pathway as the artificial inverted repeats that we have generated and characterized (Chapter 2 Part I). In particular, we focused our efforts on IR71, a 7 kilobase (Kb) inverted repeat, known to be processed by DCL2, DCL3 and DCL4 to produce abundant amounts of endogenous siRNAs in a size range of 21-nt to 24-nt in length 24,25 . It is noteworthy that siRNAs derived from this endogenous inverted repeat accumulate from both strands and are further loaded into AGO proteins 24,25 , however the endogenous biological functions of these siRNAs remain elusive. Interestingly, we found that an Arabidopsis knock-out mutant of IR71 (IR71 KO), which is fully impaired in the biogenesis of siRNAs derived from this locus, was more susceptible to Pto DC3000 than Col-0-infected plants in terms of bacterial spreading in the leaf vasculature (Figure 1a). This enhanced disease susceptible phenotype was similar to the one observed in the infected ros1-3 mutant, which is impaired in an active DNA demethylase required for vascular resistance against Pto DC3000 26 , and thus served as a positive control. Based on these results, we conclude that IR71-derived siRNAs promote disease protection against Pto DC3000 either by controlling negative regulators of plant defense and/or by directing gene silencing of bacterial genes required for bacterial pathogenicity and/or survival. However, it will be important to use at least another T-DNA insertion line to validate these findings and additionally perform complementation using an IR71 transgene expressed under a constitutive promoter to safely conclude that IR71-derived siRNAs can indeed contribute to this phenotype. To test the latter hypothesis, we next decided to perform an unbiased search for putative bacterial targets of IR71-derived siRNAs in the Pto DC3000 genome. To achieve this, a postdoctoral fellow from the laboratory developed an unbiased small RNA target identification program to predict target sites in prokaryotic genomes, named "AUpair". This program is designed in such a way to avoid biases due to random pairings. In short, AUpair relies on a blast-based approach to retrieve sequences that match more the input sequences than it would be expected by chance. More specifically, to avoid retrieving target sequences by randomness, which is often the case with input sequences that are short in length such as sRNAs, the program creates at least 100 sets of random small RNAs by shuffling each small RNA from the input candidate sequence and by repeating the analysis with these shuffled sequences. In the specific case of IR71, we first analyzed small sequences from different small RNA libraries generated from Arabidopsis seedlings that were challenged with mock or the flagellin-derived peptide flg22 for 1 hour (unpublished sRNA sequencing datasets from the laboratory). This analysis allowed us to retrieve siRNA populations that could be generated from this inverted repeat locus. We subsequently subjected these sequences to an AUpair target prediction analysis against the reference genome of Pto DC3000 (Figure 1b). We also performed this search against the genome of Xanthomonas campestris pv. campestris (Xcc), which is sensitive to AGS and a natural pathogen of Arabidopsis (Chapter 2 Part 1, data not shown). By doing so, we found that 10 and 5 top candidate IR71-derived siRNAs have predicted targets in the Pto DC3000 and Xcc genomes, respectively. Among them, we retrieved functionally relevant candidate targets with significant pairing with the candidate small RNAs, such as the hrpG gene (Figure 1c), which is essential for the transcriptional induction of type III effectors 27 . As shown in Figure 1b, we have recovered dozens of relevant putative bacterial gene targets of IR71-derived siRNAs through our in silico analyses, raising the hypothesis that the corresponding plant siRNA regulators might silence the expression of these Pto DC3000 genes, thereby contributing to disease protection in the Col-0 accession. Future validation of these predicted targets, as well as functional characterization of the corresponding candidate endogenous siRNAs, will be necessary to further test our hypothesis (see general discussion and perspective chapter). Analysis of the par3cles popula3on present in apoplas3c fluid (APF) and P40 frac3on extracted from the transgenic lines expressing IR-CYP51 (CV) or IR-CFA6/ HRPL (#4). The number of par3cles according to their diameter size (in nm) was measured by a Par3clemetrix (Ins3tut Curie, Clo3lde Thiery's lab). The size of the most abundant par3cle popula3on is indicated at the top of the graph. b. Stomata aperture was measured in Col-0 leaves incubated for 1 hour with water (Mock) or total RNAs (20 ng / μl ) or apoplas3c fluid (APF) extracted from IR-CFA6/HRPL (#4) or IR-CYP51 (CV) transgenic lines before being incubated fro 3 hours with Pto WT bacteria. The ability of Pto WT to reopen stomata was altered to similar levels upon exogenous applica3on of Apoplas3c fluid (APF) extract as compared to total RNAs derived from IR-CFA6/HRPL plants. c. The apoplas3c fluid extracted from the plants described in b. was subjected to differen3al ultracentrifuga3on to pellet different popula3on of vesicles according to their size. From APF, vesicles were pelleted at 40,000g (P40) and the resul3ng supernatant was subjected to ultracentrifuga3on at 100,000g to dissociate the vesicles (P100) and the supernatant (SN) frac3ons. The P40, P100 and SN frac3ons of the transgenic line IR-CFA6/HRPL #4 were treated or not with Mnase and the SN frac3on was also treated with Proteinase K. Stomata aperture was measured in Col-0 leaves that were treated with these different frac3ons for 1 hour before to be incubated with Pto WT for 3 hours. The two different vesicular frac3ons, P40 and P100, as well as the free RNA popula3on present in the supernatant (SN) carry the an3bacterial siRNAs and thus are involved in AGS. Note: For all the stomata experiments, n = number of stomata analysed per condi3on and sta3s3cal significance was assessed using the ANOVA test (ns: p-value>0.05; ****: p-value<0.0001) Which Arabidopsis apoplastic small RNA species are causal for Antibacterial Gene Silencing?

We have previously reported that the stable and constitutive expression of siRNAs against the Pto DC3000 virulence factors cfa6 and hrpL genes in Arabidopsis resulted in the dampening of bacterial pathogenesis (Chapter 2 part I). This was notably manifested by a full suppression of the Pto DC3000-induced stomatal reopening phenotype, but also by a reduction in the ability of Pto DC3000 to replicate in the apoplast of mesophyll cells and to spread in the leaf vasculature of these Arabidopsis transgenic plants. These data suggested that anti-cfa6 and anti-hrpL siRNAs must be externalized from plant cells towards the leaf surface, the apoplastic environment and xylem vessels in order to reach epiphytic and endophytic bacterial populations. To get some insights into the small RNA trafficking mechanisms that could be implicated in this phenomenon, we have first extracted the apoplastic fluid (APF) from IR-CFA6/HRPL transgenic plants, and tested whether such extracellular fluid could dampen bacterial pathogenesis by monitoring Pto DC3000-induced stomatal reopening, which is highly sensitive to the action of anti-cfa6 and anti-hrpL siRNAs (Chapter 2, part I). We found that the APF from these plants triggered a full suppression of stomatal reopening during infection, thereby mimicking the effect triggered by IR-CFA6/HRPL-derived total RNAs (Figure 2b). By contrast, the APF from IR-CYP51 plants was inactive, supporting a specific effect of anti-cfa6 and anti-hrpL siRNAs in this process (Figure 2b). Because recent findings indicate that (i) extracellular vesicles (EVs) ensure the movement of siRNAs from plant cells to fungal or oomycete cells in the context of transkingdom RNAi 21,22 , and (ii) plant miRNAs ingested by mice are protected from degradation in EVs and further taken-up by specific commensal bacteria to reprogram bacterial gene expression 23 , we reasoned that the apoplast of IR-CFA6/HRPL transgenic plants might contain EVs that would be competent for AGS. To test this possibility, we first verified that we could recover EVs in the apoplast of Arabidopsis adult plants, as previously reported 18 .

By using a nanoparticle tracking analyzer, we found the presence of EVs in the apoplast of both IR-CFA6/HRPL plants and IR-CYP51 control plants, in a size range between 50 to 200 nm and a median of ∼140 nm (Figure 2a). These results are consistent with previous findings obtained by sequential ultracentrifugation performed from Arabidopsis leaf apoplast samples 18 . We further tested whether EVs from IR-CFA6/HRPL plants could contribute to AGS. To this end, we recovered APF from IR-CFA6/HRPL plants and further performed differential ultracentrifugation at 40,000g or 40,000g followed by 100,000g as previously described 18 , which allowed us to collect two fractions, named P40 and P100, respectively. Interestingly, we found that both fractions were capable of suppressing stomatal reopening (Figure 2c). Importantly, these apoplast fractions remained active in the presence of micrococcal nuclease (MNase), indicating that small RNAs are protected from external degradation mediated by this nuclease when embedded into EVs. Unexpectedly, we also noticed that the supernatant fraction (SN), recovered after the sequential centrifugation at 40,000g and 100,000g, exhibited strong antibacterial activity, despite a lack of canonical EVs detected in this fraction (Figure 2c, data no shown). These data suggested that apoplastic EV-free small RNAs recovered from the SN fraction were either associated with proteins and/or in a free form. To further determine which of the two small RNA entities could possess such antibacterial activity, we treated SN fractions from IR-CFA6/HRPL plants with MNase or proteinase K and subjected them to stomatal reopening assay. Interestingly, we found that the proteinase K treatment, which globally degraded the protein content of the SN fraction (data not shown), did not interfere with antibacterial effect triggered by the IR-CFA6/HRPL-derived SN fraction (Figure 2c). These data suggest that functional EV-free antibacterial small RNAs are unlikely associated with proteins and are thus referred to here as extracellular free Small RNAs or "efsRNAs". Our results also indicate that efsRNAs are sensitive to MNase action because they lost their antibacterial effect upon treatment with this nuclease (Figure 2c). Based on these findings, we propose that the APF from IR-CFA6/HRPL plants is composed of at least three populations of functional antibacterial small RNAs, which are 1) embedded into large EVs (P40 fraction), 2) embedded into EVs of smaller size (P100 fraction), or 3) in a free form. Future small RNAs sequencing will be necessary to identify the composition of each apoplastic fractions that are relevant for AGS (see general discussion and perspective chapter).

Material and Methods

Plant material and growth conditions

Sterilized seeds of Arabidopsis Col-0 and the selected homozygous transgenic lines CV and IR-CFA6/HRPL along with the homozygous mutant genotypes, ros1-3 and IR-71 were first grown for 12-14 days at 22°C on plates containing ½ x MS medium (Duchefa), 1% sucrose and 0.8 % agar (with or without antibiotic selection). Seedlings were then pricked out to soil pots and grown in environmentally controlled conditions at 22°C/ 19°C (day/night) with an 8h photoperiod under light intensity of 100 μE/m2/s. Four-to five-weekold plants were used for all the experiments.

Wound-inoculation assay

Bacterial propagation in the mid-veins was assessed as described in Yu et al. Around 15 leaves from three plants per condition were inoculated with a toothpick dipped in GFPtagged Pto DC3000 at a concentration of 5 x 10 6 cfu ml -1 and then the plants were covered for 3 days. Bacterial propagation was then analyzed by monitoring GFP signal under a UV light using an Olympus MV 10× Macrozoom with a GFP filter and representative pictures of bacterial propagation were taken with a CCD camera AxioCam Mrc Zeiss.

Stomatal aperture measurements

Intact leaf sections from three plants were dissected and immersed in mock solution (water) or bacterial suspension at 10 8 cfu ml -1 . After 3 hours, unpeeled leaf sections were stained with 10 μg ml -1 propidium iodide (Sigma) and abaxial surface was observed under SP5 laser scanning confocal microscope. The stomatal aperture (width/length) was measured using ImageJ software for at least 50-70 stomata per condition. For RNA or vesicle extract treatments, the leaf sections were incubated with total RNAs or indicated vesicular fractions extracted from specified genotypes for one hour before incubation with the bacteria.

Apoplastic Fluid (AF) and Extracellular Vesicles (EVs) extraction

Extraction was done as previously described 17 . Briefly, sixty leaves of 5 week-old CV or IR-CFA6/HRPL plants were infiltrated with Vesicle Isolation Buffer (VIB; 20 mM MES, 2 mM 324 CaCl2, 0.01 M NaCl, pH 6.0) with a syringe without needle. Leaves were then placed inside a 20 ml needleless syringe, which was then placed in a 50ml Falcon and centrifuged at 900g for 15 minutes. The apoplastic fluid (APF) was collected and centrifuged subsequently at 2,000g and 10,000g for 30 minutes to get rid of any cell debris and then passed through a 0.45µm filter. The APF was further subjected to an ultracentrifugation step at 40,000g to pellet EV fraction (P40). The pellet was resuspended in 2 ml of 20µM Tris buffer pH=7.5. The supernatant was then subjected to ultracentrifugation step at 100,000g to pellet EV fraction (P100). The supernatant from this step was restored (SN). The vesicle fractions were analyzed for estimating the vesicle concentration using a nanoparticle tracking analyzer.

INTRODUCTION

Plants and animals have evolved sophisticated inducible immune responses to defend themselves against pathogens. The first layer of the plant immune system relies on the recognition of Pathogen-or Microbe-Associated Molecular Patterns (PAMPs or MAMPs) that are sensed by surface-localized Pattern-Recognition Receptors (PRRs) (Couto and Zipfel, 2016). Classical plant PRRs are composed of receptor-like kinases (RLKs) and receptor-like proteins (RLPs) that are structurally and functionally analogous to animal Toll-Like Receptors (TLRs) (Li et al., 2016). The most characterized plant PRRs are the leucine-rich repeat receptor-like kinases Flagellin Sensing 2 (FLS2) and EF-Tu Receptor (EFR), which recognize conserved epitopes from bacterial flagellin or elongation factor Tu, respectively (Gómez-Gómez and Boller, 2000;Zipfel et al., 2006). Upon ligand binding, these receptors initiate a complex phosphorylation cascade at the PRR complex that leads to early signaling events, which include production of reactive oxygen species (ROS), activation of mitogen-activatedprotein-kinases (MAPKs) and differential expression of thousands of genes (Gómez-Gómez et al. 1999;Felix et al., 1999;Zipfel et al., 2004;Navarro et al., 2004;Zipfel et al., 2006;Couto and Zipfel, 2016). Later responses involve biosynthesis of the phytohormone salicylic acid (SA) and cell wall modifications such as callose deposition, which ultimately culminate in PAMP-triggered immunity (PTI) (Hauck et al., 2003;Tsuda and Katagiri, 2010). Pathogens secrete virulence determinants, referred to as pathogen effectors, which can suppress PTI to cause disease (Jones and Dangl, 2006). As a counter-counter defense mechanism, plants have evolved disease resistance (R) proteins that can recognize the presence of pathogen effectors. A major class of R proteins is composed of intracellular immune receptors that belong to the nucleotide-binding domain (NBD), leucine-rich repeat (NLR) superfamily, which are also present in animals (Jones et al., 2016). Plant NLRs are classified into Toll Interleukin1 Receptor (TIR)-NB-LRRs (TNLs) and Coiled Coil (CC)-NB-LRRs (CNLs) and recognize pathogen effectors either directly, or indirectly, notably by sensing the effects of pathogen effectors on host targets that are indispensable for their virulence function, as postulated by the Guard Model (Van der Biezen and [START_REF] Van Der Biezen | Plant disease-resistance proteins and the gene-for-gene concept[END_REF]Dangl and Jones, 2001).

This model notably provides some explanation for why multiple pathogen effectors, produced by unrelated pathogens, could be perceived by a limited number of NLRs that guard the integrity of critical host immune factors (guardees). After sensing pathogen effectors, plant NLRs induce Effector-triggered immunity (ETI), a potent immune response that significantly overlaps with PTI, although with a stronger amplitude (Tsuda and Katagiri, 2010;Navarro et al., 2004). ETI generally culminates into pronounced SA production, which is often accompanied by a form of host programmed cell death referred to as the hypersensitive response (Dangl and Jones, 2001). Recently, several endogenous short interfering RNA (siRNAs) and microRNAs (miRNAs) were found to fine-tune PTI and ETI responses (Staiger et al., 2013;Pumplin and Voinnet, 2013), implying a key role of Post-Transcriptional Gene Silencing (PTGS) in the regulation of the plant immune system.

PTGS is an ancestral post-transcriptional gene regulatory process. The core mechanism of PTGS involves the production of double-stranded RNA (dsRNA) precursors, which are processed by DICER-LIKE (DCL) ribonucleases into 20-24 bp small RNA duplexes (Bologna and Voinnet, 2014). These small RNA duplexes associate with an Argonaute (AGO) protein, the central component of a multi-protein RNA-induced silencing complex (RISC) [START_REF] Vaucheret | Plant ARGONAUTES[END_REF]. The guide small RNA further directs AGO-RISC to sequence complementary mRNA targets to trigger their post-transcriptional gene silencing. In plants, this phenomenon is manifested by endonucleolytic cleavage (so-called 'slicing') and/or translational inhibition of small RNA targets [START_REF] Llave | Endogenous and silencing-associated small RNAs in plants[END_REF]Rhoades et al., 2002;[START_REF] Palatnik | Control of leaf morphogenesis by microRNAs[END_REF][START_REF] Brodersen | Widespread translational inhibition by plant miRNAs and siRNAs[END_REF][START_REF] Chen | A microRNA as a translational repressor of APETALA2 in Arabidopsis flower development[END_REF]Poulsen et al., 2013). Arabidopsis thaliana encodes 4 DCLs and 10

AGOs. DCL1 processes miRNA precursors with the help of other factors including the zincfinger domain-containing protein SERRATE (SE) [START_REF] Park | CARPEL FACTORY, a Dicer homolog, and HEN1, a novel protein, act in microRNA metabolism in Arabidopsis thaliana[END_REF][START_REF] Finnegan | Posttranscriptional gene silencing is not compromised in the Arabidopsis CARPEL FACTORY (DICER-LIKE1) mutant, a homolog of Dicer-1 from Drosophila[END_REF][START_REF] Kurihara | Arabidopsis micro-RNA biogenesis through Dicer-like 1 protein functions[END_REF]Lobbes et al., 2006). This reaction yields miRNA/miRNA* duplexes, where miRNA is the guide strand and miRNA* is the passenger strand. DCL2, DCL3 and DCL4 process endogenous and viral-derived dsRNAs into siRNA duplexes (Bologna and Voinnet, 2014). A significant proportion of dsRNAs are produced by RNA-dependent RNA polymerases (RDRs) that convert single-stranded RNAs (ssRNAs) into dsRNAs. RDR6, which is one of the six Arabidopsis RDRs, produces dsRNAs from viral transcripts, transposable elements, as well as from endogenous transcripts (Mourrain et al., 2000;[START_REF] Dalmay | An RNAdependent RNA polymerase gene in Arabidopsis is required for posttranscriptional gene silencing mediated by a transgene but not by a virus[END_REF]Allen et al., 2005;Fei et al., 2013;Nuthikattu et al., 2013). In the latter pathway, the siRNAs are generated from the combined action of primary siRNA/miRNA-directed transcript targeting and of RDR6 activity, which results in the production of dsRNAs that are subsequently processed by DCL4 into 21nt secondary siRNAs, which are sometimes phased and thus referred to as "phasiRNAs" (Allen et al., 2005;[START_REF] Xie | DICER-LIKE 4 functions in transacting small interfering RNA biogenesis and vegetative phase change in Arabidopsis thaliana[END_REF]Fei et al., 2013, Arribas-Hernández et al., 2016). AGO1 is a major PTGS effector, which is loaded with miRNAs, (pha)siRNAs or viral-derived siRNAs and plays an important role in plant development [START_REF] Bohmert | AGO1 defines a novel locus of Arabidopsis controlling leaf development[END_REF][START_REF] Fagard | AGO1, QDE-2, and RDE-1 are related proteins required for post-transcriptional gene silencing in plants, quelling in fungi, and RNA interference in animals[END_REF], antiviral defense (Morel et al., 2002) as well as bacterial PAMP-induced gene induction and callose deposition (Li et al., 2010). AGO2 not only plays a critical role in antiviral silencing but is also required for antibacterial resistance mediated by the disease resistance protein RPS2 [START_REF] Carbonell | Functional analysis of three Arabidopsis ARGONAUTES using slicer-defective mutants[END_REF]Harvey et al., 2011;[START_REF] Jaubert | ARGONAUTE2 mediates RNA-silencing antiviral defenses against Potato virus X in Arabidopsis[END_REF]Zhang et al., 2011). AGO4 has also been reported to contribute to antiviral silencing as well as to antibacterial basal resistance [START_REF] Agorio | ARGONAUTE4 is required for resistance to Pseudomonas syringae in Arabidopsis[END_REF][START_REF] Brosseau | Antiviral Defense Involves AGO4 in an Arabidopsis-Potexvirus Interaction[END_REF].

Small non-coding RNAs have been implicated in various biological processes and play a key role in controlling plant-pathogen interactions. In the context of plant-viral interactions, viral-derived siRNAs repress translation, replication or accumulation of viral RNAs, thereby inhibiting viral replication (Hamilton and Baulcombe, 1999;Pumplin and Voinnet, 2013;[START_REF] Baulcombe | VIGS, HIGS and FIGS: small RNA silencing in the interactions of viruses or filamentous organisms with their plant hosts[END_REF]. In addition, plant miRNAs and siRNAs can modulate resistance against bacterial, fungal and oomycete phytopathogens by targeting either positive or negative regulators of PTI and/or ETI (Weiber et al., 2015). This phenomenon has been well characterized in the context of plant-bacterial interactions. As examples, miR393, miR160 and miR167 are PAMP-induced miRNAs that are loaded into Arabidopsis AGO1 to negatively regulate auxin signaling during PTI (Navarro et al., 2006;[START_REF] Fahlgren | High-throughput sequencing of Arabidopsis microRNAs: evidence for frequent birth and death of MIRNA genes[END_REF]Li et al., 2010), while miR393b* is strongly enriched in Arabidopsis AGO2 during ETI and targets a negative regulator of defense that acts downstream of the disease resistance protein RPS2 (Zhang et al., 2011). Furthermore, several endogenous siRNAs were found to be induced in response to a Pseudomonas syringae strain carrying AvrRpt2 and specifically required for RPS2-mediated resistance (Katiyar-Agarwal et al., 2006;2007). There is also growing evidence that filamentous phytopathogens differentially regulate functionally relevant endogenous small RNAs. For example, soybean miR393 is induced in response to Phytophthora sojae and positively regulates resistance against this oomycete pathogen (Wong et al., 2014). Furthermore, miRNA-targeted NLRs have emerged as major sources of phasiRNAs, which negatively regulate the expression of NLRs in cis but also presumably of a large repertoire of NLRs in trans [START_REF] Halter | Multilayer and interconnected post-transcriptional and co-transcriptional control of plant NLRs[END_REF]. For example, Arabidopsis miR472 and tomato miR482/2118 repress dozens of CNLs to dampen plant defense responses (Shivaprasad et al., 2012;Boccara et al., 2014;[START_REF] De Vries | Evolutionarily Dynamic, but Robust, Targeting of Resistance Genes by the miR482/2118 Gene Family in the Solanaceae[END_REF][START_REF] De Vries | Expression profiling across wild and cultivated tomatoes supports the relevance of early miR482/2118 suppression for Phytophthora resistance[END_REF][START_REF] Canto-Pastor | Enhanced resistance to bacterial and oomycete pathogens by short tandem target mimic RNAs in tomato[END_REF], while Arabidopsis miR825* is down-regulated during Induced Systemic Resistance (ISR) against Pseudomonas syringae pv. tomato strain DC3000 (Pto DC3000), and represses some TNLs in this biological context (Niu et al., 2016).

Importantly, the inactivation of these miRNAs does not alter plant development under normal-growth conditions but rather prime defense responses resulting in quantitative disease resistance (Boccara et al., 2014;Niu et al., 2016;[START_REF] Canto-Pastor | Enhanced resistance to bacterial and oomycete pathogens by short tandem target mimic RNAs in tomato[END_REF].

Given that small non-coding RNAs play a major role in regulating plant immune responses as well as in targeting viral transcripts, it is not surprising that many pathogens have evolved PTGS suppression mechanisms to cause disease. This phenomenon has been extensively characterized in plant-viral interactions and we know now that most, if not all, plant RNA viruses encode Viral Suppressors of RNA silencing (VSRs) (Pumplin and Voinnet, 2013).

These proteins suppress different steps of PTGS and AGO1 has emerged as a critical VSR target [START_REF] Zhang | Cucumber mosaic virus-encoded 2b suppressor inhibits Arabidopsis Argonaute1 cleavage activity to counter plant defense[END_REF][START_REF] Derrien | Degradation of the antiviral component ARGONAUTE1 by the autophagy pathway[END_REF][START_REF] Azevedo | Argonaute quenching and global changes in Dicer homeostasis caused by a pathogen-encoded GW repeat protein[END_REF][START_REF] Giner | Viral protein inhibits RISC activity by argonaute binding through conserved GW/WG motifs[END_REF].

Interestingly, RNA silencing suppressors were also reported from bacterial, oomycete and fungal phytopathogens (Navarro et al., 2008;Qiao et al., 2013[START_REF] Qiao | Phytophthora effector targets a novel component of small RNA pathway in plants to promote infection[END_REF]Hou et al., 2019;Yin et al., 2019). In particular, we found that growth of a type-III secretion defective mutant of Pto DC3000 and of non-adapted bacteria was significantly enhanced in Arabidopsis mutants that are impaired in miRNA biogenesis (Navarro et al., 2008). These results provide evidence that the Arabidopsis miRNA pathway is essential for antibacterial basal immunity and suggest that Pto DC3000 effectors must have evolved to suppress this small RNA pathway to cause disease. Accordingly, we have identified a series of Bacterial Suppressors of RNA silencing (BSRs) from this bacterium that inhibit all the steps of the Arabidopsis miRNA pathway (Navarro et al., 2008). However, it remains unknown whether such BSRs could directly interact with components of the RNA silencing machinery as part of their virulence function. It is also unknown whether Arabidopsis could have evolved mechanisms to sense these BSRs, and in turn activate a host counter-counter defense.

Here, we found that the Pto DC3000 type-III secreted Hrp outer protein T1-1 (HopT1-1) is a critical virulence determinant of Pto DC3000 that promotes pathogenicity by suppressing the AGO1-dependent miRNA pathway in Arabidopsis. We show that HopT1-1 can physically interact with Arabidopsis AGO1 through two conserved GW motifs, which represent AGObinding platforms previously found in some metazoan and plant silencing factors [START_REF] Till | A conserved motif in Argonaute-interacting proteins mediates functional interactions through the Argonaute PIWI domain[END_REF][START_REF] El-Shami | Reiterated WG/GW motifs form functionally and evolutionarily conserved ARGONAUTE-binding platforms in RNAi-related components[END_REF][START_REF] Azevedo | Taking RISCs with Ago hookers[END_REF]. We provide further evidence that the GW motifs of HopT1-1 are essential for its ability to suppress not only miRNA activity but also PTI responses (PAMP-triggered ROS production and callose deposition). These results indicate that the silencing suppression activity of HopT1-1 is coupled with its virulence function and likely relies on the targeting of Arabidopsis AGO1, which was found to be essential for PAMP-induced ROS production and callose deposition. Furthermore, we report that the constitutive expression of HopT1-1 in Arabidopsis triggers a potent autoimmune response that is temperature sensitive and dependent on NLR-immune signaling along with salicylic acid (SA) biosynthesis. Importantly, this phenotype is directed by the BSR activity of HopT1-1 and is correlated with an enhanced accumulation of silencing factors that are controlled by miRNAs, including AGO1, AGO2 and DCL1. Remarkably, alleviating the miR168-directed control of AGO1 in Arabidopsis is sufficient to trigger an autoimmune phenotype, which is fully dependent on TNL-immune signaling factors and on SA biosynthesis. Furthermore, we show that HopT1-1 triggers the up-regulation of a NLR that is a major source and target of phasiRNAs in the Arabidopsis Columbia (Col-0) accession, as well as of two other NLRs that are SA-responsive but not targeted by small RNAs. These findings indicate that HopT1-1-induced disruption of AGO1 homeostasis represents one trigger of ETI that likely activates downstream defense signaling, which might be further amplified by the concomitant HopT1-1-triggered up-regulation of NLRs that are either targeted by small RNAs or regulated by SA.

RESULTS

HopT1-1 is a key pathogenicity determinant that promotes growth of Pto DC3000 by suppressing the Arabidopsis AGO1-dependent miRNA pathway

HopT1-1 is an experimentally validated type-III secreted protein expressed from the pDC3000A plasmid of Pto DC3000 [START_REF] Guo | Pseudomonas syringae type III chaperones ShcO1, ShcS1, and ShcS2 facilitate translocation of their cognate effectors and can substitute for each other in the secretion of HopO1-1[END_REF]. Although HopT1-1 was previously shown to suppress the transcriptional activation of a PAMP-responsive gene (Li et al., 2005), there was no experimental evidence indicating a role for this effector in promoting bacterial multiplication in planta. To test this possibility, we first generated a Pto DC3000 mutant strain deleted of hopT1-1, hereafter referred to as Pto ΔhopT1-1, and assessed the ability of this strain to multiply in leaves of the Arabidopsis Col-0 accession. Upon dip-inoculation of wild type (WT) plants, we found that the Pto ΔhopT1-1 mutant strain exhibited at least ∼ 10 times lower bacterial titer at 3 days post-inoculation (dpi) compared to the wild type Pto DC3000 strain (Figures 1 andS1). This result indicates that HopT1-1 is a functionally relevant effector of Pto DC3000 that contributes to bacterial growth in planta.

HopT1-1 was previously shown to suppress AGO1-mediated miRNA-and siRNA-functions (Navarro et al., 2008), but the relevance of this interference in bacterial pathogenesis remains unknown. We took advantage of the Pto ΔhopT1-1 mutant strain and examined whether its growth defect could be potentially rescued in ago1 mutants. For this purpose, we dip-inoculated the Pto ΔhopT1-1 strain on WT plants and on three hypomorphic ago1 mutants, namely ago1- 25, ago1-26 and ago1-27 (Morel et al., 2002), and subsequently monitored bacterial titers at 3 dpi. We also included in this assay the ago2-1, ago4-2 and ago4-3 mutants, as AGO2 and AGO4 were previously characterized in RPS2-mediated resistance and in basal resistance against virulent Pto DC3000, respectively (Zhang et al., 2011;[START_REF] Agorio | ARGONAUTE4 is required for resistance to Pseudomonas syringae in Arabidopsis[END_REF]. Strikingly, the growth defect of Pto ΔhopT1-1 was fully rescued in all ago1 allelic mutants (Figures 1A, S1A and S1B), while it remained unaltered in ago2 and ago4 mutants in our experimental settings (Figures 1B andS1C). To further test whether the phenotype observed in ago1 mutants was specific to the Pto ΔhopT1-1 mutant strain, and not due to collateral effects caused by ago1 developmental phenotypes, we repeated this assay with a Pto DC3000 mutant deleted of hopC1 (Pto ΔhopC1). The latter effector partially contributes to Pto DC3000 multiplication in Arabidopsis WT leaves but does not interfere with miRNA action (Figures 1A and S1A;Navarro et al., 2008).

Importantly, the partial Pto ΔhopC1 growth defect observed in WT plants was not rescued in ago1-27 plants (Figures 1A andS1A), indicating that the restoration of bacterial growth detected in ago1 mutants was specific to the Pto ΔhopT1-1 strain. Collectively, these results provide evidence that AGO1 is a major genetic target of HopT1-1 and that AGO1 function must be impaired by HopT1-1 to promote growth of Pto DC3000 in planta.

Given that AGO1 is required for both miRNA-and siRNA-functions, we next wanted to assess which of the two activities could be genetically targeted by HopT1-1 to promote growth of Pto DC3000 in planta. We first tested if the Pto ΔhopT1-1 growth defect could be rescued in dcl1-11 and se-1 mutants, which are both impaired in miRNA biogenesis (Lobbes et al., 2006;[START_REF] Zhang | The disturbance of small RNA pathways enhanced abscisic acid response and multiple stress responses in Arabidopsis[END_REF]. Similar to the observation made in ago1 mutant alleles, the Pto ΔhopT1-1 growth defect was fully restored in these mutants (Figures 1C, S1D andS1E).

We then repeated the same assay in suppressor of gene silencing 3 (sgs3-1), RNA-dependent RNA-Polymerase 1 (rdr1-1) rdr2-1 rdr6-15 and dcl2-1 dcl4-2 mutants, which are impaired in the biogenesis of endogenous siRNAs and viral-derived siRNAs (Mourrain et al., 2000;[START_REF] Dalmay | An RNAdependent RNA polymerase gene in Arabidopsis is required for posttranscriptional gene silencing mediated by a transgene but not by a virus[END_REF][START_REF] Xie | Genetic and functional diversification of small RNA pathways in plants[END_REF][START_REF] Deleris | Hierarchical action and inhibition of plant Dicer-like proteins in antiviral defense[END_REF][START_REF] Diaz-Pendon | Suppression of antiviral silencing by cucumber mosaic virus 2b protein in Arabidopsis is associated with drastically reduced accumulation of three classes of viral small interfering RNAs[END_REF][START_REF] Donaire | Structural and genetic requirements for the biogenesis of tobacco rattle virusderived small interfering RNAs[END_REF], but did not find any growth restoration of the Pto ΔhopT1-1 strain in the above siRNA-defective mutants upon dip-inoculation (Figures 1D,S1F and S1G). Altogether, these results indicate that HopT1-1-triggered suppression of AGO1-mediated miRNA function is critical to promote growth of Pto DC3000 in Arabidopsis Col-0 plants.

HopT1-1 physically interacts with Arabidopsis AGO1 through two conserved GW motifs

The above genetic data suggested that HopT1-1 could interact with Arabidopsis AGO1 to alter its miRNA-function. The AGO-binding function of GW/WG platforms, present in some endogenous silencing factors as well as in some VSRs [START_REF] Azevedo | Taking RISCs with Ago hookers[END_REF][START_REF] Azevedo | Argonaute quenching and global changes in Dicer homeostasis caused by a pathogen-encoded GW repeat protein[END_REF]Karran and Sansfaçon, 2014;[START_REF] Aqil | The HIV-1 Nef protein binds argonaute-2 and functions as a viral suppressor of RNA interference[END_REF][START_REF] Giner | Viral protein inhibits RISC activity by argonaute binding through conserved GW/WG motifs[END_REF], prompted us to examine the protein sequence of HopT1-1 for the presence of such motifs. We found that there are three GW repeats at positions 80, 113 and 182, which are referred to here as GW1, GW2 and GW3, respectively (Figure 2A). These GW motifs are conserved in a putative HopT1-1 ortholog derived from the phylogenetically divergent marine bacterium Marinomonas mediterranea (Figure 2A), suggesting that they might be functionally relevant.

To test this hypothesis, we generated tryptophan to phenylalanine substitutions (GW>GF) in each tryptophan residue of the GW motifs. It is noteworthy that these point mutations do not alter the stability of HopT1-1 when expressed in Nicotiana benthamiana or Arabidopsis plants (Figures 2C,S2A,S6A). We further analyzed the ability of HopT1-1 WT and of the triple GW>GF mutant version referred to as HopT1-1m3 to bind to AGO1 in planta. For this purpose, we first conducted bimolecular fluorescence complementation (BiFC) assays upon Agrobacterium-mediated transient transformation of N. benthamiana leaves with constructs carrying the N-terminal fragment of the Yellow Fluorescence Protein (YFP) translationally fused to Arabidopsis AGO1 and the C-terminal fragment of the YFP fused with HopT1-1 or HopT1-1m3. In these experiments, we also used split-YFP fusions of HopC1 and of the silencing factor Silencing Defective 3 (SDE3) as negative controls. All these constructs were under the control of the moderately active ubiquitin-10 promoter, which is suitable for transient expression of fluorescent-tagged proteins in N. benthamiana (Grefen et al., 2010). Confocal imaging revealed a clear fluorescence emission in the cytoplasm of epidermal cells co-expressing CYFP-HopT1-1/NYFP-AGO1 fusions (Figure 2B), which was significantly different from the baseline fluorescent signal observed in cells co-expressing CYFP-HopC1/NYFP-AGO1 or CYFP-HopT1-1/NYFP-SDE3 fusions (Figure 2B). These observations indicate that HopT1-1 is found in a close proximity to the cytosolic pool of AGO1 in planta, which is not the case of SDE3 nor of HopC1, a Pto DC3000 effector that cannot suppress miRNA activity nor target AGO1 genetically (Figures 1A and S1A;Navarro et al., 2008). By contrast, this assay did not reveal fluorescence signal in the nuclei of N. benthamiana epidermal cells co-expressing CYFP-HopT1-1/NYFP-AGO1 (Figure 2B), despite the nucleocytoplasmic distribution of GFP-HopT1-1 and of GFP-AGO1 in these cells (Figure 2C). This suggests that HopT1-1 might be specifically associated with AGO1 in the plant cell cytoplasm, although we cannot rule out that some transient protein-protein proximity events could also occur between HopT1-1 and the nuclear pool of AGO1 or that the presence of HopT1-1 would alter the nuclear localization of AGO1. Importantly, we did not find any fluorescence emission upon co-expression of CYFP-HopT1-1m3/NYFP-AGO1 fusions (Figure 2B), indicating that the GW motifs of HopT1-1 are essential to ensure its close proximity to AGO1 in the plant cell cytoplasm.

To further test whether HopT1-1 could physically interact with the cytosolic pool of AGO1, we next decided to use a non-invasive fluorescence imaging approach by conducting Föster resonance energy transfer-fluorescence lifetime imaging microscopy (FRET-FLIM) analyses after co-expressing a cyan fluorescent protein (CFP)-AGO1 (35S pro :CFP-AGO1) with either 35S pro :HopT1-1-YFP or 35S pro :HopT1-1m3-YFP constructs in N. benthamiana leaves. By doing so, we found a significant reduction in the average CFP lifetime of the donor CFP-AGO1 molecules in the cytosol of epidermal cells co-expressing CFP-AGO1/HopT1-1-YFP compared with the cytoplasm of epidermal cells co-expressing CFP-AGO1/HopT1-1-HA or expressing CFP-AGO1 alone (Figure 2D, Figure S2B, S2C), demonstrating physical interaction between HopT1-1 and AGO1 in vivo. Furthermore, this protein-protein interaction was fully dependent on the GW motifs of HopT1-1 because we did not detect any FRET in the cytosol of epidermal cells co-expressing CFP-AGO1 and HopT1-1m3-YFP (Figure 2D, Figure S2B).

Altogether, these data provide sound evidence that HopT1-1 physically interacts, at least in part, with the cytosolic pool of AGO1 in plant cells and that this process is fully dependent on its GW-dependent AGO-binding platform.

To further confirm the above results in vitro and get insights into the contribution of each GW motifs in HopT1-1-AGO1 interaction, we first attempted to produce recombinant GST-HopT1-1 in Escherichia coli. However, GST-HopT1-1 was mainly present in the insoluble protein fraction, preventing further analysis with the full-length protein (data not shown).

To circumvent this problem, we next decided to chemically synthesize biotinylated peptides containing each GW motifs surrounded by native amino acid residues. As negative controls, we synthesized mutated peptides with phenylalanine substitutions in the tryptophan of each GW motifs (Figure 2E). Equimolar amount of the peptides was bound to streptavidin columns (Figure S3), and then incubated with inflorescence extracts from FLAG-AGO1 transgenic plants. After washing, eluted streptavidin-bound proteins were analyzed by Western blot using anti-FLAG antibody. Using this approach, we observed that the HopT1-1 GW2 and GW3 peptides, which exhibit the highest score for GW motif prediction (Figure 2A, [START_REF] Zielezinski | Integrative data analysis indicates an intrinsic disordered domain character of Argonaute-binding motifs[END_REF], were both bound to FLAG-AGO1 protein, while the HopT1-1 GW1 peptide was not (Figure 2E). Furthermore, binding to FLAG-AGO1 was partially or completely lost upon incubation of inflorescence extracts from FLAG-AGO1 plants with the mutated HopT1-1 GF2 and GF3 peptides, respectively (Figure 2E). These additional in vitro results therefore support our BiFC and FRET-FLIM data and further indicate that HopT1-1 directly interacts with Arabidopsis AGO1 through the two conserved GW2 and GW3 motifs.

HopT1-1 suppresses AGO1-mediated miRNA activity in a GW-dependent manner

To further test the requirement of the GW motifs of HopT1-1 in RNA silencing suppression, we have analyzed the ability of HopT1-1 and HopT1-1m3 to suppress AGO1 miRNA activity in vivo. For this end, we transformed the Arabidopsis Col-0 accession (WT) with either a 35S pro :HopT1-1 or 35S pro :HopT1-1m3 constructs and further monitored the accumulation of AGO1-dependent miRNA targets in primary transformants expressing comparable levels of HopT1-1 and of HopT1-1m3 transcripts (Figures 3A,S4A). Real-time quantitative PCR (RT-qPCR) analyses revealed an enhanced mRNA accumulation of the miRNA targets SPL10 (miR156), MYB33 (miR159), MYB65 (miR159), ARF10 (miR160), ARF17 (miR160), PHB (miR166), ARF6 (miR167), ARF8 (miR167) and HAP2B (miR169) in HopT1-1 lines compared to Col-0 control plants (Figures 3B,S4B). Derepression of SPL10 (miR156), ARF17 (miR160), PHB (miR166), ARF6 (miR167), ARF8 (miR167) and HAP2B (miR169) was also detected in the hypomorphic ago1-27 mutant (Figure 3B), which served as a positive control in these RT-qPCR experiments. In addition, the levels of AGO1, AGO2 and DCL1 transcripts, which are controlled by miR168, miR403 and miR162/838, respectively (Xie et al., 2003;Vaucheret et al., 2004;Allen et al., 2005;Rajagopalan et al., 2006); were also more elevated in HopT1-1 lines compared to Col-0 plants (Figures 3C,S4C), and this effect was associated with an enhanced accumulation of cognate proteins in these transgenic lines as revealed by Western blot analyses (Figures 3D,S4D). An enhanced accumulation of AGO1 and AGO2 mRNAs, as well as of AGO2 and DCL1 proteins, was also observed in ago1-27 plants (Figure 3C, 3D), although AGO1 protein levels remained low in this mutant background (Figure 3D), probably due to the remaining negative regulation exerted by AGO10 over AGO1 protein accumulation (Mallory et al., 2009). By contrast, mRNA and protein levels of AGO4, which is not targeted by small RNAs, were not more elevated in HopT1-1 transgenic lines nor in the ago1-27 mutant compared to Col-0 plants (Figure 3C, 3D), indicating a specific effect of HopT1-1 on miRNA targets. In addition, we found that all the above endogenous miRNA targets remained silenced in HopT1-1m3 plants (Figure 3B-D, S4B-D), implying a key role of the AGO1-binding GW platform of HopT1-1 in the silencing suppression of miRNA targets.

We thus conclude that HopT1-1 can suppress AGO1-dependent miRNA activity in a GWdependent manner.

HopT1-1 triggers a moderate decrease in the accumulation of conserved miRNAs with negligible effect on pri-miRNA accumulation

We next assessed whether the silencing suppression activity of HopT1-1 could be due to an alteration in miRNA biogenesis and/or stability. To address this point, we first performed low molecular weight Northern analyses from pooled leaf samples of 35S pro :HopT1-1 and 35S pro :HopT1-1m3 primary transformants. Using this assay, we found a moderate decrease in the accumulation of a subset of conserved miRNAs in 35S pro :HopT1-1 primary transformants compared to Col-0 or 35S pro :HopT1-1m3 transgenic plants (Figures 4A,4B,S5A). More specifically, a ∼2 fold decrease in the levels of miR156, miR166, miR167 and miR168 were detected in 35S pro :HopT1-1 versus 35S pro :HopT1-1m3 primary transformants, while this molecular effect was variable among biological replicates for miR159 (Figure 4B).

To determine whether the above effect could be due to an interference of HopT1-1 on the processing of pri-miRNAs, we further monitored the accumulation of primary miRNA transcripts in the above primary transformants by RT-qPCR analyses. We found that the levels of pri-miR156a, pri-miR166a and pri-miR167a were either unchanged or barely affected in HopT1-1 transgenic lines (Figure 4C, 4D, S5B), suggesting that this bacterial effector does not interfere with the processing of these pri-miRNAs. However, a moderate increase in the accumulation of pri-miR159b and pri-miR168a was specifically detected in HopT1-1 but not HopT1-1m3 primary transformants (Figure 4C, S5B), although this effect was much weaker than the one achieved in the dcl1-11 and se-1 mutants (Figure 4D), which are both required for pri-miRNA processing and miRNA biogenesis [START_REF] Zhang | The disturbance of small RNA pathways enhanced abscisic acid response and multiple stress responses in Arabidopsis[END_REF][START_REF] Yang | SERRATE is a novel nuclear regulator in primary microRNA processing in Arabidopsis[END_REF]Lobbes et al., 2006). We thus conclude that when constitutively expressed in Arabidopsis primary transformants, HopT1-1 moderately alters the accumulation of conserved miRNAs through its silencing suppression activity, while it does not or slightly impact the accumulation of pri-miRNAs.

HopT1-1 suppresses PTI responses in a GW-dependent manner and its presence mimics the impaired PTI responses observed in ago1 mutants

Given that the majority of Pto DC3000 effectors promotes pathogenicity by dampening plant immune responses [START_REF] Block | Plant targets for Pseudomonas syringae type III effectors: virulence targets or guarded decoys?[END_REF], we further investigated the ability of HopT1-1 to suppress PTI. Furthermore, the fact that HopT1-1 promotes pathogenicity through the targeting of AGO1 (Figures 1A,S1A and S1B) prompted us to assess the functional relevance of its AGO1-binding platform in this process. Because transgenic plants that constitutively express HopT1-1 exhibit severe developmental defects that preclude the assessment of the possible effects that HopT1-1 could have on PTI responses (Figures 6A, 6D, 7A and 7D), we generated Arabidopsis stable transgenic plants expressing either Myc-HopT1-1 or Myc-HopT1-1m3 under the dexamethasone (DEX) inducible system [START_REF] Aoyama | A glucocorticoid-mediated transcriptional induction system in transgenic plants[END_REF]. Independent transgenic lines expressing comparable protein levels of Myc-HopT1-1 and of Myc-HopT1-1m3 were selected upon DEX application (Figures S6A andS6B).

We further exploited these genetic resources to test whether HopT1-1 could interfere with PAMP-induced ROS production, which is one of the earliest cellular responses following PAMP perception (Couto and Zipfel, 2016). For this purpose, we challenged these transgenic lines with the flagellin-derived peptide flg22, a well-characterized PAMP surrogate that triggers PTI responses (Felix et al., 1999), and further monitored ROS production. In the absence of DEX treatment, we found that both Myc-HopT1-1 and Myc-HopT1-1m3 transgenic lines exhibited a flg22-induced oxidative burst that was similar to the one observed in WT-elicited plants (Figure S6C). By contrast, when we applied the DEX chemical inducer, we found a strong suppression of flg22-induced ROS production in transgenic lines expressing Myc-HopT1-1 but not in lines expressing Myc-HopT1-1m3 (Figure 5A,S6B). These results indicate that HopT1-1 has a potent suppression effect on this early PTI response and that this ability is entirely dependent on functional GW motifs.

To assess whether HopT1-1, and its AGO-binding platform, could interfere with PTI responses in a more physiological context of bacterial infection, we next used the EtHAn system, a recombinant Pseudomonas fluorescens strain that can induce classical PTI responses and that expresses a functional type-III secretion system allowing delivery of individual bacterial effectors within host cells [START_REF] Thomas | Recombineering and stable integration of the Pseudomonas syringae pv. syringae 61 hrp/hrc cluster into the genome of the soil bacterium Pseudomonas fluorescens Pf0-1[END_REF]. Col-0 WT plants were infiltrated with EtHAn alone or with EtHAn strains expressing either HopT1-1 (EtHAn (HopT1-1)) or HopT1-1m3 (EtHAn (HopT1-1m3)) and the production of the reactive oxygen intermediate hydrogen peroxide (H 2 O 2 ) was monitored at 24 hours post-inoculation (Figure 5B). While the EtHAn strain induced strong production of H 2 O 2 in WT plants, particularly within and around leaf vasculature, this phenotype was significantly reduced upon delivery of HopT1-1 (Figure 5B). By contrast, this PTI suppression effect was almost fully abolished upon delivery of the HopT1-1m3 mutant version (Figure 5B), indicating a critical role for the GW motifs of HopT1-1 in this process. In addition, we exploited the EtHAn system to monitor the impact that HopT1-1, and its HopT1-1m3 mutant derivative, could have on bacterial-triggered deposition of callose, a late PTI response that plays a critical role in the establishment of basal immunity (Hauck et al., 2003). Interestingly, we found a ∼ 45% decrease in the number of callose deposits in response to EtHAn (HopT1-1) as compared to the EtHAn control, while this PTI suppression effect was not observed upon inoculation of the EtHAn (HopT1-1m3) strain (Figure 5C). Taken together, these data indicate that HopT1-1 can suppress at least two classical PTI responses in a physiological context of bacterial infection. They also provide evidence that the silencing suppression activity of HopT1-1 is coupled with its ability to dampen PTI in Arabidopsis.

Given that AGO1 is a critical target of HopT1-1 (Figures 1 and2), the above findings suggested a role for AGO1 in orchestrating PAMP-triggered ROS production and callose deposition. To test this possibility, we first monitored flg22-triggered oxidative burst in the ago1-25, ago1-26 and ago1-27 hypomorphic mutant alleles. Importantly, all these ago1 mutants displayed a significantly compromised flg22-induced ROS production as compared to WT-elicited plants (Figure 5D). A significantly impaired flg22-induced ROS production was also detected in the miRNA biogenesis defective mutants dcl1-11 and se-1 as compared to WT plants (Figure 5E), indicating that the Arabidopsis miRNA pathway positively regulates this early PTI response. Hydrogen peroxide production and callose deposition were also attenuated in ago1-27 mutants versus WT plants challenged with the EtHAn strain (Figures 5F and5G), although a milder effect was observed in this mutant background as compared to the effect detected in WT leaves challenged with the EtHAn (HopT1-1) strain (Figures 5B and5C). These results support a role for AGO1 in PAMP-induced callose deposition, as previously reported during flg22 elicitation (Li et al., 2010), but also in the production of ROS during bacterial elicitation. Altogether, these data suggest that the ability of HopT1-1 to suppress both PAMP-triggered ROS production and callose deposition presumably involves an inhibitory effect of AGO1 activity.

Expression of HopT1-1 in Arabidopsis triggers a broad ETI response that is in part dependent on NLR-immune signaling and SA biosynthesis

While generating HopT1-1 transgenic lines, we noticed that the constitutive expression of HopT1-1 led to severe plant growth retardation, accompanied by reduced plant fresh weights of all the primary transformants analyzed (Figures 6A, 6B, 7A, 7B, 7D, 7E and S7A).

These phenotypes were more pronounced than the ones observed in the hypomorphic ago1-27 mutant (Figure 6B), and were reminiscent of the developmental defects previously reported in autoimmune mutants [START_REF] Rate | The gainof-function Arabidopsis acd6 mutant reveals novel regulation and function of the salicylic acid signaling pathway in controlling cell death, defenses, and cell growth[END_REF][START_REF] Zhang | A gain-of-function mutation in a plant disease resistance gene leads to constitutive activation of downstream signal transduction pathways in suppressor of npr1-1, constitutive 1[END_REF], in which there is constitutive ETI activation. By contrast, primary transformants expressing comparable levels of HopT1-1m3 mRNAs exhibited unaltered developmental phenotypes and plant fresh weights that were similar to those of non-transformed Col-0 plants (Figures 6A,6B and S7A), indicating that the dwarf phenotype is dependent on the RNA silencing suppression activity of HopT1-1. Based on these observations and on the understanding of the mechanisms required for triggering autoimmune responses [START_REF] Rate | The gainof-function Arabidopsis acd6 mutant reveals novel regulation and function of the salicylic acid signaling pathway in controlling cell death, defenses, and cell growth[END_REF][START_REF] Ji | The suppressor of transgene RNA silencing encoded by Cucumber mosaic virus interferes with salicylic acid-mediated virus resistance[END_REF][START_REF] Zhang | A gain-of-function mutation in a plant disease resistance gene leads to constitutive activation of downstream signal transduction pathways in suppressor of npr1-1, constitutive 1[END_REF]Zhang et al., 2012), we hypothesized that the Arabidopsis Col-0 accession could sense the BSR activity of HopT1-1 and in turn activates a typical SA-dependent defense response as part of an ETI response. To test this hypothesis, we further monitored the expression of SA-marker genes in primary transformants expressing comparable mRNA levels of either HopT1-1 or HopT1-1m3 (Figures 3A,S4A). A strong increased expression of ETI-related markers PATHOGENESIS RELATED 1 (PR1) and PR2 was detected in HopT1-1-but not in HopT1-1m3-overexpressor plants (Figures 6C,S7B). By contrast, the expression of these genes remains low in the ago1-27 mutant (Figure 6C), suggesting that the growth retardation of this mutant is not due to a constitutive defense but rather caused by an altered activity of miRNAs that are important for Arabidopsis growth and development (Vaucheret et al., 2004;[START_REF] Vaucheret | Plant ARGONAUTES[END_REF]. In addition, we found that the expression of the cell death and senescence-related marker genes ALD1 and WRKY75 [START_REF] Brosché | Transcriptomics and functional genomics of ROS-induced cell death regulation by RADICAL-INDUCED CELL DEATH1[END_REF] was constitutively high in HopT1-1-but not in HopT1-1m3-overexpressor plants nor in the ago1-27 mutant (Figures 6C,S7B). Collectively, these data suggested that the BSR activity of HopT1-1 triggers host cell death in adult leaves, which was difficult to verify by trypan blue staining assay due to the pronounced dwarfism of these primary transformants (Figures 6A,7A and 7D). To circumvent this problem, we further selected two independent HopT1-1 T2 lines (#1 and #6), which exhibited less developmental defects compared to HopT1-1 primary transformants (Figures 6A,6B,6D and 6F). Trypan blue staining of these T2 transgenic plants revealed the presence of host cell death in adult leaves (Figure 6E), which was accompanied by a high accumulation of PR1, PR2, ALD1 and WRKY75 transcripts (Figure 6G). By contrast, none of these phenotypes were found in HopT1-1m3 #6 and #11 T2 transgenic lines (Figures 6D,6E, 6F and 6G), which expressed comparable levels of HopT1-1m3 mRNAs (Figure 6H).

Altogether, these data provide solid evidence that the Arabidopsis Col-0 accession has evolved a mechanism to sense the BSR activity of HopT1-1 and in turn activates a potent SAdependent defense response, which culminates in a typical hypersensitive response. These data also suggest that the severe growth retardation and developmental defects observed in HopT1-1 transgenic plants are likely caused by a concomitant ETI activation and suppression of the activity of miRNAs that regulate plant growth and development.

In Arabidopsis, NLRs are mainly classified into TNL and CNL immune-receptors.

PHYTOALEXIN DEFICIENT 4 (PAD4) and ENHANCED DISEASE SUSCEPTIBLE 1 (EDS1) are central components of TNL-immune signaling, while NON RACE-SPECIFIC DISEASE RESISTANCE 1 (NDR1) is specifically required for CNL-immune signaling [START_REF] Cui | Effector-triggered immunity: from pathogen perception to robust defense[END_REF].

Activation of plant NLRs often trigger SA signaling as well as SA biosynthesis, the latter being orchestrated in part by the ISOCHORISMATE SYNTHASE 1 (ICS1) enzyme (Wildermuth et al., 2001). Furthermore, both TNL-and CNL-immune signaling responses are strongly conditioned by temperature and often compromised at 28°C [START_REF] Alcazar | The impact of temperature on balancing immune responsiveness and growth in Arabidopsis[END_REF]Chae et al., 2014). Interestingly, when HopT1-1 primary transformants were grown at 28°C, a significant recovery of the stunted phenotype was observed compared to HopT1-1 plants grown at 23°C (Figure 7A). This phenotype was associated with a partial restoration of plant fresh weight and a substantial decrease in the basal expression of PR1, despite a proper accumulation of HopT1-1 transcripts at this high temperature regime (Figure 7B and7C). This result supports a role for NLR proteins in orchestrating HopT1-1-triggered ETI response at 23°C. We next overexpressed HopT1-1 in the pad4-1, ndr1-1, sid2-2 (loss-of-function mutant in ICS1) and in pad4-1 sid2-2 mutant backgrounds and further characterized primary transformants expressing comparable levels of HopT1-1 mRNAs (Figure 7F). It is noteworthy that, unlike classical T-DNA insertions which carry the 35S promoter and that would thus be prone to trans-inactivation of the 35S pro ::HopT1-1 transgene [START_REF] Daxinger | Unexpected silencing effects from T-DNA tags in Arabidopsis[END_REF], the pad4-2, ndr1-1 and sid2-2 alleles were initially recovered from ethyl methanesulfonate or fast-neutron-based mutagenesis and likewise do not carry the 35S promoter [START_REF] Glazebrook | Isolation of Arabidopsis mutants with enhanced disease susceptibility by direct screening[END_REF][START_REF] Century | NDR1, a locus of Arabidopsis thaliana that is required for disease resistance to both a bacterial and a fungal pathogen[END_REF]Wildermuth et al., 2001). While a severe stunted phenotype was found in all the single mutants analyzed, as observed in WT plants, we noticed a partial rescue of plant growth retardation as well as of plant fresh weight in the pad4-1 sid2-2 double mutant background (Figure 7D and7E). This phenotype was also associated with a reduction in the basal expression level of PR1 in this mutant background, which was not observed in the single ndr1-1, sid2-2 and pad4-1 mutants (Figure 7F). Collectively, these data indicate that a TNL-immune signaling pathway, in conjunction with the SA biosynthesis pathway, is required to mount ETI in response to HopT1-1. Nevertheless, the intermediate rescue phenotype observed in the pad4-1 sid2-2 double mutant suggests that a concomitant CNL-dependent pathway might additionally signal downstream of HopT1-1 perception, although it was not possible to test this hypothesis due to the lack of pad4-1 nrd1-1 double mutant. Furthermore, we cannot rule out that a NLR-independent process might additionally contribute to the HopT1-1-induced ETI response. Altogether, these data suggest that the BSR activity of HopT1-1 is sensed by multiple NLRs, thereby resulting in a potent and broad ETI response.

The BSR activity of HopT1-1 triggers an enhanced accumulation of TNL transcripts that are negatively regulated by miR825* and phasiRNAs Since (i) overexpression of plant NLR proteins often triggers their autoactivation in the absence of pathogen-derived effector [START_REF] Oldroyd | Genetically engineered broad-spectrum disease resistance in tomato[END_REF][START_REF] Tao | Mutational analysis of the Arabidopsis nucleotide binding site-leucine-rich repeat resistance gene RPS2[END_REF][START_REF] Zhang | Expression of RPS4 in tobacco induces an AvrRps4-independent HR that requires EDS1, SGT1 and HSP90[END_REF], (ii) NLR transcripts have emerged as prime sources and targets of miRNAs and phasiRNAs [START_REF] Halter | Multilayer and interconnected post-transcriptional and co-transcriptional control of plant NLRs[END_REF], (iii) Pto DC3000 and Phytophthora infestans infections trigger an enhanced accumulation of tomato NLR mRNAs that are controlled by miRNAs and phasiRNAs (Shivaprasad et al., 2012;[START_REF] De Vries | Expression profiling across wild and cultivated tomatoes supports the relevance of early miR482/2118 suppression for Phytophthora resistance[END_REF]Canto-Pastor et al., 2018), we first reasoned that the BSR activity of HopT1-1 might derepress some NLRs, which would in turn contribute to the HopT1-1-induced ETI response. To test this hypothesis, we monitored in our transgenic plants the transcript abundance of TNL At5g38850, referred to here as Resistance Silenced Gene 3 (RSG3) (Cai et al., 2018). This locus represents the most important source of phasiRNAs generated from a NLR in the Arabidopsis Col-0 accession (Niu et al., 2016;Cai et al., 2018), and exhibits abundant accumulation of phasiRNAs downstream of the miR825* target site (Figure 8A). Furthermore, these phasiRNAs can act in cis but also in trans and likewise negatively regulate the expression of a large repertoire of NLRs in Col-0 (Niu et al., 2016;Cai et al., 2018). Importantly, we found an enhanced accumulation of RSG3 mRNAs in HopT1-1 primary transformants, a molecular phenotype which was not observed in HopT1-1m3 primary transformants (Figure 8B), and that thus relies on the BSR activity of HopT1-1. It is also noteworthy that the up-regulation of RSG3 detected in HopT1-1 transformants is unlikely caused by the constitutive SA-signaling achieved in these transgenic plants, because RSG3 mRNA levels remained unchanged in the typical autoimmune mutant accelerated cell death 6 (acd6-1) (Figure 8C), which exhibits high and constitutive expression of PR1, PR2, WRKY75 and ALD1, such as in HopT1-1 transgenic plants (Figures 8D and6C) [START_REF] Rate | The gainof-function Arabidopsis acd6 mutant reveals novel regulation and function of the salicylic acid signaling pathway in controlling cell death, defenses, and cell growth[END_REF]. These data therefore indicate that the enhanced accumulation of RSG3 transcripts detected in HopT1-1 transgenic plants is more likely due to the suppression of miR825* and phasiRNAs activities mediated by HopT1-1 rather than to the ETI response activated by this bacterial effector. Nevertheless, because the inactivation of Arabidopsis miR825* does not alter plant development nor basal expression of defense marker genes under normalgrowth conditions (Niu et al., 2016), we propose that the HopT1-1-induced derepression of RSG3, and perhaps of other NLRs that are targeted by phasiRNAs produced from this locus (Cai et al., 2018), is unlikely the primary trigger of ETI induced by HopT1-1 but rather a molecular event that enhances the quantitative recognition of HopT1-1 and/or amplifies defense signaling.

HopT1-1-induced ETI response is correlated with a perturbation of AGO1 homeostasis, which is sufficient to trigger autoimmunity

Previous molecular analyses showing an over-accumulation of the miRNA targets AGO1, DCL1 and AGO2 in HopT1-1 transgenic plants (Figure 3D), along with our current understanding of the Guard model (Van der Biezen and [START_REF] Van Der Biezen | Plant disease-resistance proteins and the gene-for-gene concept[END_REF]Dangl and Jones, 2001), led us to raise another hypothesis to explain how HopT1-1 could be initially sensed by host cells to trigger ETI. Indeed, we hypothesized that HopT1-1-induced over-accumulation of silencing factors could well represent the primary molecular events for ETI activation. In this scenario, NLRs would have evolved to monitor the integrity of silencing factor homeostasis controlled by miRNAs and would activate ETI upon disruption of such miRNA-dependent homeostatic regulatory mechanism. To test this hypothesis, we decided to alleviate miRNAdirected regulation of one of these RNA silencing factors, namely AGO1, and further determine if such a perturbation could be sufficient to trigger an ETI-like response (Figure 9A). For this purpose, we transformed WT plants with a previously described AGO1 transgene (4m-AGO1), which is refractory to miR168 action due to four silent mutations in the miR168 target site of AGO1 transcripts (Vaucheret et al., 2004, Figure 9A). Primary transformants expressing the 4m-AGO1 transgene displayed three typical phenotypes: a normal growth and developmental phenotype ('WT-like' phenotype), a partially altered growth phenotype with serrated leaves ('interm.' phenotype), and a small stunted phenotype with spoon-shaped leaves ('mir-AGO1' phenotype) (Vaucheret et al., 2004; Figure 9B). It is noteworthy that the developmental aberrations of the interm. and mir-AGO1 plants, which are reminiscent of the ones observed in miRNA-defective mutants, were previously shown to be caused by an altered miRNA activity in these transgenic plants (Vaucheret et al., 2004). Remarkably, when we analyzed the 4m-AGO1 transgenic plants at the molecular level, we found a direct correlation between the mRNA levels of AGO1 and the expression of the defense marker gene PR1 (Figures 9C andS9A), supporting a link between the overaccumulation of AGO1 mRNAs and the strength of defense signaling achieved in planta. In addition, we found that mir-AGO1 plants, which exhibited high accumulation of AGO1 mRNAs and proteins (Figures 9D andS9B), additionally expressed high levels of PR1, PR2, ALD1 and WRKY75 mRNAs (Figure 9E), accompanied by a constitutive cell death phenotype, which was particularly pronounced at the level of leaf vasculature (Figures 9F andS9C). Importantly, the autoimmune phenotype of mir-AGO1 plants was entirely dependent on the lack of miR168 regulation because we found WT levels of PR1, PR2, ALD1 and WRKY75 in all the transgenic plants expressing a miR168 sensitive AGO1 WT transgene (WT-AGO1) (Figure 9E), which was driven by the same regulatory region than the 4m-AGO1 transgene. It is also noteworthy that the autoimmune phenotype of mir-AGO1 plants was unlikely caused by the known impaired function of miRNAs in these backgrounds (Vaucheret et al., 2004), because the ago1-27 mutant, which is also altered in miRNA activity (Figure 3B; Vaucheret et al., 2004;[START_REF] Brodersen | Widespread translational inhibition by plant miRNAs and siRNAs[END_REF], exhibited WT levels of the above marker genes (Figure 6C), and similar effects were observed in the ago1-3 null allele (Figure S10). Altogether, these data demonstrate that disrupting miR168directed control of AGO1 homeostasis is sufficient to trigger an ETI-like response in the Arabidopsis Col-0 accession, while inactivating the function, or preventing the protein accumulation, of AGO1 has no effect in this process.

Next, we investigated whether NLR intracellular immune receptors could orchestrate the above ETI-like response. For this end, we grew our primary 4m-AGO1 transformants at 28°C, selected individuals expressing high level of AGO1 mRNAs, and further monitored the expression of PR1 in those mir-AGO1 plants. Interestingly, the constitutively high expression of PR1 typically found in mir-AGO1 plants at 23°C was fully impaired at this high temperature regime (Figure 9D), supporting a role for NLRs in the establishment of the ETIlike response in these transgenic plants. We further transformed the miR168-refractory 4m-AGO1 transgene in the ndr1-1, sid2-2, pad4-1 and pad4-1 sid2-2 mutants and selected transgenic lines exhibiting strong and comparable AGO1 mRNA levels in different genetic backgrounds (Figure S9F). Importantly, the constitutive and high expression of PR1, PR2, ALD1 and WRKY75, observed in mir-AGO1 WT plants, was fully abolished in the pad4-1, sid2-2 and pad4-1 sid2-2 mutants (Figure 9E), and this molecular effect was associated with a partially compromised cell death phenotype detected in the pad4-1 sid2-2 mutants (Figure 9F). By contrast, the expression of defense and cell death/senescence marker genes remained high in the mir-AGO1 ndr1-1 background (Figure 9E). Collectively, these results indicate that the constitutive defense signaling and cell death phenotype observed in mir-AGO1 plants are dependent on TNL-immune signaling and on SA biosynthesis, while these autoimmune responses do not signal through NDR1 and are thus unlikely dependent on CNL-immune signaling. It is also noteworthy that the growth and leaf developmental defects manifested in mir-AGO1 plants remained unchanged in the pad4-1, sid2-2 and pad4-1 sid2-2 mutant backgrounds (Figures S9D andS9E), in which the ETI-like response was inactive (Figure 9E). The latter observation indicates that the ETI-like response occurring in mir-AGO1 plants at 23°C is not causal for their growth and leaf developmental defects, which are more likely due to the altered miRNA activity phenotype that has been reported in these transgenic plants (Vaucheret et al., 2004). Altogether, these data indicate that perturbing miR168-directed control of AGO1 homeostasis is sufficient to trigger TNL-immune signaling, which in turn results in a potent SA-dependent defense response. We thus propose that HopT1-1-induced suppression of miR168-directed control of AGO1 homeostasis is presumably a trigger of ETI activation, resulting in the establishment of a TNL-and SAdependent defense pathway that likely defines one branch of the signaling events activated downstream of HopT1-1 perception.

DISCUSSION

In the present study, we have demonstrated a key role for the Arabidopsis miRNA pathway in PAMP-induced ROS production, a well-characterized PTI response that occurs within minutes of PAMP detection and that plays a crucial role in antibacterial defense (Couto and Zipfel, 2016;[START_REF] Torres | Reactive oxygen species signaling in response to pathogens[END_REF]. We have shown that the Arabidopsis miRNA factors DCL1, SE and AGO1 are all required for flg22-induced oxidative burst (Figure 5). Furthermore, we found that the EtHAn strain triggers an intense accumulation of H 2 O 2 within and around Arabidopsis leaf vasculature, a phenotype that was partially impaired in the hypomorphic ago1-27 mutant (Figure 5). Such AGO1-dependent regulatory process might ensure the formation of an immune cell layer adjacent to the vasculature to limit bacterial spreading from xylem vessels to mesophyll cells and vice versa. In addition, this phenomenon might result in an enhanced accumulation of H 2 O 2 in xylem vessels, thereby potentially reducing bacterial survival through the well-characterized bactericidal function of this reactive oxygen intermediate [START_REF] Hong | Hydrogen Peroxide-and Nitric Oxide-mediated Disease Control of Bacterial Wilt in Tomato Plants[END_REF]. Such an antibacterial activity would notably be relevant to control Pto DC3000 pathogenesis because this bacterium was previously shown to propagate through xylem vessels in both Arabidopsis and N. benthamiana [START_REF] Yu | Dynamics and biological relevance of DNA demethylation in Arabidopsis antibacterial defense[END_REF]Misas-Villamil et al., 2011). Although the detailed mechanisms by which the Arabidopsis miRNA pathway orchestrates ROS production, and more generally PTI, remain to be established, we propose that miRNA-dependent control of PTI repressors such as Auxin Response Factors 16 and 17 could contribute to this process (Li et al., 2010;Figure 11). It is also equally possible that the recently described role of AGO1 in the transcriptional activation of hormone-and stress-responsive genes, including flg22-regulated genes, would contribute to this process (Liu et al., 2018). Furthermore, because PAMP-induced oxidative burst is an immediate immune response, we suggest that miRNA-directed control of ROS production might additionally be caused by the action of a pre-loaded AGO1-RISC that would operate at the level of early PTI signaling events, an intriguing possibility that will deserve attention in the future.

Given that the Arabidopsis miRNA pathway is a major component of PTI (Navarro et al., 2008;Li et al., 2010; this study), it is likely that many pathogen effectors will be found to target this small RNA pathway to enable disease. Consistent with this idea, we have previously identified type-III secreted proteins from Pto DC3000 that suppress all the steps of the Arabidopsis miRNA pathway (Navarro et al., 2008;unpublished data). However, until now, it was unknown whether some of these BSRs could directly interfere with component of the RNA silencing machinery to suppress miRNA activity and cause disease. In the present work, we show that the bacterial effector HopT1-1 is a critical virulence determinant that promotes growth of Pto DC3000 in a physiological context of infection (Figure 1).

Importantly, the reduced growth of the hopT1-1-deleted strain was fully rescued in miRNAdefective mutants including the ago1-25, ago1-26 and ago1-27 mutant alleles (Figures 1 andS1), providing evidence that the Arabidopsis AGO1-dependent miRNA pathway is a major genetic target of HopT1-1. In agreement with these functional analyses, we found that HopT1-1 can physically interact with Arabidopsis AGO1, at least in part, through two canonical and evolutionarily conserved GW motifs (Figure 2). We also demonstrate that the AGO-binding platform of HopT1-1 plays a central role in the suppression of miRNA activities, as reflected by the derepression of unrelated miRNA targets -at both the mRNA and protein levels-, which was specifically observed in HopT1-1 but not in HopT1-1m3 primary transformants (Figure 3). On the contrary, HopT1-1 only moderately interferes with the accumulation of conserved miRNAs when expressed in primary transformants (Figure 4), while this effect is not observed in viable T2 transgenic plants, which are less affected developmentally than T1 transgenic plants, but still impaired in the silencing of miRNA targets (Navarro et al., 2008). We also found that the constitutive expression of HopT1-1 in primary transformants did not alter, or slightly enhances, the accumulation of some pri-miRNAs (Figure 4). Collectively, our data suggest that the silencing suppression activity of HopT1-1 predominantly interferes with miRNA activity rather than with miRNA biogenesis or stability.

In addition, we show that the GW motifs of HopT1-1 were not only essential for the suppression of miRNA activity but also for the dampening of PAMP-triggered ROS production and of callose deposition in Arabidopsis (Figures 3 and5). This implies that the BSR activity of HopT1-1 is directly coupled with its ability to suppress PTI. This phenomenon might be due to HopT1-1-induced derepression of negative regulators of PTI that are controlled by miRNAs (Figure 11), and/or to the possible suppression of AGO1 activities required for transcriptional reprogramming and early PTI signaling mentioned above. Future investigations will be required to determine the detailed mode of action of HopT1-1 once recruited onto AGO1-RISC. For instance, it will be important to determine whether HopT1-1 could (i) possess an enzymatic activity outside of its AGO-binding platform to impede AGO1 activity, (ii) prevent and/or displace the interaction between AGO1 and yetunknown endogenous Arabidopsis GW/WG miRNA factors that are relevant for PTI function, and/or (iii) interfere with the subcellular localization of AGO1.

In addition, we have shown that the constitutive expression of HopT1-1 in plants triggers an over-accumulation of AGO1, AGO2 and DCL1 at both the mRNA and protein levels, which is normally repressed by miR168, miR403 and miR162/838, respectively (Rajagopalan et al., 2006;Xie et al., 2003;Vaucheret et al., 2004). Interestingly, this molecular effect was accompanied by a strong autoimmune phenotype that was temperature sensitive and dependent, at least in part, on NLR-immune signaling and SA biosynthesis (Figures 6 and7).

Importantly, both the HopT1-1-triggered over-accumulation of the above silencing factors and the induced autoimmune phenotype were dependent on the BSR activity of this bacterial effector (Figures 3,6,7 and S4). These observations suggest that HopT1-1-induced suppression of miRNA activity might be causal for silencing factor over-accumulation and ETI activation. Consistent with this hypothesis, we found that transgenic plants expressing an AGO1 transgene that is refractory to miR168 action trigger an over-accumulation of AGO1 that was sufficient to mount a TNL-dependent autoimmune response (Figures 9 andS9). This autoimmune response was unlikely caused by the compromised miRNA-directed silencing activity of AGO1 previously reported in these transgenic plants (Vaucheret et al., 2004), because we did not find a constitutive expression of ETI maker genes in the hypomorphic ago1-27 nor the null ago1-3 aleles (Figure S10). These data therefore suggest that HopT1-1-induced disruption of miR168-directed control of AGO1 homeostasis represents one trigger of the ETI response activated by this bacterial effector. Furthermore, given that AGO1 is (i) indispensable for the virulence function of HopT1-1 (Figure 1), (ii) a critical PTI factor (Figure 5, Li et al., 2010), (iii) directly targeted by HopT1-1 (Figure 2), and (iv) misregulated by HopT1-1 through a disruption of miR168 activity, we propose that AGO1 likely represents a guarded HopT1-1 target. In this scenario, some yet-unknown NLRs would have evolved to monitor the integrity of AGO1 homeostasis, and trigger a SAdependent ETI response upon HopT1-1-induced disruption of miR168 activity (Figure 11). In addition, because a broader and stronger autoimmune phenotype was found in HopT1-1 transgenic plants compared to plants expressing the miR168 resilient version of AGO1, we suggest that other molecular events must contribute to HopT1-1-induced ETI activation.

Although not experimentally tested here, the perturbation of the homeostasis of other miRNA-regulated silencing factors such as AGO2 or DCL1, which were also more elevated in HopT1-1 plants (Figures 3 andS4), could well represent an additional trigger of such ETI response. Furthermore, because the BSR activity of HopT1-1 was required for the derepression of NLRs controlled by miR825* and phasiRNAs (Figure 8), we propose that this regulatory process might further promote HopT1-1 recognition, possibly by maintaining an adequate stoichiometry between NLR receptors and cognate guarded silencing factors, and/or amplifying HopT1-1-induced defense signaling (Figure 11). Furthermore, because some Arabidopsis immune receptors are known to be SA-responsive [START_REF] Xiao | The Arabidopsis genes RPW8.1 and RPW8.2 confer induced resistance to powdery mildew diseases in tobacco[END_REF][START_REF] Yi | A cluster of disease resistance genes in Arabidopsis is coordinately regulated by transcriptional activation and RNA silencing[END_REF][START_REF] Huang | A gain-of-function mutation in the Arabidopsis disease resistance gene RPP4 confers sensitivity to low temperature[END_REF], the constitutive SA defense response detected in HopT1-1 transgenic plants could additionally promote the transcriptional activation of specific NLRs regardless of their miRNA-and phasiRNA-dependent regulation, and likewise further amplify bacterial effector recognition and/or defense signaling. Consistent with this idea, we found that two TNLs, namely AT3G44400 and At5G36930, were up-regulated in the autoimmune acd6-1 mutant, upon treatments with SA and the SA analog benzothiadiazole (BTH), and in HopT1-1 transformants, while their mRNA levels remained unchanged in HopT1-1m3 transgenic plants (Figure 10). On the contrary to RSG3, these TNLs were neither the sources nor the targets of small RNAs in Col-0 plants (Figure S8), suggesting that their induction in HopT1-1 transgenic plants is likely occurring as a consequence of the ETI response triggered by this bacterial effector.

Although we have shown that HopT1-1 can induce ETI when overexpressed in planta (Figures 6 and7), we found that deletion of this effector in Pto DC3000 leads to a decrease in bacterial titer in the susceptible Arabidopsis Col-0 accession (Figures 1 andS1). This counter-intuitive result suggests that the level and/or secretion of HopT1-1 are likely under tight regulatory control so that a restricted amount of this bacterial effector is delivered in host cells during infection. Such an amount, if properly distributed within host cells, would be sufficient to suppress RNA silencing/PTI while limiting HopT1-1-induced ETI activation. Future experiments will be necessary to test this hypothesis. It will also be interesting to determine whether some other natural accessions of Arabidopsis thaliana could have evolved NLR gene alleles that are more prone to detect the silencing suppression activity of HopT1-1 in a physiological context of bacterial infection.

Previous reports have shown that AGO1 homeostasis is under tight regulatory control (Vaucheret et al., 2004;[START_REF] Vaucheret | Post-transcriptional small RNA pathways in plants: mechanisms and regulations[END_REF]Mallory et al., 2009;[START_REF] Várallyay | Plant virus-mediated induction of miR168 is associated with repression of ARGONAUTE1 accumulation[END_REF]Iki et al., 2018). The most characterized hitherto mechanism involved in this process implicates AGO1 and AGO10, which are loaded with 21-nt miR168 and 22-nt miR168 species, respectively, and concomitantly repress AGO1 protein accumulation (Mallory et al., 2009;[START_REF] Várallyay | Plant virus-mediated induction of miR168 is associated with repression of ARGONAUTE1 accumulation[END_REF]Iki et al., 2018). AGO2, which appears to be loaded with 21-nt miR168 species, additionally contributes to miR168-induced silencing of AGO1 (Iki et al., 2018). This robust and multilayer regulatory control of AGO1 homeostasis was initially shown to be essential for normal plant development (Vaucheret et al., 2004). Likewise, Arabidopsis mir-AGO1 transgenic plants, which are resilient to miR168 action, exhibit developmental defects that partially overlap with those of miRNA-defective mutants, including shorter stature, asymmetric rosette leaf formation, curled and upwards leaves and disorganized phyllotaxy (Vaucheret et al., 2004). In the present study, we have extended these findings by showing that mir-AGO1 plants additionally exhibit constitutively high expression of defense and cell death/senescence marker genes as well as a cell death phenotype (Figure 9). It is noteworthy that the latter phenotype was particularly pronounced at the level of leaf vasculature, in which AGO10 is intensively expressed in WT plants (Lynn et al., 1999), and thus where both AGO1 and AGO10 likely repress AGO1 protein accumulation. Our work therefore suggests that the regulation of AGO1 homeostasis is critical to maintain plant immune responses at a low basal level in normal growth conditions, and likely in specific tissues such as leaf vasculature, while ensuring their activation upon pathogen-induced perturbation of the miR168-dependent regulatory node. Such endogenous molecular "pathosensor" is presumably important for the detection of HopT1-1 and might also contribute to the recognition of some VSRs. Intriguingly, the stable expression of the VSR helper component-protease (Hc-Pro) in tobacco was found to trigger an enhanced AGO1 protein accumulation [START_REF] Chiu | The silencing suppressor P25 of potato virus X interacts with Argonaute 1 and mediates its degradation through the proteasome pathway[END_REF][START_REF] Ivanov | Molecular insights into the function of the viral RNA silencing suppressor HCpro[END_REF], which was associated with an increased disease resistance against multiple pathogens through SA-dependent and SAindependent mechanisms [START_REF] Pruss | The potyviral suppressor of RNA silencing confers enhanced resistance to multiple pathogens[END_REF]. Although the initial trigger of such Hc-Protriggered disease resistance mechanism remains elusive, our work suggests that Hc-Proinduced stabilization of AGO1 might contribute to this process. On the other hand, the proposed molecular pathosensor implies that some successful pathogens must have evolved ways to evade this plant detection mechanism possibly by buffering the perturbation of AGO1 homeostasis. Consistent with this idea, the Tombusvirus VSR P19 was shown to trigger the transcriptional activation of MIR168a as well as the rechanneling of the 22-nt miR168 species into AGO10, resulting in the translational silencing of AGO1 [START_REF] Várallyay | Plant virus-mediated induction of miR168 is associated with repression of ARGONAUTE1 accumulation[END_REF]Iki et al., 2018). Importantly, the transcriptional activation of MIR168a was not only detected during tombusvirus infections, but also in response to unrelated phytoviruses [START_REF] Várallyay | Plant virus-mediated induction of miR168 is associated with repression of ARGONAUTE1 accumulation[END_REF]. Based on these findings and on the present work, we propose that viral-induced accumulation of miR168 is likely a key strategy used by viruses not only to counteract the anti-viral function of AGO1, but also to prevent ETI activation caused by the misregulation of AGO1 homeostasis.

The present study reveals that the use of GW/WG-dependent AGO-binding platforms is not restricted to VSRs [START_REF] Azevedo | Argonaute quenching and global changes in Dicer homeostasis caused by a pathogen-encoded GW repeat protein[END_REF]Karran and Sansfaçon, 2014;[START_REF] Aqil | The HIV-1 Nef protein binds argonaute-2 and functions as a viral suppressor of RNA interference[END_REF][START_REF] Giner | Viral protein inhibits RISC activity by argonaute binding through conserved GW/WG motifs[END_REF], but can also be exploited by a functionally relevant bacterial effector.

Intriguingly, we have also retrieved GW/WG motifs in an appropriate sequence context in secreted effectors from various phytopathogenic bacteria, fungi and oomycetes (Figure S11). For instance, we could identify the presence of canonical GW/WG motifs in effectors from the devastating plant bacterial vascular pathogens Xylella fastidiosa, Xanthomonas campestris pv. campestris and Xanthomonas oryzae pv. oryzae or from the oomycetes Phytophthora sojae and the Irish potato famine pathogen Phytophthora infestans (Figure S11). Canonical GW/WG motifs were also retrieved in fungal effectors produced by the wheat stem rust pathogen Puccinia graminis f. sp. tritici, which represents one of the most destructive pathogen of wheat worldwide and that was recently shown to encode functional fungal suppressors of RNA silencing (FSR) (Yin et al., 2019), but also by Fusarium graminearum, which is the causal agent of Fusarium head blight that causes serious yield losses in wheat and barley worldwide (Figure S11). Collectively, these observations suggest that a wide range of non-viral phytopathogens might have evolved an analogous mode of action to promote pathogenicity in agriculturally relevant crops. It will thus be interesting to establish if the discoveries made on HopT1-1 hold for other silencing suppressors derived from non-viral phytopathogens and to further develop approaches to counteract this potentially widespread pathogen-mediated virulence strategy to confer broad spectrum disease resistance in crops.

MATERIALS AND METHODS

DNA Contructs

The pK7WG2D destination vector carrying the HopT1-1 gene has been previously described (Navarro et al., 2008). To generate the mutated versions of HopT1-1, GW>GF substitutions in the HopT1-1 ORF were carried out by PCR-based site-directed mutagenesis using mismatched primers. The resulting PCR product was introduced in the pENTR/D-TOPO entry vector (Invitrogen, Carlsbad, CA), sequenced and then recombined into the GATEWAY Binary destination vector pK7WG2D using LR clonase (Invitrogen, Carlsbad, CA), to overexpress an untagged protein. To overexpress a tagged version of the WT and mutant HopT1-1 proteins, the above pENTR vectors were recombined into the GATEWAY Binary destination vector pEarleyGate203 (N-terminal Myc tag). To generate DEX pro :Myc-HopT1-1 (WT) and DEX pro :Myc-HopT1-1m3 (GW>GF) constructs, the pEarleyGate203 plasmids containing HopT1-1 or HopT1-1m3 versions were used to amplify Myc-HopT1-1 and Myc-HopT1-1m3 sequences, which were digested with SpeI and ligated into the corresponding site of the binary vector pTA7002, carrying the DEX-inducible promoter [START_REF] Aoyama | A glucocorticoid-mediated transcriptional induction system in transgenic plants[END_REF]. To overexpress HopT1-1 and HopT1-1m3 in the EtHAn system [START_REF] Thomas | Recombineering and stable integration of the Pseudomonas syringae pv. syringae 61 hrp/hrc cluster into the genome of the soil bacterium Pseudomonas fluorescens Pf0-1[END_REF], versions of HopT1-1 and HopT1-1m3 without a stop codon were cloned in the pENTR/D-TOPO entry vector, which was further recombined into the destination vector pBS0046 containing the NPTII promoter. For the BiFC assays, the coding regions of AGO1, SDE3, HopT1-1, HopT1-1m3 and HopC1 were first cloned into the pDON207 plasmid and further recombined into the GATEWAY BiFC binary destination vectors pUBN-YFP containing the Nter or the C-ter part of YFP protein that were previously described in Grefen et al. (2010).

For the subcellular localization of GFP, AGO1, HopT1-1 and HopT1-1m3, the pDON-GFP, pDON-AGO1, pDON-HopT1-1 and pDON-HopT1-1m3 were recombined into the GATEWAY pB7WGF2 plasmid. For the FRET/FLIM experiment, the no stop versions of pDON-HopT1-1 and pDON-HopT1-1m3 were recombined into the destination vector pBin-35S-GWY-YFP. For Agrobacterium-mediated transformation in N. benthamiana, pDON-HopT1-1 and pDON-HopT1-1m3 were recombined into the GATEWAY pEarleyGate 203 plasmid expressing a MYC tag in N-ter. All the constructs inserted in GATEWAY binary destination vectors were transformed into the Agrobacterium tumefaciens strains GV3101 or C58C1.

Transgenic plants and mutants

Arabidopsis thaliana silencing defective mutants ago1- 25, ago1-26, ago1-27, ago2-1, ago4-2, ago4-3, dcl2-1 dcl4-2, se-1, dcl1-11, sgs3-1, rdr1-1 rdr2-1 rdr6-15 were previously described (Morel et al., 2002;[START_REF] Agorio | ARGONAUTE4 is required for resistance to Pseudomonas syringae in Arabidopsis[END_REF][START_REF] Havecker | The Arabidopsis RNA-directed DNA methylation argonautes functionally diverge based on their expression and interaction with target loci[END_REF]Henderson et al., 2006;[START_REF] Zhang | The disturbance of small RNA pathways enhanced abscisic acid response and multiple stress responses in Arabidopsis[END_REF]Mourrain et al., 2000;[START_REF] Garcia-Ruiz | Arabidopsis RNA-dependent RNA polymerases and dicer-like proteins in antiviral defense and small interfering RNA biogenesis during Turnip Mosaic Virus infection[END_REF][START_REF] De Felippes | Comparative analysis of non-autonomous effects of tasiRNAs and miRNAs in Arabidopsis thaliana[END_REF] as well as for the SA-biosynthesis and SA-signaling defective mutants sid2-2, pad4-1, pad4-1 sid2-2 and ndr1-1 [START_REF] Dewdney | Three unique mutants of Arabidopsis identify eds loci required for limiting growth of a biotrophic fungal pathogen[END_REF][START_REF] Glazebrook | Isolation of Arabidopsis mutants with enhanced disease susceptibility by direct screening[END_REF][START_REF] Tsuda | Network properties of robust immunity in plants[END_REF][START_REF] Century | NDR1, a locus of Arabidopsis thaliana that is required for disease resistance to both a bacterial and a fungal pathogen[END_REF]; acd6-1 was described in [START_REF] Rate | The gainof-function Arabidopsis acd6 mutant reveals novel regulation and function of the salicylic acid signaling pathway in controlling cell death, defenses, and cell growth[END_REF]. To generate DEX-inducible transgenic plants, pTA7002 vectors carrying Myc-HopT1-1 or Myc-HopT1-1m3 were transformed in the Arabidopsis Col-0 accession. Two independent T2 transgenic lines expressing Myc-HopT1 or Myc-HopT1-1m3 proteins at the same level were selected and used in this study. To generate plants constitutively expressing HopT1-1 and HopT1-1m3 under the control of the 35S promoter, pK7WG2D vectors carrying HopT1-1 or HopT1-1m3 sequences were transformed in Col-0 (WT plants) and multiple individual T1 primary transformants were analyzed in parallel of WT individual plants. These constructs were also transformed in ndr1-1, pad4-1, sid2-2 and pad4-1 sid2-2 mutant backgrounds. The constructs containing a WT version of AGO1 (WT-AGO1) or an AGO1 gene refractory to miR168 cleavage (4m-AGO1) under the control of the native AGO1 promoter were described in Vaucheret et al. (2004) and transformed in Col-0, ndr1-1, sid2-2, pad4-1 or pad4-1 sid2-2 mutants. Analyses were done in multiple T1 primary transformants grown at different temperatures (23°C or 28°C).

Bacterial strains

The bacterial strains used in this study include Pto DC3000, HopT1-1-deleted strain (Pto ΔHopT1-1) and HopC1-deleted strain (Pto ΔHopC1). These bacterial strains were grown at 28°C in NYGB medium (5 g L -1 bactopeptone, 3 g L -1 yeast extract, 20 ml L -1 glycerol) containing rifampicin (25 µg/mL) for selection. The Pto ΔHopT1-1 was generated by an unmarked mutagenesis strategy described by [START_REF] House | New recombination methods for Sinorhizobium meliloti genetics[END_REF] with some modifications.

Briefly, DNA regions upstream and downstream of HopT1-1 were amplified with primer pairs P4835/P4836 and P4837/P4838 (Table S1), respectively. The resulting PCR fragments were cloned into pENTR/D-TOPO and then recombined into suicide destination vector pMK2016 for the upstream construct, or pMK2017 for the downstream construct, using LR Clonase according to the manufacturer's instructions, resulting in constructs pLN5426 and pLN5472, respectively. Constructs pLN5426 and pLN5472 were integrated into the Pto DC3000 chromosome by biparental or triparental mating. Plasmid pBH474, which contains a gene encoding the yeast FLP recombinase, was introduced into the resulting strains to excise the integrated plasmid at FLP recombinase target (FRT) sequences. To cure pBH474, isolated colonies were spread on King's B medium [START_REF] King | Two simple media for the demonstration of pyocyanin and fluorescin[END_REF] agar plates containing rifampicin (100 µg/mL) with 5% sucrose. PCR primer pair P4839/P4840 (Table S1) was used to identify mutants that carried the HopT1-1 deletion. The Pto ΔHopC1 was generated by an insertional mutagenesis strategy described by Windgassen et al. (2000) with some modifications. Briefly, an internal fragment within the HopC1 coding region was amplified with primer pair P164/P165 (Table S1). The resulting PCR fragment was cloned into a suicide vector pKnockout-Ω that had been digested with XcmI, resulting in construct pLN6.

Construct pLN6 was integrated into the Pto DC3000 chromosome by triparental mating using spectinomycin (50 μg/mL) to select for the plasmid marker. PCR primer pair P181/P165 was used to identify mutants that contained an integrated pKnockout-Ω in HopC1.

Plant Growth Conditions and Treatments

Plants used in this study were grown in growth cabinets at 19-23 °C (dark/light) 

Bacterial growth assays

Five-week-old Col-0 Arabidopsis (WT) or the mutant plants were covered with a lid 24 hours under high humidity before to be dip-inoculated with Pto DC3000 WT, Pto ΔHopT1-1 or Pto ΔHopC1 at 10 8 cfu/mL with 0,02% of Silwet L-77 (Lehle Seeds). Dip-inoculated plants were allowed to stay under high humidity condition for 3 days before the bacterial counting was performed. For each condition, around 15 leaves from three plants were collected and the following steps were performed as described in Navarro et al. (2008). 

Agrobacterium-mediated transient expression

Processing of small RNA reads

Total RNA was extracted from five week-old WT plants with Tri-Reagent (Sigma, St. Louis, MO) to sequence small RNAs by Illumina at a depth of ~20 million reads per sample. Two independent biological replicates were used for these analyses. Fragments between 18 and 27-nt long small RNAs were isolated on acrylamide gel. The procedure was followed by TruSeq small RNA library construction using Illumina kit and following manufacturer's instructions for adapter ligation, cDNA synthesis, library amplification and purification on gel. A quality control was performed followed by an adapter trimming and the removal of low quality reads. The FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) was used at this step with a threshold of Q20 meaning 1 out of 100 chance of incorrect base call, 99% of base call accuracy. The remaining reads were then mapped to the TAIR10 genome allowing zero mismatch with bowtie v1.0.0 (http://bowtie-bio.sourceforge.net/index.shtml). Postmapping quality control showed 60,91 and 66,48 mapping percentages and a strong uphill correlation of 0.79 between both biological replicates.

RNA accumulation profile

The data retrieved from Arribas-Hernández et al. (2016) (ERR1337954 and ERR1337955 for ago1-3 FLAG-AGO1 WT rep1 and rep2, respectively; ERR1337959 and ERR1337960 for ago1-3 rep1 and rep2, respectively) were mapped on the TAIR10 genome allowing one mismatch and multiple hits. For each transcript of the genome, the number of mapped reads was counted using HTSeq-count (v 0.7.2). The read-counts were normalized using DESeq2 (v1. 16.1) and the expression profile post-normalization of PR1, PR2, ALD1 and WRKY75 is represented.

Secondary siRNA accumulation profile

Candidate NLRs were used for this analysis. For each of them we retrieved the genomic coordinates (from transcription start site to transcription end site, including introns). At each position of the gene, the number of mapped reads from the previous steps was counted using an in-house siRNA quantification program. The program takes as input a gene ID, a set of small RNA sequencing pre-processed samples and a list of microRNA sequences from miRBase v21 (http://www.mirbase.org/). It outputs an accumulation profile plot grouped by small RNA size class. For each gene /microRNA pair, complementary matching was found using psRNAtarget [START_REF] Dai | psRNATarget: a plant small RNA target analysis server (2017 release)[END_REF], and the miRNA target sites and the secondary siRNA accumulation profiles were represented using an R (3.4.0) script. For this specific analysis, we have grouped 20 to 22-nt siRNAs in a single plot.

Quantitative Real Time PCR analysis

Total RNA was extracted using a phenol-based extraction protocol [START_REF] Box | Protocol: A simple phenol-based method for 96-well extraction of high quality RNA from Arabidopsis[END_REF] followed by DNAse (Promega) digestion at 37°C to remove the genomic DNA. 0.5 µg of DNAse-digested RNA was reverse-transcribed into cDNA using qScript cDNA Supermix (Quanta Biosciences). The cDNA was quantified using a SYBR Green qPCR mix (Takyon; Eurogentec) and gene-specific primers. PCR was performed in 384-well plates heated at 95 °C for 10 min, followed by 45 cycles of denaturation at 95 °C for 10 s and annealing at 60 °C for 40 s. A melting curve was performed at the end of the amplification. Transcript levels were normalized to that of Actin2 and/or Ubiquitin (ubiquitin5 or ubiquitin10) levels.

Primers used to monitor Actin2, SPL10, ARF17, PHB, DCL1, ARF8, ARF10, MYB65, pri-miR159b, pri-miR166a, pri-miR167a, Ub5 and ALD1 were previously described (Navarro et al., 2008;[START_REF] Zhang | The disturbance of small RNA pathways enhanced abscisic acid response and multiple stress responses in Arabidopsis[END_REF]Vaucheret et al., 2004;Vazquez et al., 2004;Cai et al., 2018;[START_REF] Camera | The Arabidopsis patatin-like protein 2 (PLP2) plays an essential role in cell death execution and differentially affects biosynthesis of oxylipins and resistance to pathogens[END_REF]. Primer pairs used for the remaining genes are listed in Table S1.

RNA gel blot analyses

Total RNA was extracted from Arabidopsis tissues (6 week-old plants) with Tri-Reagent (Sigma, St. Louis, MO) according to the manufacturer's instructions. RNA gel blot analysis of low molecular weight RNAs was performed on 15-20 μg of total RNAs and as described previously (Navarro et al., 2008). Detection of U6 RNA was used to confirm equal loading.

DNA oligonucleotides complementary to miRNA sequences were end-labeled with γ-32 P-ATP using T4 PNK (New England Biolabs, Beverly, MA).

Protein extraction and analyses

Total protein extracts were resolved on SDS-PAGE after quantification with Bradford Assay.

After electroblotting proteins on nitrocellulose membrane (Millipore), protein blot analysis was performed using antiserum with specific antibodies. Antibodies against AGO1 (AS09527) and PEPC (AS09458) were purchased from Agrisera

Pull-down experiments

Biotinylated peptides (synthetized by Eurogentec, sequences shown in Figure 2) were mostly insoluble in water and were thus resuspended in 6 M urea, and sonicated four times (Bioruptor TM , Diagenode, 30s on/1min off on High). They were quantified at 205 nm using the Nanodrop 2000 according to the manufacturer's instruction (Thermoscientific) and checked by dot blot analysis. The solubilized peptides were spotted on a nitrocellulose membrane at three different amounts (1 µg, 0.1 µg and 0.01 µg) and were detected by using the streptavidin protein conjugated to HRP (21126, Thermoscientific), and the ECL substrate. For binding assays, 10 µg of peptides were diluted into 450 µL of PBS containing 0.1% of NP-40 and were incubated for 30 min at room temperature in the presence of 0.9 They were incubated in the presence of inflorescence extracts from Flag-AGO1 Arabidopsis plants in IP buffer for 2 hours at 4°C. After 3 washes of the beads in IP buffer, the proteins were eluted in Laemmli buffer and resolved on a 6% SDS-PAGE gel. The AGO1 protein was detected by Western blot using a Flag-HRP antibody (A8592, Sigma).

FRET-FLIM Measurement

Fluorescence lifetime measurements were performed in time domain using a streak camera (Camborde et al., 2017). The light source is a 440 nm pulsed laser diode (PLP-10, Hamamatsu, Japan) delivering ultrafast picosecond pulses of light at a fundamental frequency of 2 MHz. All images were acquired with a 60x oil immersion lens (plan APO 1.4 N.A.,IR) mounted on an inverted microscope (Eclipse TE2000E, Nikon, Japan). The fluorescence emission is directed back into the detection unit through a short pass filter and a band pass filter (490/30 nm). The detector is a streak camera (Streakscope C4334, Hamamatsu Photonics, Japan) coupled to a fast and high-sensitivity CCD camera (model C8800-53C, Hamamatsu). For each acquisition, average fluorescence decay profiles were plotted and lifetimes were estimated by fitting data with exponential function using a nonlinear least-squares estimation procedure (Camborde et al., 2017). Fluorescence lifetime of the donor was experimentally measured in the presence and absence of the acceptor. FRET efficiency (E) was calculated by comparing the lifetime of the donor in the presence (τ DA ) or absence (τ D ) of the acceptor: E=1-(τ DA )/(τ D ). Statistical comparisons between control (donor) and assay (donor + acceptor) lifetime values were performed by Student t test.

Quantification of flg22-induced ROS production

For each condition, discs (0.4 cm in diameter) of leaf tissue were harvested from three individual five-week-old plants and incubated in water in 96-well plates overnight in a growth chamber at 23°C. After 24 hours, the water was removed and replaced by 100 µL of H 2 O containing 20 µM luminol and 1 µg horseradish peroxidase (Sigma) with 100 nM flg22 were added to replace the water used for overnight incubation. Luminescence (relative light units) was immediately measured for a time-course of 45 min using a Tristar LB 941 plate reader (Berthold technologies).

Callose deposition

Five-week-old Arabidopsis Col-0 (WT) plants or ago1-27 mutant plants were infiltrated with 10 mM of MgCl 2 or 10 8 cfu/mL (OD 600 : 0.2) of EtHAn strains. Seven hours after infiltration, around 12 leaves were collected from three independent plants and incubated overnight in lactophenol (1 volume of glycerol:lactic acid:phenol:water, ratio 1:1:1:1, and 2 volumes of EtOH). After a first washing step in 50% EtOH and a second one in water, leaves were incubated for 30 min in aniline blue staining solution (150 mM K 2 HPO 4 pH 9.5 with 0.01% aniline blue). Leaves were mounted with 50% glycerol and visualized with Olympus Macro Zoom System Microscope MVX10 fluorescent microscope (excitation filter 365 nm and barrier filter 420 nm). The number of callose deposits was quantified using ImageJ software.

Forty fields of view (each 0.56 mm 2 ) were analyzed and averaged.

DAB staining assay

Five-week-old Arabidopsis Col-0 (WT) plants or ago1-27 mutant plants were infiltrated with leaves were collected and vacuum-infiltrated with DAB staining buffer (1 mg/mL, pH 3.5) and then incubated for 5 hours in the same buffer. Leaves were boiled for 15 min in an EtOH:glycerol:acid lactic (ratio 4:1:1) solution, washed overnight in EtOH and then mounted with 50% glycerol and further visualized using Olympus Macro Zoom System Microscope MVX10. The intensity of DAB staining was quantified with ImageJ software. Forty fields of view (each 0.56 mm 2 ) were analyzed and averaged.

Trypan blue staining

Leaves from five 8 week-old Arabidopsis Col-0 (WT) plants or mir-AGO1 plants in Col-0 or in pad4-1 sid2-2 mutant background were placed in a 15 ml tube and immersed in lactophenol trypan blue solution (acid lactic:glycerol:phenol:water:trypan blue, ratio 1:1:1:1; diluted before use at a ratio 1:1 with EtOH). The tube was placed into a boiling water bath for 2 min followed by a first destaining in 5 ml chloral hydrate solution (2.5 g/mL water) for 2 hours, and a second one overnight on an orbital shaker. Note that the staining step should not exceed the time indicated to avoid a strong background signal. After extensive washes in water, the leaves were mounted onto glass microscope slides in presence of 50% glycerol and examined using Olympus Macro Zoom System Microscope MVX10. [START_REF] Van Der Biezen | Plant disease-resistance proteins and the gene-for-gene concept[END_REF]. The NB-ARC domain: a novel signalling motif shared by plant resistance gene products and regulators of cell death in animals. Current biology: CB 8, R226-227. Várallyay, E., Valoczi, A., Agyi, A., Burgyan, J., and Havelda, Z. (2010). Plant virus-mediated induction of miR168 is associated with repression of ARGONAUTE1 accumulation. The EMBO journal 29, 3507-3519. Vaucheret, H., Vazquez, F., Crete, P., and Bartel, D.P. (2004). The action of ARGONAUTE1 in the miRNA pathway and its regulation by the miRNA pathway are crucial for plant development. Genes and development 18, 1187-1197. Vaucheret, H., Mallory, A.C., and Bartel, D.P. (2006). AGO1 homeostasis entails coexpression of MIR168 and AGO1 and preferential stabilization of miR168 by AGO1. Molecular cell 22, 129-136. Vaucheret, H. (2008). Plant ARGONAUTES. Trends Plant Sci. 13, 350-358. Vazquez, F., Gasciolli, V., Crete, P., andVaucheret, H. (2004). The nuclear dsRNA binding protein HYL1 is required for microRNA accumulation and plant development, but not posttranscriptional transgene silencing. Current biology : CB 14, 346-351. Weiberg, A., Bellinger, M., and Jin, H. (2015). Conversations between kingdoms: small RNAs.

Current opinion in biotechnology 32, 207-215. Wildermuth, M.C., Dewdney, J., Wu, G., and Ausubel, F.M. (2001). Gómez-Gómez and Boller, 2000). Recognition of such PAMP molecules results in the activation of signaling events, which ultimately orchestrate PAMP-Triggered Immunity (PTI). As a counter-defense, plant pathogens deliver diverse pathogenicity factors, called "pathogen effectors", which can efficiently suppress PTI and lead to disease [START_REF] Dodds | Plant immunity: towards an integrated view of plant-pathogen interactions[END_REF]. As a counter-counter defense strategy, plants have evolved immune receptors, which can sense these effectors and reactivate a potent immune response, referred to as Effector Triggered Immunity (ETI). This immune response is often associated with the presence of host-programmed cell death also known as the hypersensitive response [START_REF] Dodds | Plant immunity: towards an integrated view of plant-pathogen interactions[END_REF]Jones and Dangl, 2006). The majority of functionally characterized plant immune receptors are intracellular and belong to the nucleotide-binding domain and leucine-rich repeat (NLR) superfamily. They display structural and functional similarities with mammalian NOD-like receptors and act as central components of the plant immune system (Jones et al., 2016). More than 150 full-length

NLRs have been identified in Arabidopsis thaliana reference genomes (Van der Weyer et al., 2019;[START_REF] Jacob | Evolution and Conservation of Plant NLR Functions[END_REF][START_REF] Meyers | Genome-wide analysis of NBS-LRR-encoding genes in Arabidopsis[END_REF]. Arabidopsis NLRs contain either a (Jones andDangl, 2006, McHale et al., 2006). Recently, some NLR proteins were found to act as helper NLRs that are involved in TNL-and CNL-mediated ETI signaling pathways. A coiled-coil (CC) NLR protein N REQUIREMENT GENE 1 (NRG1) acts downstream of EDS1 to mediate various TNL-(e.g., CHS3) and not CNL-dependent signaling pathways (Castel et al., 2018;[START_REF] Qi | NRG1 functions downstream of EDS1 to regulate TIR-NLR-mediated plant immunity in Nicotiana benthamiana[END_REF]. Other CC NLR ACTIVATED DISEASE RESISTANCE 1 (ADR1) family proteins are reported to act downstream of both CNL (e.g., RPS2) and TNL (e.g., RPP2, RPP4, SNC1, CHS2) immune receptors [START_REF] Bonardi | Expanded functions for a family of plant intracellular immune receptors beyond specific recognition of pathogen effectors[END_REF][START_REF] Dong | TNL-mediated immunity in Arabidopsis requires complex regulation of the redundant ADR1 gene family[END_REF][START_REF] Wu | Receptor networks underpin plant immunity[END_REF]. Interestingly, some immune receptors have also been shown to signal via both ADR1 and NRG1 (e.g.

RRS1/RPS4, RPP2, RPP4, RPS2, Rx2, CHS1, SNC1) [START_REF] Wu | Receptor networks underpin plant immunity[END_REF].

Plant NLRs can recognize indirectly the presence of pathogen effectors by sensing their effects on host targets that are relevant for PTI ("guard model") [START_REF] Van Der Biezen | Plant disease-resistance proteins and the gene-for-gene concept[END_REF]Dangl and Jones, 2001), or on host targets that are not required for PTI but that are homologous to other functionally relevant PTI factors ("decoy model") [START_REF] Van Der Hoorn | From Guard to Decoy: a new model for perception of plant pathogen effectors[END_REF][START_REF] Wang | The Decoy Substrate of a Pathogen Effector and a Pseudokinase Specify Pathogen-Induced Modified-Self Recognition and Immunity in Plants[END_REF]. Plant NLRs can additionally bind directly to the pathogen effectors either through their canonical NLR domains ("the ligand-receptor model") [START_REF] Jia | Direct interaction of resistance gene and avirulence gene products confers rice blast resistance[END_REF][START_REF] Krasileva | Activation of an Arabidopsis resistance protein is specified by the in planta association of its leucine-rich repeat domain with the cognate oomycete effector[END_REF][START_REF] Catanzariti | The AvrM effector from flax rust has a structured C-terminal domain and interacts directly with the M resistance protein[END_REF][START_REF] Dodds | Direct protein interaction underlies gene-for-gene specificity and coevolution of the flax resistance genes and flax rust avirulence genes[END_REF][START_REF] Ravensdale | Intramolecular interaction influences binding of the Flax L5 and L6 resistance proteins to their AvrL567 ligands[END_REF], or through an NLR-incorporated integrated domain (ID) that is shared with domains of pathogen effector targets (Cesari et al., 2014a;[START_REF] Kroj | Integration of decoy domains derived from protein targets of pathogen effectors into plant immune receptors is widespread[END_REF]. A classical example is provided by RESISTANT TO RALSTONIA SOLANACEARUM 1 (RRS1) that possess an integrated WRKY domain, which is required for the identification of different pathogen effectors (Cesari et al., 2014a).

Several plant NLRs can self-associate or associate with a second NLR, forming either homodimers, heterodimers or hetero-oligomers in both pre-and post-activation state of NLR complexes [START_REF] Cesari | The NB-LRR proteins RGA4 and RGA5 interact functionally and physically to confer disease resistance[END_REF]Wu et al., 2017[START_REF] Huh | Protein-protein interactions in the RPS4/RRS1 immune receptor complex[END_REF]. The requisite for a fully functional NLR pair is the presence of a sensor and an executor NLR, based on the roles for effector perception and immune signaling, respectively (Sarris et al., 2016;[START_REF] Kroj | Integration of decoy domains derived from protein targets of pathogen effectors into plant immune receptors is widespread[END_REF]. The sensor NLR usually possesses an integrated domain that mimics the pathogen effector targets and thus can detect the presence of the pathogen effector. Some NLR pairs are reported to be required for full disease resistance, as perturbation in the appropriate interaction of the two partner NLRs can either result in a loss of defense activation or an autoimmune phenotype [START_REF] Bomblies | Hybrid necrosis: autoimmunity as a potential gene-flow barrier in plant species[END_REF]Chae et al., 2014;[START_REF] Saucet | Two linked pairs of Arabidopsis TNL resistance genes independently confer recognition of bacterial effector AvrRps4[END_REF].

Classic examples of plant NLR pairs include Arabidopsis TNL pairs include RPP2A and RPP2B, which are both required for conferring resistance against downy mildew [START_REF] Sinapidou | Two TIR:NB:LRR genes are required to specify resistance to Peronospora parasitica isolate Cala2 in Arabidopsis[END_REF] and rice CNLs RGA4 and RGA5, which confer resistance towards rice blast fungus.

Usually, one of the proteins produced from an NLR pair contains a fusion domain for its interaction with the pathogen effector [START_REF] Eitas | NB-LRR proteins: pairs, pieces, perception, partners, and pathways[END_REF][START_REF] Meyers | Genome-wide analysis of NBS-LRR-encoding genes in Arabidopsis[END_REF]. Another well-studied example is provided by the Arabidopsis thaliana NLR dual immune receptors RESISTANCE TO PSEUDOMONAS SYRINGAE 4 (RPS4) and RRS1, which confer resistance to the fungus Colletotrichum higginsianum [START_REF] Birker | A locus conferring resistance to Colletotrichum higginsianum is shared by four geographically distinct Arabidopsis accessions[END_REF]Narusaka et al., 2009) and to the bacterial pathogens Pseudomonas syringae and Ralstonia solanacearum expressing the AvrRps4 and PopP2 effectors, respectively [START_REF] Gassmann | The Arabidopsis RPS4 bacterial-resistance gene is a member of the TIR-NBS-LRR family of disease-resistance genes[END_REF][START_REF] Deslandes | Resistance to Ralstonia solanacearum in Arabidopsis thaliana is conferred by the recessive RRS1-R gene, a member of a novel family of resistance genes[END_REF]., Narusaka et al., 2009).

In this immune receptor complex, RRS1 encodes an atypical TNL protein, which contains a leucine zipper (LZ) motif and a C-terminal WRKY domain and acts as the sensor, whereas RPS4 encodes a typical TNL protein, which acts as the executor NLR [START_REF] Deslandes | Resistance to Ralstonia solanacearum in Arabidopsis thaliana is conferred by the recessive RRS1-R gene, a member of a novel family of resistance genes[END_REF][START_REF] Griebel | NOD-like receptor cooperativity in effectortriggered immunity[END_REF]. RRS1-R allele found in the Arabidopsis thaliana accession Ws-2 perceives the two bacterial effectors AvrRps4 from Pseudomonas syringae and PopP2 from Ralstonia solanacearum, whereas the Col-0 RRS1-S allele perceives only AvrRps4, but not PopP2, through its integrated WRKY domain (Sarris et al., 2015). Both of these distinct effectors are also reported to target a subset of WRKY proteins to suppress host defense and cause virulence in planta (Sarris et al., 2015;Le Roux et al., 2015). Several IDs other than WRKY domain have been identified from different NLRs of Arabidopsis Col-0 accession and further shown to sense pathogen effectors. One of such example is provided by the TIRdomain containing protein (TCP) domain, which was found to be integrated in various NLRs and known to be targeted by effectors from unrelated pathogens [START_REF] Mukhtar | Independently evolved virulence effectors converge onto hubs in a plant immune system network[END_REF]Sugio et al., 2014;Weßling et al., 2014;[START_REF] Yang | Pseudomonas syringae Type III Effector HopBB1 Promotes Host Transcriptional Repressor Degradation to Regulate Phytohormone Responses and Virulence[END_REF]. However, this mechanism is likely widespread, which is notably exemplified by the identification of multiple NLRs with different IDs that have been retrieved from the NLRome of Arabidopsis thaliana natural accessions (van de [START_REF] Van De Weyer | A Species-Wide Inventory of NLR Genes and Alleles in Arabidopsis thaliana[END_REF]. So far, it has been reported that the NLRs that are associated with IDs usually operate along with another NLR as a sensor-executor pair. In contrast the Arabidopsis pan-NLRome revealed a group of NLRs with common IDs that did not occur in an arrangement indicative of sensor-executor pair, suggesting that these NLRs likely function through different mechanisms.

We have previously shown that the Pseudomonas syringae pv. tomato DC3000 (Pto DC3000)

effector HopT1-1 interacts with, and suppresses the post-transcriptional activity of, Arabidopsis AGO1 (chapter 3, Part I). This phenomenon was dependent on conserved glycine/tryptophan (GW) motifs present in the HopT1-1 protein sequence, which acts as an AGO-binding platform. Importantly, HopT1-1 was found to suppress multiple PTI responses in a GW-dependent manner, indicating that the RNA silencing suppression activity of this effector is coupled with its ability to dampen PTI. In addition, we showed that plant cells can sense the silencing suppression activity of HopT1-1, thereby leading to a potent ETI response. Interestingly, this ETI response was found to be associated with the derepression of silencing factors that are controlled by miRNAs including AGO1, suggesting that HopT1-1triggered perturbation in AGO1 homeostasis might represent one trigger of ETI activation.

Consistent with this hypothesis, the expression of a miR168 resilient version of AGO1 in Arabidopsis was sufficient to trigger a PAD4-dependent and NDR1-independent ETI response. These results led us to hypothesize that some yet-unknown NLRs have possibly evolved to monitor the integrity of AGO1 homeostasis and that HopT1-1-triggered perturbation of such miRNA-dependent regulatory process might represent one trigger of ETI activation.

Here, we first investigated the mechanisms by which HopT1-1 could trigger AGO1 overaccumulation. We found that HopT1-1 can not only interact with AGO1 but also with AGO2 and AGO10, which were both found to bind to miR168 and/or miR168-dependent secondary siRNAs, and to repress AGO1 protein accumulation. This phenomenon was fully dependent on the GW motifs of HopT1-1 suggesting that this bacterial effector might release the tight small RNA-dependent post-transcriptional control of AGO1 by concomitantly interfering with AGO1, AGO2 and AGO10 functions. Furthermore, neither AGO2 nor AGO10 were required for PTI, indicating that their possible effector-induced inactivation is unlikely causal for HopT1-1-induced PTI suppression but is more likely important for AGO1 overaccumulation and potentially ETI activation. In addition, we have used a biochemical approach to retrieve NLR proteins that could physically interact with AGO1 and possibly guard its homeostasis. Among these candidates, we have identified the intracellular immune receptor RRS1 and further verified its ability to interact with AGO1 in the nuclear compartment of plant cells. Importantly, both RRS1 and its cognate ETI executor RPS4 were fully required for ETI activation triggered by the expression of miR168 resilient version of AGO1 in planta. Collectively, these data suggest that a nuclear pool of AGO1 is guarded by the pair of chromatin-associated RRS1/RPS4 receptors. They also indicate that perturbation of AGO1 homeostasis, which was found to be associated with a compromised activity of the chromatin-bound AGO1 over transcription of active genes, might represent a molecular switch by which the RRS1/RPS4 immune receptor complex is converted to an activated state and in turn triggers plant immune signaling. 

Results

HopT1-1 triggers AGO1 hyper-accumulation presumably by concomitantly targeting AGO1, AGO2 and AGO10, which are loaded with miR168 and/or miR168-dependent siRNAs

We first investigated the mechanism by which HopT1-1 triggers AGO1 over-accumulation. It was previously shown that stable expression of HopT1-1 in Arabidopsis induces enhanced AGO1 accumulation, a molecular effect that is generally not detected in weak alleles of ago1, such as ago1-27 (Vaucheret et al., 2004). These observations suggested that the suppression of AGO1 activity by HopT1-1 was unlikely sufficient to explain the AGO1 overaccumulation detected in the presence of this bacterial effector. We thus hypothesized that HopT1-1 might target additional AGOs that inhibit AGO1 protein production. It is noteworthy that an enhanced AGO1 protein accumulation was previously reported in ago1 ago10 double mutant, implicating a role for AGO10 in repressing AGO1 protein production (Mallory et al., 2009). To assess whether this effect could be attributed to the incorporation of miR168 in AGO10, we thus analyzed publicly available small RNA sequencing datasets derived from AGO1, AGO2 and AGO10 immunoprecipitation experiments. Interestingly, an enrichment of 21 nt and 22 nt long miR168 species, which contain a 5' terminal uridine as most canonical miRNAs, was detected in AGO1-and AGO10-IPs relative to inputs (Figure 1A and 1C). By contrast, no enrichment of these miR168 species was found in AGO2 IPs compared to inputs (Figure 1A and1C). These results indicate that both AGO1 and AGO10 are loaded with 21 nt and 22 nt miR168 species, while AGO2 is unlikely competent to associate with such small RNAs in these experimental settings. In addition, we tested whether miR168-directed secondary siRNAs could also associate with these AGO proteins.

For this purpose, we retrieved AGO-bound small RNA reads that perfectly match the AGO1 transcript and analyzed their abundance in the different AGO IPs. This analysis revealed an enrichment of these siRNAs in AGO1, AGO2 and AGO10 IPs relative to inputs (Figure 1A), and these AGO-bound siRNAs accumulate downstream of miR168-directed cleavage site and thus behave as canonical miR168-directed secondary siRNAs (Figure 1B). Furthermore, most of these AGO1-and AGO10-IPed secondary siRNAs initiate with a 5' terminal uridine, while the vast majority of AGO2-IPed siRNAs are composed of a 5' terminal adenosine (Figure 1C). This is consistent with previous reports indicating that AGO1 and AGO2 Figure 2 preferentially bind small RNAs that initiate with uridine and adenosine, respectively (Mi et al., 2008;Montgomery et al., 2008). Altogether, these results indicate that AGO1, AGO2 and AGO10 can associate with miR168 and/or miR168-dependent siRNAs. They also suggest that AGO2 could additionally repress AGO1 production, which was experimentially validated by showing enhanced AGO1 protein -but not mRNA-levels in ago2-1 mutants as compared to WT background at both seedling and inflorescence stages, and similar results were obtained in ago10-1 mutants (Figure 1D). Collectively, these results indicate that AGO2 and AGO10 can silence AGO1, potentially by promoting translation inhibition of its mRNAs. They also suggest that HopT1-1-induced AGO1 hyper-accumulation might be due, at least in part, to the additional interaction of this effector with AGO2 and AGO10. Accordingly, BiFC experiments in N. benthamiana suggested a GW-dependent interaction between HopT1-1 and AGO2 and AGO10 (Figure 1E). Collectively, these preliminary data suggest that HopT1-1triggered AGO1 over-accumulation might be caused by the ability of this effector to concomitantly interact with AGO1, AGO2 and AGO10 through its GW motifs. However, additional experiments are needed to validate the HopT1-1-AGO2 and HopT1-1-AGO10 interactions and to verify that HopT1-1 can indeed suppress AGO2 and AGO10 activities in a GW-dependent manner (see general discussion and perspective chapter).

Arabidopsis AGO1 positively regulates PTI responses while AGO2 and AGO10 are not competent for this process

The fact that HopT1-1 (i) suppresses PTI responses in a GW-dependent manner, (ii) potentially interacts with AGO2 and AGO10 through its GW motifs, prompted us to assess the functional relevance of these AGO proteins in PTI. To this end, we first challenged the WT, ago1-27, ago2-1 and ago10-1 mutant plants with flg22 as well as with the hrcCdefective mutant of Pto DC3000 (Pto hrcC mutant), and further monitored reactive oxygen species (ROS) production and callose deposition. In addition, we subjected these mutant plants to a previously described flg22 protection assay and monitored bacterial propagation (Zipfel et al., 2004). Results from these analyses revealed that AGO2 and AGO10 were dispensable for all these PTI responses, while AGO1 was required for these processes (Figure 2A, 2B and 2C). Based on these results, we conclude that AGO1 is a central PTI Table1. NLR protein pepJde(s) recovered by LC-MS/MS analyses from two biological replicates of two-weeks-old AGO1 pro :FLAG-AGO1/ago1-36 and Col-0 seedlings Table2. RRS1 interacJon with AGO1 in the nucleus is demonstrated using FRET-FLIM analysis. Data presented here is from two two biological replicates factor, as previously reported (Li et al., 2010, chapter 3 Part I), while AGO2 and AGO10 are not important for these PAMP-dependent immune responses.

Arabidopsis AGO1 physically interacts with the intracellular immune receptor RRS1

Given that AGO1 is (1) a critical PTI factor (Figure 2, chapter 3 part I, Li et al., 2010), (2) directly targeted by HopT1-1 (chapter 3 part I), ( 3) indispensable for the virulence function of HopT1-1 (chapter 3 part I), and ( 4) misregulated by HopT1-1 through a disruption of miR168 activity (chapter 3 part I), we reasoned that AGO1 likely represents a guarded HopT1-1 target. In this scenario, some yet-unknown NLRs would have evolved to monitor the integrity of AGO1 homeostasis, and to trigger ETI upon HopT1-1-induced disruption of miR168 activity. To test this possibility, we first decided to investigate whether NLR proteins could be retrieved from in vivo AGO1 protein complexes in the absence of HopT1-1. For this end, we immunoprecipitated a functional FLAG epitope-tagged version of AGO1 from twoweek-old AGO1 pro :Flag-AGO1 seedlings and subsequently identified FLAG-AGO1 cellular partners by mass spectrometry (LC-MS/MS analysis). Results from this analysis revealed an enrichment of peptides corresponding to different TNL and CNL proteins, which were specifically retrieved from AGO1 pro :Flag-AGO1 but not from WT seedling samples (Table 1).

Among them, only peptides from the intracellular immune receptor RRS1 were recovered in two independent biological replicates (Table 1). The repeated occurrence of RRS1 peptides Figure 3 required for such protein-protein interaction (see general discussion and perspective chapter).

The activity of chromatin-bound AGO1 over transcription of active genes is compromised by disrupting AGO1 homeostasis

It has been recently reported that a nuclear pool of AGO1 binds to the chromatin of active genes, including PTI marker genes, and promotes their transcription during stress responses (Liu et al. 2018). Importantly, this phenomenon is dependent on the slicer activity of AGO1 and relies on small RNAs for site-specific targeting (Liu et al. 2018). The fact that (i) AGO1

interacts with RRS1 (Table 2), which is known to bind to the chromatin through its WRKY domain [START_REF] Deslandes | Resistance to Ralstonia solanacearum in Arabidopsis thaliana is conferred by the recessive RRS1-R gene, a member of a novel family of resistance genes[END_REF] et al., 2004), prompted us to investigate whether a disruption of AGO1 homeostasis could interfere with the activity of chromatin-bound AGO1 over gene transcription. To address this, we randomly selected two genes, namely AT2G06850 and AT2G45180, previously

shown to be bound by AGO1 through chromatin immunoprecipitation sequence (Chip-seq)

analyses and whose expression is significantly decreased in ago1 mutants (Liu et al., 2018), and further monitored their mRNA abundance in Arabidopsis HopT1-1 and mir-AGO1 transgenic plants, the latter plants exhibiting high AGO1 levels and developmental defects caused by the m4-AGO1 transgene (chapter 3 part I, Vaucheret et al., 2004, Figure 5C).

Interestingly, we found a significant down-regulation of these two genes, in HopT1-1 and mir-AGO1 plants compared to Col-0 plants, a phenotype also observed in different ago1 mutant alleles (Liu et al., 2018), although it was found to be variable for AT2G06850 in the ago1-27 hypomorphic mutant (Figure 3A, 3B). By contrast, ARF17 and DCL1 mRNAs, which are targeted by miR160 and miR162, respectively (Rhoades et al.;[START_REF] Fouts | Genomewide identification of Pseudomonas syringae pv. tomato DC3000 promoters controlled by the HrpL alternative sigma factor[END_REF]Xie et al., 2003),

where derepressed in HopT1-1 and mir-AGO1 transgenic plants as well as in ago1-27 mutant plants (Figure 3C, 3D), which is consistent with an impaired post-transcriptional activity of AGO1 in these backgrounds (Vaucheret et al., 2004 and Chapter 3, Figures 3B and 3C). We conclude that disrupting AGO1 homeostasis, through the in planta expression of either HopT1-1 or m4-AGO1 transgenes, not only impairs the post-transcriptional activity of AGO1 over cytosolic mRNAs but also likely its chromatin-bound activity towards the transcription of active genes (see general discussion and perspective chapter).

The RRS1/RPS4 immune receptor complex orchestrates ETI activation upon disruption of

AGO1 homeostasis

The impaired AGO1 activity on gene transcription detected upon disruption of AGO1 homeostasis might be relevant to suppress the transcriptional activation of PAMPresponsive genes previously reported in the presence of HopT1-1 or in ago1 mutants (chapter 3 part I, Li et al., 2005, Li et al., 2010, Liu et al., 2018). In addition, we hypothesized that this molecular effect might act as a molecular switch to activate the chromatin-bound RRS1/RPS4 immune receptor complex. To get some insights into such possible mechanism, we decided to disrupt AGO1 homeostasis in plants that lack either RRS1 or RPS4 and to further assess whether the absence of such immune receptors would be sufficient to impair ETI activation caused by AGO1 misregulation. For this purpose, we transformed Col-0 and the rrs1-11 and rps4-2 null mutant alleles with either the HopT1-1 or the 4m-AGO1 transgenes, and further characterized the resulting primary transformants. Expression of HopT1-1 in the rrs1 and rps4 mutants versus Col-0 did not appear to interfere with the expression of the defense marker gene PATHOGENESIS RELATED GENE 1 (PR1) (Figure 4A, 4D). However, the reduction in plant fresh weight that is typically observed upon in planta expression of HopT1-1 was slightly but statistically significantly attenuated in the rrs1 mutant compared to Col-0 (chapter 3 part I, Figure 4B,4C), despite comparable levels of HopT1-1 mRNAs in these backgrounds (Figure 4A). Collectively, these data indicate that the HopT1-1-triggered ETI response is still largely intact in the absence of these immune receptors, which is likely due to the broad signaling events activated downstream of HopT1-1 recognition and that are unrelated to AGO1 misregulation, as previously discussed (see discussion of chapter 3 part I). By contrast, we found that the constitutive and high expression of PR1, PR2, WRKY75 and ALD1 observed in transgenic plants expressing the 4m-AGO1 transgene in Col-0, was fully abolished in both the rrs1 and rps4 mutant backgrounds expressing the same transgene (Figure 5D), despite comparable AGO1 mRNA levels in these Figure 5 backgrounds (Figure 5A). Furthermore, the impaired expression of ETI-marker genes observed in these mutants was associated with a reduced cell death phenotype in the leaf vasculature as revealed by trypan blue staining (Figure 5E). Taken together, these data indicate that the constitutive defense signaling and cell death phenotypes induced by the 4m-AGO1 transgene, which specifically disrupts AGO1 homeostasis, are fully dependent on the RRS1/RPS4 immune receptor complex. By contrast, the autoimmune response caused by the 4m-AGO1 transgene unlikely interferes with the activity of chromatin-bound AGO1, because the two active marker genes AT2G06850 and AT2G45180 remained downregulated in mir-AGO1 plants lacking either RRS1 or RPS4 immune receptors (Figure 3B). It is also noteworthy that the growth and leaf developmental defects manifested in the rrs1-11 and rps4-2 mutants expressing the 4m-AGO1 construct remained unchanged (Figure 5B, 5C), despite a low basal expression of ETI marker genes in these mutants (Figure 5D). These phenotypes are similar to the ones previously reported in the PAD4and SID2-defectived mutants expressing the 4m-AGO1 transgene, in which ETI marker genes were expressed at low levels (chapter 3 part I). Collectively, these data indicate that the ETI-like response occurring in mir-AGO1 Col-0 plants is not causal for their growth and leaf developmental defects, which are more likely due to the altered miRNA activity phenotype that has been previously reported in these transgenic plants (Vaucheret et al., 2004, Figure 3D). Altogether, our data suggest that the disruption of AGO1 homeostasis, which is associated with a reduction in the nuclear activity of AGO1 over the transcription of active genes (Figure 3B), is potentially sensed by the chromatin-bound RRS1/RPS4-immune receptor complex. This in turn presumably converts this immune receptor complex to an activated state that triggers PAD4-dependent immune signaling. Further work will be necessary to unravel the detailed mechanisms by which such a perturbation in AGO1 homeostasis could result in RRS1/RPS4 immune receptor complex activation and signaling (see general discussion and perspective chapter).

Materials and Methods

DNA Contructs

The pK7WG2D destination vector carrying the HopT1-1 gene was previously described (Navarro et al., 2008). To generate the mutated versions of HopT1-1, GW>GF substitutions in the HopT1-1 ORF were carried out by PCR-based site-directed mutagenesis using mismatched primers. The resulting PCR product was introduced in the pENTR/D-TOPO entry vector, sequenced and then recombined into the GATEWAY Binary destination vector pK7WG2D to overexpress the protein. For the BiFC assays, the coding regions of AGO2, AGO10, HopT1-1 and HopT1-m3 were first cloned into the pDON207 plasmid and further recombined into the GATEWAY BiFC binary destination vectors pUBN-YFP containing the Nter or the C-ter part of YFP protein that were previously described in Grefen et al. (2010).

For the FRET/FLIM experiment, the no stop versions of pDON-HopT1-1 and pDON-HopT1-1m3 were recombined into the destination vector pBin-35S-GWY-YFP. All the constructs inserted in GATEWAY binary destination vectors were transformed into the Agrobacterium tumefaciens strains GV3101 or C58C1.

Transgenic plants and mutants

Arabidopsis thaliana silencing defective mutants ago1-27, ago2-1 and ago10-1 silencing reporter lines were previously described (Morel et al., 2002;Lobbes et al, 2006;[START_REF] Takeda | The mechanism selecting the guide strand from small RNA duplexes is different among argonaute proteins[END_REF] as well as for rrs1-11 [START_REF] Birker | A locus conferring resistance to Colletotrichum higginsianum is shared by four geographically distinct Arabidopsis accessions[END_REF] and rps4-2 [START_REF] Wirthmueller | Nuclear accumulation of the Arabidopsis immune receptor RPS4 is necessary for triggering EDS1-dependent defense[END_REF] 

FRET-FLIM Measurement

Fluorescence lifetime measurements were performed by Laurent Deslandes (LIPM-Toulouse). The light source is a 440 nm pulsed laser diode (PLP-10, Hamamatsu, Japan) delivering ultrafast picosecond pulses of light at a fundamental frequency of 2 MHz. All images were acquired with a 60x oil immersion lens (plan APO 1.4 N.A., IR) mounted on an inverted microscope (Eclipse TE2000E, Nikon, Japan). The fluorescence emission is directed back into the detection unit through a short pass filter and a band pass filter (490/30 nm).

The detector is a streak camera (Streakscope C4334, Hamamatsu Photonics, Japan) coupled to a fast and high-sensitivity CCD camera (model C8800-53C, Hamamatsu). For each acquisition, average fluorescence decay profiles were plotted and lifetimes were estimated by fitting data with exponential function using a non-linear least-squares estimation procedure (Camborde et al., 2017). Fluorescence lifetime of the donor was experimentally measured in the presence and absence of the acceptor. FRET efficiency (E) was calculated by comparing the lifetime of the donor in the presence (τ DA ) or absence (τ D ) of the acceptor: E=1-(τ DA )/(τ D ). Statistical comparisons between control (donor) and assay (donor + acceptor) lifetime values were performed by Student t test.

Quantification of flg22-induced ROS production

For each condition, discs (0.4 cm in diameter) of leaf tissue were harvested from three individual five-week-old plants and incubated in water in 96-well plates overnight in a growth chamber at 23°C. After 24 hours, 100 µL H 2 O containing 20 µM luminol and 1 µg of horseradish peroxidase (Sigma) with 100 nM flg22 was added to replace the water used for overnight incubation. Luminescence (relative light units) was immediately measured for a time-course of 45 min using a Tristar LB 941 plate reader (Berthold technologies).

Callose deposition

Five-week-old Arabidopsis Col-0 (WT) plants or ago1-27, ago2-1 and ago10-1 mutant plants were infiltrated with 100 nM of flg22 or 10 8 cfu/mL of Pto DC3000 hrcCmutant. Sixteen hours after infiltration, around 12 leaves were collected from three independent plants and incubated overnight in lactophenol (1 volume of glycerol:lactic acid:phenol:water, ratio 1:1:1:1, and 2 volumes of EtOH). After washing steps in EtOH 50% followed by in water, leaves were incubated for 30 min in aniline blue staining solution (K 2 HPO 4 150 mM pH 9.5 with 0.01% aniline blue). Leaves were mounted with 50% glycerol and visualized with Olympus Macro Zoom System Microscope MVX10 fluorescent microscope (excitation filter 365 nm and barrier filter 420 nm). The number of callose deposits was quantified using ImageJ software (National Institutes of Health, Bethesda). Fifty fields of view (each 0.56 mm 2 ) were analyzed and averaged.

Trypan blue staining

Leaves from five eight-week-old Arabidopsis Col-0 (WT) plants or mir-AGO1 plants in Col-0 or in rrs1-11 and rps4-2 mutants were placed in a 15 ml tube and immersed in lactophenol trypan blue solution (acid lactic/ glycerol/phenol/water/trypan blue: ratio 1:1:1:1; diluted before use at a ratio 1:1 with EtOH). The tube was placed into a boiling water bath for 2 min followed by destaining in 5 ml chloral hydrate solution (2.5 g/mL water) for 2 hours and a second time overnight on an orbital shaker. Note that the staining step should not exceed the time indicated to avoid a strong background signal. After extensive washes in water, the leaves were mounted onto glass microscope slides in presence of 50% glycerol and examined using Olympus Macro Zoom System Microscope MVX10.

Protein extraction and analyses

Total protein extracts from A. thaliana inflorescences or 2 weeks-old seedlings were obtained following the Tanaka method [START_REF] Hurkman | Solubilization of plant membrane proteins for analysis by two-dimensional gel electrophoresis[END_REF], and were resolved on SDS-PAGE after quantification with Bradford Assay. After electroblotting proteins on Nitrocellulose membrane (Millipore), protein blot analysis was performed using antiserum to AGO1 (Agrisera) and to PEPC (Agrisera).

Quantitative Real Time PCR analysis

Total RNA was extracted using a phenol-based extraction protocol [START_REF] Box | Protocol: A simple phenol-based method for 96-well extraction of high quality RNA from Arabidopsis[END_REF] followed by DNAse (Promega) digestion at 37°C to remove the genomic DNA. 0.5 µg of DNAdigested RNA was used to reverse-transcribe into cDNA using qScript cDNA Supermix (Quanta Biosciences). The cDNA was quantified using a SYBR Green qPCR mix (Takyon; Eurogentec) and gene-specific primers. PCR was performed in 384-well plates heated at 95 °C for 10 min, followed by 45 cycles of denaturation at 95 °C for 10 s and annealing at 60 °C for 40 s. A melting curve was performed at the end of the amplification. Transcript levels were normalized to that of Actin2.

Bioinformatic analyses

We took advantage of publicly available libraries of small RNA that are loaded in AGO1 [START_REF] Wang | Deep sequencing of small RNAs specifically associated with Arabidopsis AGO1 and AGO4 uncovers new AGO functions[END_REF], AGO2 [START_REF] Wei | A role for small RNAs in DNA double-strand break repair[END_REF] or AGO10 [START_REF] Garcia-Ruiz | Roles and programming of Arabidopsis ARGONAUTE proteins during Turnip mosaic virus infection[END_REF] derived from distinct Arabidopsis tissues. The Gene Expression Omnibus (GEO) accessions for sRNA libraries made in input samples and in IP samples are the following ones: GSM707678, GSM707679, GSM707681, GSM707682, GSM707683, GSM707685 for AGO1, GSM889256, GSM889279 for AGO2 and GSM1583120, GSM1583121, GSM1583122, GSM1583123, GSM1583128, GSM1583129, GSM1583130, GSM1583131 for AGO10. Before conducting the mapping of small RNAs on the Arabidopsis genome, the adapter sequences were removed using cutadapt v1.1 [START_REF] Martin | Cutadapt Removes Adapter Sequences from High-Throughput Sequencing Reads[END_REF] while the reads with low quality were removed using FASTX-Toolkit v0.0.13 (Gordon and Hannon, 2010). Only the reads with a perfect match were mapped to the Arabidopsis thaliana genome (TAIR10) using bowtie v1.0.0 [START_REF] Langmead | Ultrafast and memory-efficient alignment of short DNA sequences to the human genome[END_REF]. The reads with multiple hits were tolerated and the score for one read was calculated by dividing the read with the number of total hits. The normalization step was done with DESeq 1.11.6 [START_REF] Anders | Differential expression analysis for sequence count data[END_REF]. The logo depicting the enrichment in 5' nucleotides in AGO IP samples was generated by using the software RWebLogo version 1.0.3.

General Discussion and Perspectives

During the last decade, small RNAs (sRNAs) have emerged as critical fine-tuners of immune responses in both plants and animals. More recently, the central role of plant sRNAs in transkingdom RNA interference (RNAi) has been of particular interest to the scientific community.

For instance, active bidirectional exchange of small RNAs between the host and their pathogens has been discovered and explored extensively in the plant-fungal and plantoomycete interactions (Weiberg et al., 2013;Zhang et al., 2016;Wang et al., 2016, Hou et al., 2019). Interestingly, both hosts and their interacting eukaryotic pathogens or parasites can produce long double-stranded RNAs (dsRNAs) and/or small RNAs, which are not only required for endogenous gene regulation but are also delivered into the hosts or pathogens/parasites to hijack the RNAi machinery of their counterpart and reprogram gene expression (Wang et al., 2016;Weiberg et al., 2013;Guo et al., 2019). The biological relevance of trans-kingdom RNAi has been initially demonstrated artificially by expressing dsRNAs bearing homologies to vital or pathogenicity factors from a given parasite or pest. This Host-Induced Gene Silencing (HIGS) technology has been successfully used to protect plants from invasion and predation of insects, nematodes, oomycetes, fungi and parasitic plants, which possess a canonical RNAi machinery. So far, there is no clear demonstration that HIGS can be effective against phytopathogens of prokaryotic origin, which lack a canonical eukaryotic-like RNAi machinery.

In Chapter 2 we showed that trans-kingdom RNAi can occur between a host plant and a phytopathogenic bacterium. More specifically, we found that artificial small RNAs produced in plants can efficiently inhibit the expression of genes from bacterial phytopathogens in a sequence-specific manner, a phenomenon that we have named "Antibacterial Gene Silencing" (AGS). By using an Arabidopsis-encoded artificial inverted repeat producing siRNAs against two virulence-associated genes of Pseudomonas syringae strain tomato (Pto DC3000), we have first shown that during in planta infection host small RNAs trigger gene silencing in bacterial cells, a molecular effect which was associated with a decrease in pathogenesis. These host-encoded small RNAs concomitantly target two virulence factors, coronafacic acid polyketide synthase I cfa6 and the alternative sigma factor hrpL, which are both required for the production of coronatine (COR) (Sreedharan et al., 2006;[START_REF] Fouts | Genomewide identification of Pseudomonas syringae pv. tomato DC3000 promoters controlled by the HrpL alternative sigma factor[END_REF]. The silencing of these two genes in Pto DC3000 cells resulted in suppression of the COR-dependent stomatal reopening phenotype (Melotto et al., 2006;present work). These data therefore strongly suggest that these plant sRNAs can act at a very early and preinvasive stage of the infection, likely by preventing COR biosynthesis in Pto DC3000 cells that come in contact with the leaf surface. Furthermore, we found that AGS was capable of reducing the ability of Pto DC3000 to mount water-soaking symptoms, to multiply in the leaf apoplast and to colonize the leaf vasculature in xylem vessels. Since Pto DC3000 is not considered as a typical vascular pathogen, and because we wanted to broaden our discoveries against another agriculturally relevant Gram-negative bacterium, we designed another inverted repeat that concomitantly target the three virulence-associated genes hrpG (Hypersensitive reaction and pathogenicity G), hrpX (Hypersensitive reaction and pathogenicity X) and RsmA (Ribosomal RNA small subunit methyltransferase A) from Xanthomonas campestris pv. campestris (Xcc) [START_REF] Andrade | The post-transcriptional regulator rsmA/csrA activates T3SS by stabilizing the 5' UTR of hrpG, the master regulator of hrp/hrc genes, in Xanthomonas[END_REF][START_REF] Oku | Conservation of the hypersensitivity-pathogenicity regulatory gene hrpX of Xanthomonas campestris and X. oryzae. DNA sequence : the journal of DNA sequencing and mapping[END_REF][START_REF] Tang | Regulation of the type III secretion system in phytopathogenic bacteria[END_REF]Wengelnik et al., 1996a;Wengelnik et al., 1996b). This bacterial pathogen is the causal agent of black rot, one of the most devastating diseases of crucifer crops worldwide and a natural bacterial pathogen of Arabidopsis that specifically colonizes and multiplies in xylem vessels (Mansfield et al., 2012). Importantly, we found that the vascular propagation of Xcc was significantly altered in IR-HRPG/HRPX/RSMA (IR-HHR) transgenic lines compared to WT-infected plants, potentially as a consequence of the silencing of the target pathogenicity factors. Collectively, these results indicate that plant siRNAs can additionally act at a post-invasive stage of the infection by targeting endophytic bacterial cells present in the apoplast as well as in xylem vessels. These observations imply that small RNA species that are constitutively expressed in IR-CFA6/HRPL or IR-HHR transgenic plants, must be externalized from plant cells towards the leaf surface, the apoplastic environment and xylem vessels in order to reach epiphytic and endophytic bacterial populations and mount AGS at both pre-and post-invasive stages of the infection. These findings also indicate that these bacterial pathogens are sensitive to AGS despite the presence of a cell wall comprising an intricate double membrane structure, namely the bacterial inner and outer membranes.

This was an unexpected result, since it has never been shown in the past that small RNAs can penetrate through the bacterial phospholipid bilayer or be -passively or actively-transported inside plant pathogenic bacterial cells. In the future, it will be interesting to test whether AGS can similarly operate against Gram-positive phytopathogenic bacteria such as Clavibacter michiganensis subsp. michiganensis NCPPB382 [START_REF] Gartemann | The genome sequence of the tomato-pathogenic actinomycete Clavibacter michiganensis subsp. michiganensis NCPPB382 reveals a large island involved in pathogenicity[END_REF], C. michiganensis subsp. sepedonicus ATCC33113 [START_REF] Bentley | Genome of the actinomycete plant pathogen Clavibacter michiganensis subsp. sepedonicus suggests recent niche adaptation[END_REF]Leifsonia xyli subsp. xyli CTCB07 (Monteiro-Vitorello et al., 2004), which are all vascular colonizers.

In addition, we successfully demonstrated that antibacterial siRNA species, but not their corresponding dsRNA precursors, were causal for AGS in Pto DC3000 cells. Intriguingly, similar phenotype was observed when synthetic long dsRNAs or in vitro synthesized siRNAs were employed in these AGS assays. These results suggest that dsRNA entities are not takenup by bacterial cells or, alternatively, that they are taken-up but not processed within bacterial cells, which would be consistent with the lack of Dicer-like (DCL) in their genomes. This is a major distinction from environmental RNAi previously reported in Caenorhabditis elegans (C. elegans) and plant herbivores, which specifically relies on long dsRNAs (Whangbo et al., 2008;Ivashuta et al., 2015), or in the eukaryotic filamentous pathogens Botrytis cinerea (B. cinerea) and Fusarium graminearum (F. graminearum), which is triggered by either dsRNAs or siRNAs (Wang et al., 2016;Koch et al., 2013). In that respect, the DCL protein from F. graminearum has been previously shown to contribute to the processing of dsRNAs in the context of Spray Induced Gene Silencing (SIGS) (Koch et al., 2016). These observations suggest that phytopathogenic bacteria have likely evolved specific mechanisms to uptake small RNAs and further direct gene silencing in bacterial cells.

In order to visualize the uptake of exogenous small RNAs from bacterial cells, we have optimized an in vitro approach for the detection of RNA-based molecules in bacterial cells (data not shown). This experimental system relies on the in vitro labelling of dsRNAs or siRNAs with a fluorophore, which was previously shown to be selectively uptaken by B. cinerea cells (Wang et al., 2016), and further incubation of these labelled RNAs with Pto DC3000 cells followed by microscopy analyses. Unfortunately, the results obtained are not yet conclusive notably because the bacterial cell wall was found permeable to the fluorophores themselves (data not shown). Although we have not yet generated convincing data allowing us to visualize the uptake of small RNAs by Pto DC3000 cells, we have provided sound evidence that the delivery of exogenous siRNAs directed against the HrpL virulence factor are effective inside bacterial cells. This was evidently shown by generating recombinant bacteria expressing a small RNA resilient version of HrpL that contains as many silent mutations as possible in the region that is targeted by siRNAs to alter the binding of small RNAs with the HrpL mRNAs without changing the HRPL protein sequence. We observed that the siRNA-directed silencing of HrpL was no longer effective and the virulence of this recombinant bacterium remained unaltered upon exogenous application of total RNAs containing effective anti-HrpL siRNAs. Besides demonstrating a causal role for anti-HrpL siRNAs in AGS, these data indicate that small RNA species must be internalized in Pto DC3000 cells to directly silence the targeted transcripts in a sequence-specific manner (Figure 1). To further reinforce our conclusion, we are planning to incubate these recombinant bacteria with plant small RNAs derived from Arabidopsis IR-HRPL transgenic plants. The recovered bacterial cells will then be washed several times, treated with Micrococcal nuclease (Mnase) to degrade small RNAs that could be in contact with the bacterial cell envelope, and the bacterial total RNAs will be further extracted and subjected to small RNA sequencing. If anti-HrpL siRNAs are successfully sequenced from these samples, we will repeat these analyses from Pto DC3000 cells recovered from the apoplastic fluids of IR-HRPL infected plants to perform downstream molecular analyses.

Although the use of artificial inverted repeats was instrumental to show that trans-kingdom RNAi between plants and bacterial phytopathogens can operate, they did not address our initial question: could endogenous small RNAs reprogram bacterial gene expression as part of a natural antibacterial defense response? To further test such hypothesis, we initially focused our efforts on a specific endogenous Arabidopsis inverted repeat, namely IR71, which is approximately 7 kilobase (Kb) and produces abundant siRNAs in a size range of 21-, to 24-nt in length in a DCL2, DCL3 and DCL4-dependent manner. We found that the Arabidopsis Col-0 knock-out mutant of IR71 (ir71 KO line), which is fully impaired in the biogenesis of siRNAs derived from this locus, was more susceptible to Pto DC3000 than Col-0-infected plants in terms of bacterial spreading in the leaf vasculature. Based on these results, we hypothesized that IR71-derived siRNAs must promote disease protection against Pto DC3000 either by controlling negative regulators of plant defense and/or by directing gene silencing of bacterial genes required for bacterial pathogenicity and/or survival. To test the second possibility, we performed an unbiased search for putative bacterial targets of IR71-derived siRNAs in the genomes of Pto DC3000 and Xcc by using an in-house small RNA target prediction program named as AUpair. Using the small RNA sequences from different small RNA libraries available in the laboratory, we found several IR71-derived siRNA candidates having predicted targets in Pto DC3000 and Xcc genomes, respectively. We propose to perform further validation of these putative targets as well as functional characterization of the corresponding candidate small RNAs. Since the IR71-derived siRNAs having predicted targets in Pto DC3000 and Xcc genomes mainly belong to the first 1000 base pair region of the inverted repeat, we have decided to further clone this selected region (IR71 r1000 ) under a constitutive promoter and to transform it into the IR71 KO line for complementation assay. We will first verify that IR71-derived siRNAs are produced from these transgenic plants and further test whether their expression could rescue basal resistance towards Pto DC3000 and Xcc in the leaf vasculature, thereby mimicking the basal resistance phenotype observed in Col-0 plants. This strategy will also allow us to specifically monitor the expression of bacterial targets of the IR71 r1000 -derived siRNAs in the context of infection or in in vitro conditions as compared to IR71 KO mutant (such molecular analyses would be difficult to achieve with Col-0-derived RNAs because this endogenous inverted repeat is only expressed in the vasculature in this genetic background).

In addition, we have started to generate a dual reporter system that consists of a first reporter gene encoding an unstable version of the Green Fluorescence Protein (GFPsfm2) driven by a constitutive promoter (different promoter sequences are currently tested), and the other gene encoding DsRed driven by the neomycin phosphotransferase II (nptII) constitutive promoter. Once this reporter will be generated and integrated in the Pto DC3000 genome, it can be further used to assess whether exogenous plant small RNAs directed against the GFP sequence could specifically trigger silencing of this reporter gene while maintaining a normal expression of the non-targeted DsRed reporter. We subsequently aim to generate another Pto DC3000 recombinant strain expressing the same GFPsfm2-DsRed cassette carrying candidate small RNA target sequences downstream of the GFPsfm2 reporter gene. Such sequences will exhibit sequence complementary to siRNAs of interest such as the ones generated by the IR71 endogenous inverted repeat. Small RNAs from Col-0 (WT), ir71 KO or ir71 KO complemented with IR71 r1000 plants will be further Chapter 4 incubated with these recombinant bacterial cells and we will then assess whether silencing of the GFPsfm2 gene could specifically occur upon exogenous application of WT-or IR71 r1000 transgene-derived small RNAs compared to small RNAs produced from ir71 KO plants. If successful, these bacterial reporter systems will be instrumental to monitor AGS activity in the context of plant infections and thus to assess the biological relevance of specific endogenous siRNAs in the spatio-temporal control of gene expression. They will also be used for studying the detailed kinetics by which antibacterial small RNAs trigger silencing in in vitro conditions.

Besides endogenous hairpins, we have also decided to investigate whether plant miRNAs could additionally contribute to such natural AGS phenomenon. For this end, we have selected a dozens of Arabidopsis miRNAs that fulfill the following criteria: they were either highly induced in response the flagellin-derived elicitor flg22 (unpublished data from the laboratory), predicted to have functionally relevant targets in Pto DC3000 or Xcc and/or having a strong ability to generate secondary siRNAs/phasiRNAs, which are more prone to trigger non-cell autonomous effects in surrounding bacterial cells. Moreover, given that transposons and rapidly-evolving genes such as nucleotide-binding domain and leucine-rich repeat (LRR)-containing receptor protein (NLRs) coding genes represent important sources of secondary siRNAs (Creasey et al., 2014;Fei et al., 2013) and because they both play central role in adaptation and/or genome evolution [START_REF] Liu | Novel insights into plant genome evolution and adaptation as revealed through transposable elements and non-coding RNAs in conifers[END_REF][START_REF] Dubin | Transposons: a blessing curse[END_REF], we have also selected some miRNAs that can target these gene families and generate abundant populations of secondary siRNAs. We further cloned the precursors of these selected miRNAs under the constitutive 35S promoter and then transformed these constructs in the Arabidopsis Col-0 reference accession to generate stable transgenic lines.

Once characterized, these resources will allow us to study the biological relevance of the specific miRNAs and their corresponding secondary siRNAs in AGS using the same methods as described above for the characterization of IR71-derived siRNAs. We will additionally extend these candidates by sequencing small RNAs that are internalized in Pto DC3000 and Xcc cells from tomato and Arabidopsis-infected plants, respectively. Finally, we are planning to functionally characterize the most promising regulatory small RNAs in host-bacterial interactions. This will be notably achieved by expressing refractory versions of candidate small RNAs in Pto DC3000 or Xcc and by further analyzing the impact of such silent mutations on the expression of the targeted genes as well as on the outcome of bacterial virulence during infection.

Although this thesis work reveals a novel trans-kingdom RNAi phenomenon between plants and phytopathogenic bacteria, the detailed mechanisms of AGS remains to be discovered.

One important question is to unravel the small RNA trafficking mechanisms by which plant cells send antibacterial sRNAs in bacterial cells. The emergent role of extracellular vesicles (EVs) as carriers of sRNAs in both plant and animals [START_REF] Zhao | Small RNA trafficking at the forefront of plant-pathogen interactions[END_REF][START_REF] Gill | Extracellular membrane vesicles in the three domains of life and beyond[END_REF][START_REF] Zheng | Extracellular vesicles degradation pathway based autophagy lysosome pathway[END_REF] suggested that they could potentially contribute to this process. Such a hypothesis would also be consistent with recent findings showing that EVs ensure the movement of siRNAs from plant cells to fungal or oomycete cells in the context of transkingdom RNAi (Cai et al., 2018;Hou et al., 2019). It would also be congruent with a recent report showing that plant miRNAs ingested by mice are protected from degradation in EVs and further taken-up by specific commensal bacteria to reprogram the expression of their genes and to shape the gut microbiome composition (Teng et al., 2018). Furthermore, it is known that the secretion of Arabidopsis EVs is enhanced during antibacterial defense and that these EVs contain diverse species of small RNAs along with several other factors that could be relevant for AGS such as RNA-binding proteins (Rutter and Innes, 2017;[START_REF] Baldrich | Plant Extracellular Vesicles Contain Diverse Small RNA Species and Are Enriched in 10 to 17 Nucleotide "Tiny" RNAs[END_REF]. The possible role of EVs in the translocation of small RNAs would be particularly relevant in the case of Pto DC3000 given that this bacterium is extracellular and multiplies at high population level in the apoplast. Interestingly, we have generated some experimental evidence indicating that the apoplastic fluid (APF) from IR-CFA6/HRPL plants is effective in triggering suppression of Pto DC3000-induced stomatal reopening. In addition, by using differential ultracentrifugation coupled with this stomatal reopening assay, we have demonstrated that the APF of these transgenic plants is composed of at least three populations of functional antibacterial siRNAs, which are 1) embedded into large EVs (P40 fraction), 2) embedded into EVs of smaller size (P100 fraction), or 3) in a free form. The latter small RNA species have not yet been reported and were referred to here as Extracellular Free Small RNAs (efsRNAs). We aim to further sequence the small RNA populations from these fractions to unravel their composition in artificial as well as endogenous sRNA species. Furthermore, after confirming that each of these fractions is competent in silencing the cfa6 and hrpL genes when incubated with Pto DC3000 cells, we will conduct bacterial transcriptome analyses to assess the impact that each of them could have on bacterial gene expression. In parallel, we intend to map small RNA-directed cleavage sites by mono(p)hosphate RNA-Seq (pRNA-seq), a methodology that relies on the sequencing of RNA fragments containing a 5' monophosphate and terminal 3' hydroxyl and that is reminiscent to a 5' RACE-derived method, which has been extensively used during the last fifteen years to map miRNA-directed cleavage sites in eukaryotic cells. By coupling pRNA-seq, mRNA-seq and sRNA-seq we aim to determine the extent to which each apoplastic fractions can directly modulate the Pto DC3000 transcriptome.

In a very recent study in animal-parasite interactions, the gastrointestinal parasite nematode Heligmosomoides bakeri was found to secrete a specific AGO protein, exWAGO, in the EVs, which appears to contribute to the selective export of specific siRNAs [START_REF] Chow | Secretion of an Argonaute protein by a parasitic nematode and the evolution of its siRNA guides[END_REF]. This co-delivery of AGO-loaded proteins presumably increases the silencing efficiency by facilitating sRNA stability and function. Although AGS was found to be effective in response to in vitro synthesized siRNAs, which do not contain any plant protein, it is still possible that some host factors would contribute to this phenomenon in in vivo conditions. This intriguing hypothesis is relevant, because a previous report has revealed that miRNA-loaded human Ago2 can be taken-up by mitochondria to modulate gene expression in this doublemembrane bound organelle [START_REF] Zhang | ARGONAUTE PIWI domain and microRNA duplex structure regulate small RNA sorting in Arabidopsis[END_REF]. It will thus be important to investigate whether some plant AGOs, or other apoplastic plant factors, could be further internalized by bacterial cells and functionally relevant for AGS. So far, we have introduced several ago lossof-function mutations, as well as other mutations in other RNA silencing factors, in the IR-CFA6/HRPL #4 reference line. We will be investigating whether the different apoplastic fractions from those plants could be impaired in their ability to trigger AGS, using stomatal reopening assay and gene expression analyses of cfa6 and hrpL genes. It is noteworthy that in this reverse genetic approach, we have included loss-of-function mutations in glycine-rich protein 7 (GRP7) and its functional paralog GRP8 because (i) GRP7 can interact with AGO1 in a GW-dependent manner (unpublished data from the laboratory) (ii) GRP7 is known to interact with Flagellin Sensing 2 (FLS2), the flg22 receptor that is uptake of small RNAs by bacterial cells or for the action of these small RNAs in bacterial cells.

To identify negative regulators of AGS, we will perform the same analysis but this time using a low concentration of the candidate synthetic siRNAs. In the latter case, we would possibly retrieve mutants that will be further altered in bacterial growth and thus likely more responsive to these antibacterial siRNAs. By using this strategy, we should identify factors that repress the uptake of small RNAs or their action in bacterial cells. Because EVassociated small RNAs might enter in bacterial cells using specific receptors and thus through a distinct mechanisms than in vitro synthesized siRNAs, we also plan to repeat these assays by incubating apoplastic P40 and P100 fractions from Arabidopsis transgenic plants expressing siRNAs directed against essential genes, which are currently under selection.

Finally, we are also planning to take advantage of the well-characterized Arabidopsis transgenic plants that have already been generated and characterized to inoculate the Tn mutant collection of Pto DC3000 on IR-CFA6/HRPL plants in parallel of IR-CYP51 plants and further identify bacterial mutants that exhibit altered growth phenotypes specifically in the former transgenic plants. Finally, we are also planning to analyze whether RNA cleavage patterns identified from pRNA-seq described previously could correlate with a given RNA cleavage motif. If this is the case, this analysis should provide us with some candidate Pto DC3000 nucleases that might be functioning in AGS and that will thus be inactivated using the same reverse genetic approach.

As part of this thesis work, we also demonstrated that exogenous application of total RNAs containing effective antibacterial siRNAs could reduce Pto DC3000 growth and pathogenicity in Arabidopsis as well as in the agriculturally relevant plant Solanum lycopersicum (tomato), which is the natural host of this bacterium. AGS can thus be considered as a novel RNAbased biocontrol technology that can be potentially exploited to confer -with a high sequence-based selectivity-protection to a wide range of cultivated plants against bacterial phytopathogens. This would include devastating vascular bacterial pathogens, such as Xylella fastidiosa or Pseudomonas syringae pv. actinidiae, for which no disease management solutions are currently available. This approach would also be suitable in seed treatments to control seed-borne bacterial pathogens, which represent major threat for the seed industry. Furthermore, we are anticipating that this approach can be easily designed to control In another part of this thesis work, we have demonstrated that the bacterial effector, Hrp outer protein T1-1 (HopT1-1), is a critical virulence determinant that promotes growth of Pto DC3000 in a physiological context of infection. We also showed that HopT1-1 could physically interact with Arabidopsis AGO1, at least in part, through two conserved GW motifs. Such AGO-binding platform was found to be not only essential for the suppression of miRNA activity but also for the dampening of PAMP-triggered ROS production and callose deposition in Arabidopsis. This implies that the BSR activity of HopT1-1 is directly coupled with its ability to suppress PTI. Also, unpublished data from the laboratory indicates that HopT1-1 suppresses non-cell autonomous RNAi therefore we speculate that it could also possibly suppress trans-kingdom RNAi, as recently shown for a P. capsica effector (Hou et al., 2019).

We have shown that the constitutive expression of HopT1-1 in plants triggers an overaccumulation of silencing factors such as AGO1, AGO2 and DCL1 at both the mRNA and protein levels, which is normally repressed by miR168, miR403 and miR162/838, respectively (Rajagopalan et al., 2006;Xie et al., 2003;Vaucheret et al., 2004). Interestingly, this molecular effect was accompanied by a strong autoimmune phenotype that was temperature sensitive and dependent, at least in part, on the NLR-immune signaling along with SA biosynthesis. These observations suggest that the suppression of miRNA activity exerted by HopT1-1, might be causal for the over-accumulation of these RNA silencing factors as well as for ETI activation. Consistent with this hypothesis, we found that transgenic plants expressing an AGO1 transgene that is refractory to miR168 action trigger an over-accumulation of AGO1 that was sufficient to mount a TNL-dependent autoimmune response. These results suggest that HopT1-1-induced disruption of miR168-directed control of AGO1 homeostasis represents one potential trigger of the ETI response activated by this bacterial effector.

Previous reports have shown that AGO1 homeostasis is under tight regulatory control (Vaucheret et al., 2004;[START_REF] Vaucheret | Post-transcriptional small RNA pathways in plants: mechanisms and regulations[END_REF]Mallory et al., 2009;[START_REF] Várallyay | Plant virus-mediated induction of miR168 is associated with repression of ARGONAUTE1 accumulation[END_REF]Iki et al., 2018). In the present study, by studying further the regulation of AGO1 homeostasis, we have demonstrated that AGO2 is efficiently loaded with miR168-dependent secondary siRNAs and represses the production of AGO1 protein presumably at the translational level, Chapter 4

Interestingly, she could recover more than 500 prediction interaction interfaces between hAGO2 and the TIR domain of RRS1, and importantly, many of them were concerted at two major sites, one being the W-binding pocket of hAGO2 (Figure 3). Since RRS1 is reported to operate along with RPS4 as a heterodimer, the same approach was employed with the TIR domain of RPS4 [START_REF] Williams | Structural basis for assembly and function of a heterodimeric plant immune receptor[END_REF], but unlike for the RRS1 TIR domain, no predicted site of hAGO2-RPS4 TIR domain interaction was observed. To further identify the possible residues that could be relevant for hAGO2-RRS1 TIR domain interactions, a few models of predicted interaction interface with the W-binding pocket were analyzed in more details.

Strikingly, this analysis revealed that two conserved residues, which is essential for the interaction of hAGO2 with its TNRC6 GW/WG-containing co-factors, are predicted to interact with specific residues of the RRS1 TIR domain. The corresponding AtAGO1 residues, along with several other relevant residues from each partner, will be mutated to test their possible role in the interaction between AtAGO1 and RRS1.

In parallel, we have also established a transient assay in the heterologous system N. benthamiana to study in more detailed the mechanism of HopT1-1-induced ETI activation.

So far, we have observed a strong hypersensitive response (HR) phenotype by agroinfiltrating the 35S pro :Flag-AtAGO1 with the 35S pro :Myc-HopT1-1 constructs in N. benthamiana (Figure 4). Importantly, this HopT1-1-induced HR phenotype was not detected upon co-expression of 35S pro :Flag-AtAGO1 with the 35S pro :Myc-HopT1-1 constructs (Figure 4, indicating that the silencing suppression activity of HopT1-1 is the trigger of ETI as found in Arabidopsis. This assay will be valuable to test, in a relatively short timeframe, which AGO1 residues could be relevant for the detection of HopT1-1 by plant cells. For this purpose, we have generated mutations in AtAGO1 that interfere with known or predicted functions of AtAGO1 such as its ability to interact with GW/WG-containing proteins, to direct slicing or to bind small RNAs, and we will further test their possible ability to alter HopT1-1-induced HR.

We will be also testing other residues of AtAGO1 that are predicted to interact with the TIR domain of RRS1 (see above section). We also intend to perform random mutagenesis of specific domains of AGO1 or of HopT1-1, which should be useful to identify novel residues from each partners that will be relevant for the HopT1-1-induced HR phenotype. It has been shown that the chromatin-association of RRS1, which occurs through its WRKY domain, is critical to maintain the RRS1/RPS4 immune receptor complex in an inactivated state (Narusaka et al., 2009). Moreover, both PopP2 and AvrRps4 were found to interact with the WRKY-domain of RRS1, resulting in the dissociation of the nuclear RRS1/RPS4 complex from the target DNA and in RPS4-dependent plant defense signaling (Sarris et al., 2015;Le Roux et al., 2015). On the basis of these observations, we will test whether AGO1 could associate with the pool of chromatin-bound RRS1 and whether such eventual interaction could be impaired upon disruption of AGO1 homeostasis mediated by either HopT1-1 or the miR168 resistant version of AGO1. We could possibly use the same FRET/FLIM approach that was used previously to demonstrate that PopP2 interferes with the chromatin association of RRS1 (Le Roux et al., 2015). If this is the case, it would further support previous findings indicating that the dissociation of RRS1 from its DNA targets is a common mechanism used by plants to sense the presence of unrelated pathogen effectors.

The subcellular compartments of AGO1 have been recently characterized in different molecular processes. It is currently known that the transcriptional activity of AGO1 is based on its ability to bind to the chromatin, which is directed by small RNAs loaded in the nucleus and the PTGS activity over mRNAs is more likely occurring in the cytosol (Liu et al., 2018).

Previous studies indicated a prominent role of RRS1 at the level of the chromatin but it is also equally possible that disruption of AGO1 homeostasis in the cytosol would be relevant for ETI signaling. To address this question, we will generate constructs to force the localization of AGO1 in the cytoplasmic plant cellular compartments, as previously described (Bologna et al., 2018), and exploit the above N. benthamiana transient HopT1-1/AGO1 coexpression assay to assess their impact on HopT1-1-induced HR. In addition, we will stably express a nuclear exported version of 4m-AGO1 in Col-0 and in rrs1 and rps4 mutants to further assess the effects that a specific disruption of AGO1 homeostasis in the cytosol would have on RRS1/RPS4-dependent defense signaling.

In this thesis work, we provided a detailed molecular framework for the action of plant small non-coding RNAs, bacterial effectors and plant intracellular immune receptors in the molecular arms race between a bacterial pathogen and a host plant. However, further work will be required to unravel the mechanisms by which these host-pathogen molecular events are acting and which are likely at the basis of the molecular arms race between plants and bacterial pathogens.

  My special thanks goes to my Thesis Advisory Committee (TAC) members, Dr. Martine BOCCARA, Dr. Allison MALLORY, and Dr. Marianne JAUBERT for agreeing and taking out time to evaluate my work and providing me with their valuable inputs during our meetings. I thank the Labex-Memolife fellowship, which enabled me to pursue this PhD during the additional forth year. I would like to extend my gratitude to Dr. Chris BOWLER, Dr. Vincent COLOT, Dr. Fredy BARNECHE and Dr. Daniel BOUYER for the discussions during the section meetings. I also appreciate the time I spent in discussing and captivating advises from Dr. Angelique DELERIS and Dr. Gersende LEPERE and would like to express my thankfulness to both of you.
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Figure 1 .

 1 Figure 1. Stomata are important gates for bacterial invasion! (a) A cross-sectional view of leaf epidermis and mesophyll cells showing that stomata, formed by pairs of guard cells (GC), in light-adapted Arabidopsis leaves are mostly fully open. (b) Upon exposure to bacteria, guard cells perceive PAMPs and many stomata close within 1h. Because not all stomata are closed, those 'non-responsive' open stomata (e.g., stomate on the left) may provide a route for bacterial entry at a basal level. Dashed arrows indicate diffusion of PAMPs on the epidermal surface or in the intercellular space (apoplast) between mesophyll cells, which can also perceive PAMPs and activate additional host defenses. (c) In the case of the virulent plant pathogen Pst DC3000, 3h after infection bacteria produce diffusible COR in the apoplast and/or on the plant surface to re-open closed stomata (e.g., middle stomate), thereby increasing the number of sites for bacterial invasion. Pst DC3000 bacteria also inject TTSS effectors into mesophyll cells to suppress host defenses and to release nutrients. COR and TTSS effectors have overlapping functions in the suppression of host defenses in the apoplast and in the promotion of disease symptoms (see text). Left panel: pictures under light microscopes of representative stomata exposed with mock solution (top panel) and with pto DC3000 in absence (middle panel) or in presence of COR (bottom panel) (Lee et al., 2013).! (Taken from Melotto et al. ( 2008) Role of Stomata in Plant Innate Immunity and Foliar Bacterial Diseases)!

Figure 3 .

 3 Figure 3. Endogenous small RNA pathways in Arabidopsis.! (a) microRNA (miRNA) pathway. miRNAs are generated by transcription of noncoding miRNA genes by RNA Pol II. The primary miRNAs possess stem-loop structures that are acted upon by DCL1-HYL1-SE protein complex. DDL protein is known to be involved in the formation of precursor miRNA (pre-miRNA). The DCL1-HYL1 complex further processes pre-miRNA into 21-nucleotide (nt) miRNAs. The miRNA (miRNA:miRNA ) duplexes are then methylated at their 3 ends by HEN1. These methylated miRNAs are transported into cytoplasm by an exportin homolog, HASTY (HST). The mature miRNA is incorporated into the RNA-induced silencing complex (RISC) containing AGO1 protein. The RISC is recruited to the target gene on the basis of sequence complementarity, and AGO1 represses gene expression by either mRNA degradation or translational repression. (b) trans-acting small interfering RNA (ta-siRNA) pathway. The process of TAS precursor is triggered by an miRNAmediated cleavage. The resulting 5 fragment (in case of TAS1a-c and TAS2) and 3 fragment (in case of TAS3) act as templates for the formation of long double-stranded RNA (dsRNA) by concerted action of RDR6 and SGS3. These long dsRNAs are then recognized by the DCL4-DRB4 complex and cut into phased 21-nt small RNAs that undergo further methylation by HEN1. The ta-siRNAs are incorporated into a RISC containing AGO7 (in the case of TAS3) or AGO1 (in the case of TAS1 and 2), which results in target cleavage. (c) natural antisense transcriptderived siRNA (nat-siRNA) pathway. Natural antisense transcripts produced by Pol II form dsRNA within their overlapping regions. The dsRNAs are processed by DCL1 and/or DCL2 into siRNAs that target antisense transcripts through an unidentified AGO protein containing RISC complex. RDR6-SGS3, together with Pol IV, forms an amplification loop to generate more nat-siRNAs, which reinforce the cleavage of antisense transcript.! (Taken from Katiyar-Agarwal et Jin (2010). Role of small RNAs in host-microbe interactions)!
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 1 Pathogen and/or parasite small RNAs target endogenous as well as host genes to promote pathogenicity It has initially been shown that in the two phylogenetically distinct eukaryotic pathogens, fungi and oomycetes, microbe-derived sRNAs play an important role in regulating plant gene expression as part of their virulence function. For example, global sRNA expression

Figure 5 .

 5 Figure 5. Role of sRNAs in plant-fungi/oomycete interaction.! Schematic representation of the function of fungi/oomycete sRNAs in pathogen virulence. sRNAs encoded by fungi and oomycetes are usually generated from Transposable Element (TE) region, effector coding region, and other regions. These sRNA can be either DCL-dependent or DCLindependent and are involved in the regulation of pathogen development and virulence. In particular, sRNA regulate the expression of effectors, which further influence the accumulation of host miRNA and siRNA. sRNAs generated from Avr3a region of oomycete can transgenerationally change the pathogen virulence. The PSR1 and PSR2 effectors of oomycete are secreted into plant cells and alter host RNA silencing machineries as RNA silencing suppressor to decrease host immunity. On the other hand, fungi sRNAs, Bc-sRNAs, translocate into host cell and utilize plant RNA silencing component to reduce the expression of host immune genes and facilitate fungi infection. ! (Taken from Huang et al. ( 2016). Diverse Functions of Small RNAs in Different Plant-Pathogen Communications)! !

  The second objective of my thesis work was to elucidate the molecular mechanism by which a bacterial suppressor of RNA silencing (BSR) from Pseudomonas syringae pv. tomato DC3000 (Pto DC3000), namely HopT1-1, could interfere with the activity of Arabidopsis AGO1. Moreover, we wanted to investigate whether such RNA silencing suppression activity could be required for bacterial pathogenicity. The third objective of my thesis work was to determine whether Arabidopsis plants could have evolved a mechanism to sense the presence of HopT1-1, and in turn trigger a host counter-counter defense response. In particular, we wanted to get some molecular insights into the mechanisms by which the RNA silencing suppression activity of HopT1-1 could be perceived by host cells and characterize
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  were then pricked out to soil pots and grown in environmentally controlled conditions at 22°C/ 19°C (day/night) with an 8h photoperiod under light intensity of 100 μE/m 2 /s. Four-to five-week-old plants were used for all the experiments. Seeds of tomato (Solanum lycopersicum 'Moneymaker') and Nicotiana benthamiana were directly germinated on soil pots and grown in environmentally controlled conditions at 22 °C/ 19°C (day/night) with a 16h photoperiod under light intensity of 100 μE/m 2 /s. Four-to five-week old plants were used for all the experiments.

  8474-LP ATAATAACGCTGCGGACATCTACATTTT qPCR on genomic DNA from Tomato infected with Pto DC3000 qPCR of bacterial transcript gyrA qPCR of bacterial transcript proC qPCR of bacterial transcript rpoB qPCR of bacterial transcript cfa6 qPCR of bacterial transcript hrpL qPCR of bacterial transcript luxA qPCR of bacterial transcript luxB Template DNA amplification for siRNA probe preparation for northern blot analysis Template DNA amplification for siRNA probe preparation for northern blot analysis Template DNA amplification for siRNA probe preparation for northern blot analysis Template DNA amplification for siRNA probe preparation for northern blot analysis genotyping of dcl3-1 allele genotyping of dcl4-2 allele qPCR on genomic DNA from Tomato infected with Pto DC3000 qPCR of the IR-CFA6/HRPL precursor qPCR of the IR-CFA6/HRPL precursor Cloning of WT HRPL and mut HRPL in pDON207-attB1/B2 Cloning of IR-HRPL region in a "E" Green Gate module genotyping of dcl2-1 allele
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 1 Fig.1. Assessing the impact of IR71 derived siRNAs on bacterial resistance phenotype ! a. IR71 KO plants exhibit an increased vascular spreading of Pto DC3000 compared to Col-0 plants. Plants of indicated genotypes were woundinoculated in midveins with Pto DC3000 GFP. ros1-3 mutant was used as a mutant hypersensitive to Pto DC3000 propagation into the midvein(Yu et al., 2012). White circles indicate the site of wound-inoculation in the midvein. Pictures of the fluorescence signal under UV light were taken at 3 days post-infection (dpi). When the bacteria propagated away from any of the three inoculation sites, it was indexed as propagation with 4 corresponding to the highest propagation index. Index of bacterial propagation (left panel) was assessed from three biological replicates and one representative picture is depicted (right panel). b. Both plus and minus strand of small RNA sequences corresponding to the endogenous inverted repeat 71 (IR71) retrieved from different small RNA libraries were mapped onto Pto DC3000 genome. The different sRNA libraries used for retrieving the IR71-derived sRNAs are: Seedlings of Col-0 untreated (Mock) or treated with Flagellin-derived peptide flg22. c. Examples of sequence alignment of three different IR71-derived sRNAs, sRNA316, sRNA297 and sRNA317 with their corresponding targets in Pto DC3000 genome. ! !

Fig. 2 .

 2 Fig.2. Apoplas-c fluid of IR-CFA6/HRPL transgenic line is composed of func-onal an-bacterial siRNAs that are either embedded into EVs or are EVs free form a. Analysis of the par3cles popula3on present in apoplas3c fluid (APF) and P40 frac3on extracted from the transgenic lines expressing IR-CYP51 (CV) or IR-CFA6/ HRPL (#4). The number of par3cles according to their diameter size (in nm) was measured by a Par3clemetrix (Ins3tut Curie, Clo3lde Thiery's lab). The size of the most abundant par3cle popula3on is indicated at the top of the graph. b. Stomata aperture was measured in Col-0 leaves incubated for 1 hour with water (Mock) or total RNAs (20 ng / μl ) or apoplas3c fluid (APF) extracted from IR-CFA6/HRPL (#4) or IR-CYP51 (CV) transgenic lines before being incubated fro 3 hours with Pto WT bacteria. The ability of Pto WT to reopen stomata was altered to similar levels upon exogenous applica3on of Apoplas3c fluid (APF) extract as compared to total RNAs derived from IR-CFA6/HRPL plants. c. The apoplas3c fluid extracted from the plants described in b. was subjected to differen3al ultracentrifuga3on to pellet different popula3on of vesicles according to their size. From APF, vesicles were pelleted at 40,000g (P40) and the resul3ng supernatant was subjected to ultracentrifuga3on at 100,000g to dissociate the vesicles (P100) and the supernatant (SN) frac3ons. The P40, P100 and SN frac3ons of the transgenic line IR-CFA6/HRPL #4 were treated or not with Mnase and the SN frac3on was also treated with Proteinase K. Stomata aperture was measured in Col-0 leaves that were treated with these different frac3ons for 1 hour before to be incubated with Pto WT for 3 hours. The two different vesicular frac3ons, P40 and P100, as well as the free RNA popula3on present in the supernatant (SN) carry the an3bacterial siRNAs and thus are involved in AGS. Note: For all the stomata experiments, n = number of stomata analysed per condi3on and sta3s3cal significance was assessed using the ANOVA test (ns: p-value>0.05; ****: p-value<0.0001)

  photoperiod for most assays except for the two-week-old seedlings of transgenic lines expressing HopT1-1, HopT1-1m3 or 4m-AGO1 in Col-0 background, which were transferred from 23°C to 28°C. Transgenic plants expressing HopT1-1, under the control of the DEX inducible promoter (DEX pro ) or the constitutive CaMV 35S (35S pro ), were selected on plates containing Murashige and Skoog medium (Duchefa) [composition for a 1-L medium (pH = 5.7): 2.3 g MS, 0.5% sucrose, 0.8% agar, 0.5 g MES, vitamins (Sigma)] in presence of Hygromycin B (10 μg/mL) or Kanamycin (50 μg/mL) respectively, and then transferred to soil 15 day-post-germination (dpg). Experiments conducted in DEX pro :Myc-HopT1-1 and DEX pro :Myc-HopT1-1m3 transgenic plants were performed on five-week-old plants sprayed twice every 24 hours, with 30 μM of dexamethasone (DEX; Sigma) in the presence of 0.01%

  Agrobacterium tumefaciens strains carrying the indicated plasmids were inoculated in 10 ml of LB medium supplied with rifampicin and the other selective antibiotic and placed in an incubator shaker (200 rpm) at 28°C overnight. Cells were harvested by centrifugation at 4500 rpm and resuspended to a final optical density at 600 nm (OD 600 ) of 0.2 in a solution containing 10 mM MES, pH 5.6, 10 mM MgCl 2 and 200 µM acetosyringone. Cultures were incubated in the dark at room temperature for 5 hours before agro-infiltration. For the coinfiltration of two different A. tumefaciens strains, equal concentrations (OD 600 : 0.25) of both cultures were mixed before agro-infiltration of leaves of four-week-old Nicotiana benthamiana plants. Infiltrated plants were covered with a lid and the leaves were collected and flash frozen 48-72 hours post-infiltration. Confocal image analyses for the subcellular localization and for the BiFC experiments were performed 2-3 days post infiltration. YFP fluorescence for each sample was visualized and acquired by using Leica SP5 and SP8 confocal microscopes, and quantification of the fluorescence signal for each picture taken (n=10) was performed using ImageJ software (National Institutes of Health, Bethesda).

  mg of Dynabeads® MyOne™ Streptavidin T1. The beads were then washed once in 0.1% NP-40 PBS and twice in IP buffer (10% glycerol, 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM MgCl 2 , 0.1% NP-40, 2 mM DTT, EDTA-free complete Protease Inhibitor Cocktail (Roche)).

  Isochorismate synthase is required to synthesize salicylic acid for plant defence. Nature 414, 562-565. Windgassen, M., A. Urban, and K. E. Jaeger. 2000. "Rapid gene inactivation in Pseudomonas aeruginosa." FEMS Microbiol Lett 193 (2):201-5.

Introduction

  Multicellular organisms, including plants and animals, possess a robust innate immune system to protect themselves against a broad range of pathogens. Small RNA-mediated gene silencing plays a key role in the control of host immune responses. Expression of both positive and negative regulators of immune response genes is tightly regulated in response to pathogen attack. The first layer of the plant immune system involves cell surfacelocalized receptors that detect the presence of evolutionarily conserved Microbe-or Pathogen-Associated Molecular Patterns (MAMPs/PAMPs), such as an epitope of the Nterminal part of eubacterial flagellin (

  Toll/Interleukin-1 receptor (TIR) domain or a coiled-coil (CC) domain in their amino terminal regions. Both of these NLR subfamilies are connected to distinct downstream defense signaling components. TIR-NLRs (TNLs) generally require ENHANCED DISEASE SUSCEPTEBILITY 1 (EDS1) along with other related proteins such as PHYTOALEXIN DEFICIENT 4 (PAD4) and SENSECENCE-ASSOCIATED GENE 101 (SAG101), whereas NON-RACE SPECIFIC DISEASE RESISTANCE 1 (NDR1) orchestrates CC-NLRs (CNLs)-mediated signaling
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  Fig2. AGO1, but not AGO2 or AGO10, is a posiHve regulator of pamp-triggered immunnity response (A) Five-week-old Col-0 Arabidopsis (WT) plants along with ago1-27, ago2-1 and ago10-1 mutants are infiltrated with flg22 or with hrcCbacteria and the presence of callose was revealed by aniline blue. A representaJve picture (leR panel) is depicJng for each condiJon as well as the number of callose deposits (right panel). For each condiJon, n=50 pictures taken from 9 leaves were considered. (B) Flg22-induced ROS producJon assay was performed in five-week-old Col-0 Arabidopsis (WT) plants and ago1-27, ago2-1 or ago10-1 mutants. For each condiJon, leaves from three plants were subsequently used to prepare leaf discs (n=24). Luminescence (RelaJve Light Unit; RLU) was measured over flg22-elicitated Jme-course for each technical replicate. (C) Around 12 leaves from the plants depicted in (A) were infiltrated with mock or flg22, 24h hours before being inoculated with Pto DC3000. Bacterial counJng was done 3 days aRer. Flg22 infiltraJon induces a basal defense against Pto DC3000 in WT plants as well as in ago2-1 and ago10-1 mutants that is compromised in ago1-27 mutant. For A and B, staJsJcal significance was assessed using the ANOVA test with post-hoc Tukey (P<0.05; leiers indicate staJsJcally significant differences). For C, staJsJcal significance was assessed using Student test to compare the mean of Mock treatment vs Flg22 treatment (ns: p-value>0.05; ***: p-value<0.001).

Fig3.

  Fig3. DisrupHon of AGO1 homeostasis interferes with the acHvity of chromaHn-bound AGO1 on gene transcripHon as well as with the RNA silencing acHvity of AGO1 (A) Expression level of two genes that are transcripJonally regulated by the chromaJn-bound AGO1 was assessed by real-Jme PCR in ago1-27 mutant along with primary transformants of six week old WT plants expressing HopT1-1 or HopT1-1m3. (B) Same as in (A) but in primary transformants of five week old WT plants expressing the 4m-AGO1 construct and depicJng mir-AGO1 phenotype. (C) & (D) Expression of endogenous miRNA targets was monitored by RT-qPCR analysis in the plants described in (A) and in (B), respecJvely.

  , (ii) pools of HopT1-1 and AGO1 are present in the nucleus (chapter 3 part I, data not shown), and (iii) Arabidopsis plants expressing the HopT1-1 or m4-AGO1 transgenes both suppress the slicer activity of AGO1 (chapter 3 part I, Vaucheret

  Fig4. ETI acHvaHon triggered byHopT1-1 is parHally compromised at the phenotypic level in rrs1 mutant (A) HopT1-1 construct under the consJtuJve 35S promoter was transformed in WT plants, rrs1-11 and in rps4-2 mutants. WT plants along with primary transformants are analyzed individually by RT-qPCR for HopT1 expression level. For each condiJon, n=5 individuals were considered. (B) Fresh weight was measured for each individual plants depicJng in (A). For each condiJon, n=14 individuals were considered. (C) RepresentaJve pictures of five-week-old WT plants along with primary transformants expressing HopT1-1 in WT plants or in rrs1-11 and rps4-2 mutants. (D) RelaJve mRNA levels of SA-dependent marker genes PR1 and PR2, or cell death (ALD1) and senescence marker (WRKY75) genes were performed by RT-qPCR analysis for the plants depicted in (A). Ac.n was used as a control. StaJsJcal significance was assessed by comparing the mean (black bar) of each condiJon with the mean of WT condiJon using one-way ANOVA analysis (*: p-value<0.05; **: p-value<0.01; ***: p-value<0.001; ****: p-value<0.0001).
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  Fig5. RRS1/RPS4 complex is required to acHvate ETI-like response upon disrupHon of AGO1 homeostasis (A) 4m-AGO1 construct was transformed in WT plants, rrs1-11 and in rps4-2 mutants. WT plants along with primary transformants exhibiJng mir-AGO1 phenotype are analyzed individually by RT-qPCR for AGO1 expression level. For each condiJon, n=10-12 individuals were considered. (B) Fresh weight was measured for each individual plants depicJng in (A). For each condiJon, n=10-12 individuals were considered. (C) RepresentaJve pictures of five-week-old WT plants along with primary transformants expressing 4m-AGO1 and exhibiJng mir-AGO1 phenotype in WT plants or in rrs1-11 and rps4-2 mutants. (D) RelaJve mRNA levels of SA-dependent marker genes PR1 and PR2, or cell death (ALD1) and senescence marker (WRKY75) genes were performed by RT-qPCR analysis for the plants depicted in (A). Ac.n was used as a control. (E) To detect the presence of cell death, trypan blue staining was performed on leaves of WT plants and of mir-AGO1 plants in WT plants or in rrs1-11 or rps4-2 mutant. The level of trypan blue staining was scored in three classes according to the level of trypan blue staining around the vasculature: absence (cl.I), weak staining (cl.II) and strong staining (cl.III). A representaJve picture is depicted for each class. For each condiJon, around 45 pictures from two different biological replicates were analysed and the percentage of each class is presented. StaJsJcal significance was assessed by comparing the mean (black bar) of each condiJon with the mean of WT condiJon using one-way ANOVA analysis (*: p-value<0.05; **: p-value<0.01; ***: p-value<0.001; ****: p-value<0.0001).

  . To generate plants expressing constitutively HopT1-1 and HopT1-1m3 under the control of the 35S promoter, pK7WG2D vectors carrying HopT1-1 or HopT1-1m3 were transformed in Col-0 (WT plants) and multiple individual T1 primary transformants were analyzed along with individual WT plants. These constructs were also transformed in rrs1-11 and rps4-2 mutant background. The construct containing an AGO1 gene refractory to miR168 cleavage (4m-AGO1) under the control of the native AGO1 promoter was described in Vaucheret et al. (2004) and transformed in Col-0 and in rrs1-11 and rps4-2 mutants. Analysis was done in multiple four-to-five weeks old T1 primary transformants. and flash frozen 48-72 hours post infiltration. Confocal image analyses for the subcellular localization and for the BiFC experiments were performed 2-3 days post infiltration. YFP fluorescence for each sample was visualized and acquired by using Leica SP5 and SP8 confocal microscopes and quantification of the fluorescence signal for each picture taken (n=10) was performed using ImageJ software.

Figure 1 .

 1 Figure 1. Targeting of Pto DC3000 WT hrpL and not the mut hrpL transcript by the plant-derived sRNAsWe initially hypothesized that DCL4-dependent 21nt siRNA duplexes or simplexes derived from IR-HRPL long dsRNA can be secreted out of the plant cell into the apoplast. It still remains unknown whether these antibacterial sRNAs are bound to any plant AGOs or other RNA binding proteins. We demonstrate that there are two different population of extracellular sRNAs, one present in extracellular vesicles and other in a freeform, which could induce antibacterial gene silencing. These antibacterial sRNAs can be uptaken by the bacterial strains expressing WT hrpL or mut hrpL transcript and efficiently silence only the WT hrpL and not the mut hrpL showing that this AGS phenomenon occurs in a sequencespecific manner.

Figure 2 .

 2 Figure 2. Illustration of Tn seq procedure and patho-assays. (A) A randomly barcoded transposon mutant library is characterized using a protocol generically named "TnSeq." In TnSeq, genomic DNA is sheared and ligated with Illumina Y adapters. Both the DNA barcode and the transposon insertion site are identified in a single 150-nucleotide Illumina sequencing read. The TnSeq results are a table of bar codes and associated transposon insertion locations. (B) In BarSeq, the DNA barcodes are PCR-amplified and sequenced to assess the relative abundance of the different Tn mutants in different in vitro and in planta conditions. (C) Competitive mutant fitness assays are performed by comparing the abundance of the DNA barcodes with BarSeq before (t 0 ) and after (t 1 ) selective growth. Adapted from Wetmore et al., mBio, 2015 and from Opijnen et al., Na. Methods, 2009.

Figure 4 .

 4 Figure 4. Transient assay in the heterologous system N. benthamiana to study the mechanism of HopT1-1-induced ETI activation. We observed a strong hypersensitive response (HR) phenotype by agro-infiltrating the 35S pro :Flag-AGO1 with the 35S pro ::Myc-HopT1-1 constructs in N. benthamiana. Importantly, this HopT1-1-induced HR phenotype was not detected upon co-expression of 35S pro ::Flag-AGO1 with the 35S pro ::Myc-HopT1-1m3 construct.

  

  

sRNA_source Genome ID Targeted.by. (Unique reads) Targeted.by (Total reads) lowest_e_value locus description

  

	sRNA_source Genome ID cfa6 Ath TAIR10 NC_003076.8_cds_NP_199754.2_44698 hrpL Ath TAIR10 NC_003076.8_cds_NP_201234.1_47447 hrpL Ath TAIR10 NC_003075.7_cds_NP_192847.1_31297 sRNA_source Target Read hrpL WT hrpL TCCGCAAAATGTATCGTCAGC Targeted.by. (Unique reads) Read_abundance (total count) Blast.e.value Pairing_energy (Kcal/mol) Targeted.by (Total reads) lowest_e_value locus description 3 5007 17 locus_tag=AT5G49430 WD40/YVTN repeat and Bromo-WDR9-I-like domain-containing protein 4 22704 5,7 gene=DIT2.1 dicarboxylate transport 2.1 1 2825 5,7 gene=TBL23 TRICHOME BIREFRINGENCE-LIKE 23 15009 0,000000173 -33,53 hrpL WT hrpL CAAAATGTATCGTCAGCCGTA 7149 0,000000173 -33,46 hrpL WT hrpL TATCGTCAGCCGTATCAGGAAA 4266 6,36E-08 -37,85 hrpL WT hrpL ACTTCCGCAAAATGTATCGTC 2714 0,000000173 -33,39 hrpL WT hrpL CTGGCATGTTGAAACTTGTGCT 1884 6,36E-08 -37,14 hrpL WT hrpL TGACATTCTCCAGTGCGTGTTTCT 1325 8,35E-09 -42,07
	cfa6 cfa6 cfa6 cfa6 cfa6 cfa6 cfa6 cfa6 hrpL hrpL hrpL hrpL hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Pst DC3000 NC_004578.1_cds_NP_794435.1_4579 Pst DC3000 NC_004578.1_cds_NP_790362.1_499 Ath TAIR10 NC_003076.8_cds_NP_001032042.1_44625 Ath TAIR10 NC_003076.8_cds_NP_197110.1_39886 Ath TAIR10 NC_003070.9_cds_NP_563804.4_1481 Ath TAIR10 NC_003074.8_cds_NP_001190123.1_28699 Ath TAIR10 NC_003076.8_cds_NP_200458.1_45976 Ath TAIR10 NC_003074.8_cds_NP_187718.1_22205 Ath TAIR10 NC_003076.8_cds_NP_197761.2_41187 Ath TAIR10 NC_003070.9_cds_NP_563757.1_1061 Ath TAIR10 NC_003076.8_cds_NP_001331276.1_45111 Ath TAIR10 NC_003076.8_cds_NP_001032168.1_48144 Ath TAIR10 NC_003076.8_cds_NP_196842.2_39381 WT hrpL CAAGAAACACGCACTGGAGAA WT hrpL CGATGCCACACAGCCAGGTCTG WT hrpL GGCTGACGATACATTTTGCGGAAG WT hrpL GCAGGGCTTCAAGAAACACGC WT hrpL CGCACTGGAGAATGTCATCCA WT hrpL ACGATACATTTTGCGGAAGTG WT hrpL AGCAAACCGCAGACCTGGCTG Ath TAIR10 NC_003071.7_cds_NP_180277.1_16154 WT hrpL CAGCCAGGTCTGCGGTTTGCT WT hrpL CACGCACTGGAGAATGTCATC WT hrpL TCCAGCTCGGAATGCACTTCG WT hrpL GCCACACAGCCAGGTCTGCGG WT hrpL CACAGCCAGGTCTGCGGTTTGC WT hrpL TGCCACACAGCCAGGTCTGCG WT hrpL GGGCTTCAAGAAACACGCACTG	41 14 30 2 2 1 2 7 2 1 1 1	450 15 567546 0,000000173 7075728 720356 2028283 1,9 gene=OVA2 0,0000258 gene=cfa6 0,17 gene=pqqF tRNA synthetase class I (I, L, M and V) family protein coronafacic acid polyketide synthase I coenzyme PQQ synthesis protein F 1236028 5,7 locus_tag=AT5G16060 Cytochrome c oxidase biogenesis protein Cmc1-like protein 946535 5,7 gene=TPST tyrosylprotein sulfotransferase 4966 17 locus_tag=AT3G58110 hypothetical protein 4921 17 gene=GulLO7 FAD-dependent oxidoreductase family protein 4920 17 locus_tag=AT3G11070 Outer membrane OMP85 family protein 22682 17 gene=PHS1 dual specificity protein phosphatase family protein 21619 5,7 locus_tag=AT1G06050 ENHANCED DISEASE RESISTANCE-like protein (DUF1336) 19898 17 gene=AHG1 Protein phosphatase 2C family protein 2783 5,7 locus_tag=AT5G67610 transmembrane protein (DUF2215) 2778 -36,59 14954 6,36E-08 -43,9 7129 8,35E-09 -42,83 4252 0,000000173 -39,1 2696 0,00000052 -36,07 1884 0,000000173 -33,56 1313 0,00000052 -39,66 5,7 locus_tag=AT5G13380 Auxin-responsive GH3 family protein 2264 1,9 locus_tag=AT2G27090 bZIP transcription factor (DUF630 and DUF632) 566924 0,000000173 -41,6 14901 0,000000173 -36,83 7098 0,000000173 -39 4225 0,000000173 -41,67 2684 6,36E-08 -41,57 1862 0,000000173 -41,05 1305 6,36E-08 -40,49
	cfa6 cfa6 cfa6 hrpL hrpL cfa6 cfa6 cfa6 hrpL hrpL cfa6 cfa6 cfa6 hrpL hrpL cfa6 cfa6 cfa6 cfa6 cfa6 cfa6 cfa6 cfa6 hrpL hrpL hrpL hrpL hrpL hrpL cfa6 cfa6 cfa6 hrpL hrpL cfa6 cfa6 hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Pst DC3000 NC_004578.1_cds_NP_791928.1_2070 Ath TAIR10 NC_003076.8_cds_NP_001032057.1_45070 Ath TAIR10 NC_003070.9_cds_NP_564584.1_7408 Ath TAIR10 NC_003074.8_cds_NP_191310.1_28593 Ath TAIR10 NC_003075.7_cds_NP_195338.1_36462 WT hrpL ACACGCACTGGAGAATGTCAT WT hrpL GTGTGGCATCGCGCTGAACCT WT hrpL GTGATGTCAGTCATCAGGTAG WT hrpL CGAGCTGGAAGGGCACGGTGA WT hrpL GACGATACATTTTGCGGAAGT WT hrpL GAAGACGAAGTGCATTCCGAGC WT hrpL CAAGTTTCAACATGCCAGCAA Pst DC3000 NC_004578.1_cds_NP_791231.1_1369 Ath TAIR10 NC_003071.7_cds_NP_001031385.1_15060 Ath TAIR10 NC_003071.7_cds_NP_180929.1_17431 Ath TAIR10 NC_003071.7_cds_NP_973714.1_20207 Ath TAIR10 NC_003074.8_cds_NP_566552.2_23337 WT hrpL AGCAAACCGCAGACCTGGCTG WT hrpL TCAAGAAACACGCACTGGAGA WT hrpL TTATCCAAAAGCGGGTGATGAACC WT hrpL CTGATGATGTGGATGACATTC WT hrpL GAAACACGCACTGGAGAATGTCAT WT hrpL TGAAGCCCTGCGTAACGAGCA WT hrpL ATTGCGGATCAGGTTCAGCGCG Pst DC3000 NC_004578.1_cds_NP_790641.1_777 Ath TAIR10 NC_003074.8_cds_NP_190127.1_26372 Ath TAIR10 NC_003074.8_cds_NP_188014.1_22820 Ath TAIR10 NC_003070.9_cds_NP_564401.1_5865 Ath TAIR10 NC_003074.8_cds_NP_189192.1_25015 WT hrpL TTCTCCAGTGCGTGTTTCTTG WT hrpL AGGGCTTCAAGAAACACGCACT WT hrpL CAGCCAGGTCTGCGGTTTGC WT hrpL CAAGAAACACGCACTGGAGA WT hrpL GCGGTTTGCTGGCATGTTGAA WT hrpL TGCGGATCAGGTTCAGCGCGAT WT hrpL CACGCACTGGAGAATGTCATCCAC Pst DC3000 NC_004578.1_cds_NP_795316.1_5464 Pst DC3000 NC_004578.1_cds_NP_794924.1_5072 Ath TAIR10 NC_003075.7_cds_NP_192119.2_30164 Ath TAIR10 NC_003076.8_cds_NP_974885.1_43802 Ath TAIR10 NC_003070.9_cds_NP_171667.1_137 Ath TAIR10 NC_003074.8_cds_NP_566579.1_23509 Ath TAIR10 NC_003076.8_cds_NP_196567.2_38816 Ath TAIR10 NC_003074.8_cds_NP_566381.1_22144 Ath TAIR10 NC_003075.7_cds_NP_001031658.1_32777 Ath TAIR10 NC_003076.8_cds_NP_199575.1_44334 Ath TAIR10 NC_003076.8_cds_NP_196554.1_38789 Ath TAIR10 NC_003070.9_cds_NP_001321631.1_3315 Ath TAIR10 NC_003070.9_cds_NP_001321597.1_12311 WT hrpL GATGCCACACAGCCAGGTCTG WT hrpL GCTGACGATACATTTTGCGGA WT hrpL TACGGCTGACGATACATTTTG WT hrpL AACACGCACTGGAGAATGTCATC WT hrpL CGTGCCCTTCCAGCTCGGAAT WT hrpL AAGAAACACGCACTGGAGAATGTC WT hrpL ACGCACTGGAGAATGTCATC Ath TAIR10 NC_003071.7_cds_NP_180545.2_16644 WT hrpL CGGATCAGGTTCAGCGCGATG WT hrpL ACGCACTGGAGAATGTCATCC WT hrpL CGAAGTGCATTCCGAGCTGGA WT hrpL GGATGACATTCTCCAGTGCGTG WT hrpL ATTCCGAGCTGGAAGGGCACG WT hrpL CATCATCAGGGTTCAT WT hrpL TGATCCGCAATCACTTCCGCA Pst DC3000 NC_004578.1_cds_NP_791957.1_2100 Ath TAIR10 NC_003070.9_cds_NP_001320772.1_8776 Ath TAIR10 NC_003075.7_cds_NP_001328421.1_34712 Ath TAIR10 NC_003070.9_cds_NP_177267.2_10841 Ath TAIR10 NC_003076.8_cds_NP_568891.1_46423 WT hrpL ATGACATTCTCCAGTGCGTGT WT hrpL CACAGCCAGGTCTGCGGTTTG WT hrpL CTACCTGATGACTGACATCAC WT hrpL CGATGCCACACAGCCAGGTCT WT hrpL TGCGTGTTTCTTGAAGCCCTG WT hrpL AGAAACACGCACTGGAGAATGT WT hrpL TGAACCCTGATGATG Ath TAIR10 NC_003076.8_cds_NP_001190462.1_43500 Ath TAIR10 NC_003071.7_cds_NP_179618.1_14823 Ath TAIR10 NC_003075.7_cds_NP_192590.1_30881 Ath TAIR10 NC_003071.7_cds_NP_001324400.1_13206 WT hrpL ACAGCCAGGTCTGCGGTTTGCT WT hrpL GACCTGGCTGTGTGGCATCGC WT hrpL CCACATCATCAGGGTTCATCA WT hrpL TCACCGTGCCCTTCCAGCTCG WT hrpL AGCGCGATGCCACACAGCCAGG WT hrpL GCCGTATCAGGAAAGCTGGGAA mut hrpL TTGGGAGGATGAGGTTCACTC	2 2 2 1 16 2 5 1 10 2 1 1 11 23 20 2 2 2 2 2 4 1 1 1 12 2 4 1 14 2 4 1	15 7 3 2 2 1	117477 17 gene=LPA2 17 gene=UCN 5,7 gene=ADPG1 17 locus_tag=AT4G36150 Disease resistance protein (TIR-NBS-LRR class) family low psii accumulation2 Protein kinase superfamily protein Pectin lyase-like superfamily protein 353690 0,000000173 637167 4854 19242 2109 -35,81 14793 0,000000173 -40,35 7088 0,000014 -26,9 4176 0,000000173 -43,89 2672 0,000000173 -33,86 1861 6,36E-08 -39,74 1305 0,000000173 -34,51 0,17 locus_tag=PSPTO_2105 thiamine biosynthesis lipoprotein 77391 0,057 gene=hrpL 278379 5,7 locus_tag=AT2G21300 ATP binding microtubule motor family protein 4600 17 locus_tag=AT2G33730 P-loop containing nucleoside triphosphate hydrolases superfamily protein 17874 1,9 locus_tag=AT2G47970 Nuclear pore localization protein NPL4 2044 1,9 gene=DEG12 protease Do-like protein 253785 0,000000173 -40,21 14745 0,000000173 -37,39 7085 8,35E-09 -40,39 4148 0,000000173 -34,39 2662 8,35E-09 -39,7 1854 0,000000173 -36,35 1302 0,000000191 -40,06 RNA polymerase sigma factor HrpL 68426 197128 5,7 locus_tag=AT3G45410 Concanavalin A-like lectin protein kinase family protein 4232 17 locus_tag=AT3G13980 SKI/DACH domain protein 17376 5,7 locus_tag=AT1G32415 pentatricopeptide (PPR) repeat-containing protein 1987 5,8 locus_tag=AT3G25640 MIZU-KUSSEI-like protein (Protein of unknown function, DUF617) 229178 0,000000173 -36,55 14744 6,36E-08 -39,21 7081 0,000000468 -40,03 4139 0,000000468 -35,59 2657 0,000000173 -38,54 1844 6,36E-08 -41,84 1299 8,35E-09 -42,91 0,51 locus_tag=PSPTO_0794 hypothetical protein 10724 1,5 gene=atpC F0F1 ATP synthase subunit epsilon 8838 186313 17 locus_tag=AT4G02100 Heat shock protein DnaJ with tetratricopeptide repeat-containing protein 175169 1,9 gene=OSB3 organellar single-stranded DNA binding protein 3 174998 5,7 gene=GPAT4 glycerol-3-phosphate acyltransferase 4 4095 17 gene=RPL3P ribosomal protein L3 plastid 3861 5,7 locus_tag=AT5G10050 NAD(P)-binding Rossmann-fold superfamily protein 3613 17 locus_tag=AT3G10770 Single-stranded nucleic acid binding R3H protein 17272 5,7 gene=AGD8 ARF-GAP domain 8 16947 5,7 gene=NF-YB2 nuclear factor Y, subunit B2 16506 5,7 gene=NRPB4 RNA polymerase II, Rpb4, core protein 1943 5,7 gene=UBC34 ubiquitin-conjugating enzyme 34 1918 5,8 gene=FTSH12 211021 0,000000173 -41,59 14681 0,000000173 -36,17 7057 0,000000173 -33,99 4071 2,31E-08 -38,86 2646 0,000000173 -39,41 1836 8,35E-09 -39,88 1293 0,000000468 -34,83 FTSH protease 12 1884 1,9 locus_tag=AT2G29840 RING/U-box superfamily protein 167512 0,000000173 -41,42 14550 0,000000173 -36,86 6977 0,000000173 -38,79 4058 6,36E-08 -40,57 2637 0,000000173 -39,92 1836 0,0000253 -26,05 1292 0,000000173 -36,63 1,5 locus_tag=PSPTO_5193 RND family efflux transporter MFP subunit 7949 1,5 gene=pvsA 158983 17 gene=ARL2 ARG1-like 2 3478 17 locus_tag=AT4G27595 WEB family protein (DUF827) 15931 5,7 locus_tag=AT1G71110 transmembrane protein 1836 17 gene=MYB119 myb domain protein 119 143887 0,000000173 -37,02 14288 0,000000173 -38,19 6968 0,000014 -25,65 4036 0,000000173 -41,59 2587 0,000000173 -38,35 1833 6,36E-08 -37,24 1289 0,0000633 -24,88 pyoverdine chromophore precursor synthetase 145895 17 gene=PHT1;2 phosphate transporter 2 3411 5,7 locus_tag=AT2G20280 Zinc finger C-x8-C-x5-C-x3-H type family protein 15878 5,7 gene=MEKK1 MAPK/ERK kinase kinase 1 1833 17 locus_tag=AT2G04020 GDSL-like Lipase/Acylhydrolase superfamily protein 107864 6,36E-08 -42,25 14183 0,000000173 -44,07 6913 0,000000173 -37,74 3997 0,000000173 -41,32 2577 0,000000191 -42,18 1823 6,36E-08 -41,74 74216 0,031 -23,24
	cfa6 cfa6 cfa6 cfa6 cfa6 cfa6 cfa6 cfa6 cfa6 cfa6 cfa6 hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Pst DC3000 NC_004578.1_cds_NP_791186.1_1324 Pst DC3000 NC_004578.1_cds_NP_791667.1_1809 Pst DC3000 NC_004578.1_cds_NP_793378.1_3523 Ath TAIR10 NC_003074.8_cds_NP_191458.1_28849 Ath TAIR10 NC_037304.1_cds_YP_009472115.2_48166 Ath TAIR10 NC_003070.9_cds_NP_173075.3_3102 Ath TAIR10 NC_003071.7_cds_NP_179907.1_15421 Ath TAIR10 NC_003074.8_cds_NP_001189932.1_23836 Ath TAIR10 NC_003075.7_cds_NP_567998.3_36468 Ath TAIR10 NC_003076.8_cds_NP_200190.1_45491 Ath TAIR10 NC_003075.7_cds_NP_193070.1_31729 Ath TAIR10 NC_003070.9_cds_NP_565212.1_12310 Ath TAIR10 NC_003074.8_cds_NP_001030659.1_21618 Ath TAIR10 NC_003076.8_cds_NP_974747.1_38321 Ath TAIR10 NC_003070.9_cds_NP_176638.1_9648 Ath TAIR10 NC_003074.8_cds_NP_191355.1_28674 Ath TAIR10 NC_003076.8_cds_NP_851188.1_45571 WT hrpL CAGCTCGGAATGCACTTCGTC WT hrpL TTCAAGAAACACGCACTGGAGA WT hrpL ACACGCACTGGAGAATGTCA WT hrpL TCCACATCATCAGGGTTCATC WT hrpL CAGCTCGGAATGCACTTCGTCT WT hrpL AGACCTGGCTGTGTGGCATCG mut hrpL AGTTGGGAGGATGAGGTTCAC Ath TAIR10 NC_003071.7_cds_NP_180198.1_15999 WT hrpL GACGAAGTGCATTCCGAGCTG WT hrpL CTTGTGCTCGTTACGCAGGGC WT hrpL CTTGTGCTCGTTACGCAGGGCT WT hrpL GAAACACGCACTGGAGAATGT WT hrpL CTTCCGCAAAATGTATCGTCAGC WT hrpL AGGGCTTCAAGAAACACGCAC mut hrpL TCCCAACTCTCTTGGTAAGGT Ath TAIR10 NC_003070.9_cds_NP_001185169.1_6950 WT hrpL CTGACGATACATTTTGCGGAA WT hrpL GATCAGGTTCAGCGCGATGCC WT hrpL GGATCAGGTTCAGCGCGATGC WT hrpL GCTCAGGGCGTTTATCCAAAAGCG WT hrpL GCTGACGATACATTTTGCGGAAG WT hrpL CCACACAGCCAGGTCTGCGGTTTG mut hrpL ACCTTACCAAGAGAGTTGGGA	6 12 4 4 2 2 2 1 4 7 4 2 1 1 1 1	2 2 1	3478 2781 1548 17 gene=IPMI1 1,9 gene=mttB 5,7 locus_tag=AT1G16250 Galactose oxidase/kelch repeat superfamily protein 0,51 locus_tag=PSPTO_1359 ABC transporter permease 1,5 locus_tag=PSPTO_1843 aspartate kinase 0,51 locus_tag=PSPTO_3599 hypothetical protein isopropylmalate isomerase 1 transport membrane protein 17 gene=UGT84B1 UDP-glucosyl transferase 84B1 17 gene=PREP1 presequence protease 1 5,7 locus_tag=AT4G36190 Serine carboxypeptidase S28 family protein 5,7 locus_tag=AT5G53790 F-box protein, putative (DUF295) 17 gene=LRX3 Leucine-rich repeat (LRR) family protein 0,64 gene=FTSH12 FTSH protease 12 1,9 gene=COL9 CONSTANS-like 9 17 locus_tag=AT5G07225 RING/U-box superfamily protein 0,64 gene=DUO3 Homeodomain-like superfamily protein 5,7 locus_tag=AT3G57960 Emsy N Terminus (ENT) domain-containing protein 17 gene=CNGC4 106286 0,000000173 116106 86972 86230 69276 3310 3209 3063 2856 15850 15616 15454 14842 1689 1593 -39,24 14139 6,36E-08 -38,3 6894 0,000000468 -35,13 3991 0,000000173 -37,51 2547 6,36E-08 -40,82 1823 0,000000173 -42,32 9839 0,031 -27,67 cyclic nucleotide-gated cation channel 4 1591 5,7 gene=GP ALPHA 1 105824 0,000000173 -38,7 14132 0,000000173 -39,85 6867 6,36E-08 -41,48 3973 0,000000173 -35,64 2545 2,31E-08 -37,01 1816 0,000000173 -37,76 8784 0,031 -18,25 G protein alpha subunit 1 1543 17 gene=AGO1 Stabilizer of iron transporter SufD / Polynucleotidyl transferase 97869 0,000000173 -33,83 14062 0,000000173 -41,13 6816 0,000000173 -41,89 3907 7,51E-08 -40,54 2526 2,31E-08 -39,66 1813 8,35E-09 -44,22 8634 0,031 -19,2
	hrpL cfa6 cfa6 hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Pst DC3000 NC_004578.1_cds_NP_791231.1_1369 Ath TAIR10 NC_003074.8_cds_NP_001030896.1_29006 Ath TAIR10 NC_003075.7_cds_NP_195043.1_35837 Ath TAIR10 NC_003076.8_cds_NP_200359.1_45771 Ath TAIR10 NC_003070.9_cds_NP_564824.1_9576 WT hrpL TTCCGCAAAATGTATCGTCAG WT hrpL ATGCCACACAGCCAGGTCTGC WT hrpL GGCTGACGATACATTTTGCGG WT hrpL ATTCTCCAGTGCGTGTTTCTTG WT hrpL GGGTGATGAACCCTGATGATG WT hrpL GTGTTTCTTGAAGCCCTGCGT mut hrpL TGACGGCCGATCAGATTCAGA	13 2 1 1	451	6698293 5,7 gene=SAC9 0,0000258 gene=hrpL sacI homology domain-containing protein / WW domain-containing protein RNA polymerase sigma factor HrpL 1,9 locus_tag=AT4G33170 Tetratricopeptide repeat (TPR)-like superfamily protein 17 gene=SVL1 SHV3-like 1 5,7 gene=DAA1 P-loop containing nucleoside triphosphate hydrolases superfamily protein 97203 0,000000173 68649 2854 14745 1499 -31,34 13884 0,000000173 -41,2 6725 0,000000173 -37,44 3894 6,36E-08 -37,55 2499 0,000000173 -36,42 1803 0,000000173 -38,5 8383 0,003 -17,72
	hrpL cfa6 cfa6 hrpL hrpL hrpL hrpL cfa6 cfa6 cfa6 cfa6 cfa6 hrpL hrpL hrpL hrpL hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Pst DC3000 NC_004578.1_cds_NP_794435.1_4579 Ath TAIR10 NC_003070.9_cds_NP_849898.1_11877 Ath TAIR10 NC_003076.8_cds_NP_200667.2_46366 Ath TAIR10 NC_003070.9_cds_NP_001322007.1_1492 Ath TAIR10 NC_003071.7_cds_NP_565297.1_13067 WT hrpL CAGACCTGGCTGTGTGGCATC WT hrpL TTACGCAGGGCTTCAAGAAAC WT hrpL CAGACCTGGCTGTGTGGCATCG WT hrpL CGCAAAATGTATCGTCAGCCG WT hrpL GTATCGTCAGCCGTATCAGGA WT hrpL ATGCCACACAGCCAGGTCTGCGGT mut hrpL TGAATCTGATCGGCCGTCATT Pst DC3000 NC_004578.1_cds_NP_793956.1_4100 Pst DC3000 NC_004578.1_cds_NP_793436.1_3579 Ath TAIR10 NC_003074.8_cds_NP_188618.3_23966 Ath TAIR10 NC_003071.7_cds_NP_001324342.1_16771 Ath TAIR10 NC_003076.8_cds_NP_196827.1_39354 Ath TAIR10 NC_003075.7_cds_NP_001327989.1_35860 Ath TAIR10 NC_003076.8_cds_NP_568893.1_46438 Ath TAIR10 NC_003070.9_cds_NP_171980.1_780 Ath TAIR10 NC_003076.8_cds_NP_568718.1_44790 Ath TAIR10 NC_003076.8_cds_NP_001332094.1_43015 Ath TAIR10 NC_003076.8_cds_NP_197483.1_40559 Ath TAIR10 NC_003075.7_cds_NP_974490.1_29835 Ath TAIR10 NC_003071.7_cds_NP_001077916.1_14625 WT hrpL TTTCCTGATACGGCTGACGAT WT hrpL TTGCTGGCATGTTGAAACTTGTGC WT hrpL CCGCAAAATGTATCGTCAGCC WT hrpL CGGCTGACGATACATTTTGCG WT hrpL TGCACTTCGTCTTCCCAGCTT WT hrpL TGTGCTCGTTACGCAGGGCTT mut hrpL AATGACGGCCGATCAGATTCA WT hrpL ATCGTCAGCCGTATCAGGAAA WT hrpL TCAAGAAACACGCACTGGAGAA WT hrpL CAAACCGCAGACCTGGCTGTG WT hrpL TGACGATACATTTTGCGGAAGT WT hrpL TGATGTCAGTCATCAGGTAGA WT hrpL GCGTGTTTCTTGAAGCCCTGC mut hrpL TCAACGTCGTCCGGATTCATAA	11 2 6 1 19 9 8 2 1 4 1 4 4 1 1	4 1 1	11897 1,9 locus_tag=AT1G77122 Uncharacterized protein family UPF0090 0,019 gene=cfa6 17 gene=RANBP1 RAN binding protein 1 5,7 gene=MOM ATP-dependent helicase family protein 1,9 gene=SK16 SKP1-like 16 94841 0,000000173 67561 2781 13961 1396 -42,49 13803 0,000000173 -36,3 6697 6,36E-08 -44,82 3861 0,00000052 -34,95 2494 0,000000173 -38,66 1793 8,35E-09 -45,58 7778 0,01 -23,16 coronafacic acid polyketide synthase I 1715 0,51 locus_tag=PSPTO_4195 hypothetical protein 1641 1,5 locus_tag=PSPTO_3662 xanthine dehydrogenase accessory factor XdhC 59612 1,9 gene=PRP40C pre-mRNA-processing protein 40C 56478 5,7 locus_tag=AT2G30480 hypothetical protein 55911 17 locus_tag=AT5G13230 Tetratricopeptide repeat (TPR)-like superfamily protein 2608 5,7 locus_tag=AT4G33280 AP2/B3-like transcriptional factor family protein 1309 5,7 locus_tag=AT5G58950 Protein kinase superfamily protein 976729 5,7 locus_tag=AT1G04880 HMG (high mobility group) box protein with ARID/BRIGHT DNA-binding domain-containing protein 13773 17 gene=AFB5 auxin F-box protein 5 11897 5,7 gene=SDH2-2 succinate dehydrogenase 2-2 11891 17 gene=emb2734 ARM repeat superfamily protein 1293 17 locus_tag=AT4G00500 alpha/beta-Hydrolases superfamily protein 1292 5,7 gene=RALFL13 86176 0,000000173 -35,92 13773 8,35E-09 -41,19 6636 0,000000173 -35,89 3775 0,00000052 -35,55 2482 0,000000173 -38,54 1790 0,000000173 -38,91 7705 0,01 -15,67 RALF-like 13 85934 0,000000173 -36,62 13668 6,36E-08 -38,39 6630 0,000000173 -39,45 3722 6,36E-08 -35,43 2459 0,0000421 -24,65 1783 0,000000173 -40,13 7264 0,034 -17,09
	cfa6 hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003075.7_cds_NP_001328069.1_35815 Ath TAIR10 NC_003070.9_cds_NP_001319035.1_3550 Ath TAIR10 NC_003074.8_cds_NP_191069.2_28130 WT hrpL CTGGGAAGACGAAGTGCATTC WT hrpL CCAGGTCTGCGGTTTGCTGGC WT hrpL GCTCGGAATGCACTTCGTCTT WT hrpL ACAAGTTTCAACATGCCAGCA WT hrpL TCCTGATACGGCTGACGATAC WT hrpL CGAGCTGGAAGGGCACGGTGA mut hrpL CAACGTCGTCCGGATTCATAA	2 6 4		50735 829463 11879 74216 0,000000173 5,7 gene=EDA39 5,7 locus_tag=AT1G18660 zinc finger (C3HC4-type RING finger) family protein calmodulin-binding family protein 5,7 gene=ABCG16 ABC-2 type transporter family protein -37,77 13612 0,000000173 -42,85 6626 0,000000173 -38,01 3716 0,000000173 -34,52 2458 0,000000173 -37,98 1780 0,00000052 -43,49 6913 0,092 -17,42
	cfa6 hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003074.8_cds_NP_191259.1_28493 Ath TAIR10 NC_003076.8_cds_NP_198624.1_42592 Ath TAIR10 NC_003076.8_cds_NP_001331299.1_41301 WT hrpL GAATGCACTTCGTCTTCCCAG WT hrpL GCTGGCATGTTGAAACTTGTGC WT hrpL CAGGTTCAGCGCGATGCCAC WT hrpL TGCGGATCAGGTTCAGCGCGA WT hrpL ATGTTGAAACTTGTGCTCGTT WT hrpL TTCCCAGCTTTCCTGATACGGC mut hrpL CGTCGTCCGGATTCATAACTC	4 11 2		47805 688488 11792 73725 0,000000173 17 locus_tag=AT3G57000 nucleolar essential protein-like protein 5,7 locus_tag=AT5G38080 transmembrane protein 1,9 locus_tag=AT5G24275 En/Spm-like transposon -38,09 13562 6,36E-08 -39,04 6622 0,000000468 -38,73 3712 0,000000173 -40,74 2452 0,000000173 -31,51 1779 6,36E-08 -39,96 6376 0,092 -12,82
	cfa6 cfa6 cfa6 cfa6 hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003074.8_cds_NP_191274.1_28522 Ath TAIR10 NC_003076.8_cds_NP_198474.1_42307 Ath TAIR10 NC_003074.8_cds_NP_001118685.1_24672 Ath TAIR10 NC_003070.9_cds_NP_177125.3_10577 Ath TAIR10 NC_003076.8_cds_NP_001331990.1_46021 Ath TAIR10 NC_003076.8_cds_NP_198101.2_41844 Ath TAIR10 NC_003074.8_cds_NP_001326732.1_27241 Ath TAIR10 NC_003074.8_cds_NP_188706.1_24147 Ath TAIR10 NC_003074.8_cds_NP_191697.1_29312 Ath TAIR10 NC_003070.9_cds_NP_001031225.1_9550 WT hrpL ACAGCCAGGTCTGCGGTTTGC WT hrpL ATGACTGACATCACCGTGCCCT WT hrpL CCAGTGCGTGTTTCTTGAAGCCCT WT hrpL TCCGCAAAATGTATCGTCAGCC WT hrpL AGCCCTGCGTAACGAGCACAA WT hrpL GATACATTTTGCGGAAGTGAT mut hrpL AATCTGATCGGCCGTCATTTG Ath TAIR10 NC_003076.8_cds_NP_568958.1_47160 WT hrpL AAACACGCACTGGAGAATGTC WT hrpL AGGGCACGGTGATGTCAGTCAT WT hrpL AAGACGAAGTGCATTCCGAGC WT hrpL TTTGCTGGCATGTTGAAACTT WT hrpL AGACGAAGTGCATTCCGAGCTG WT hrpL TTCTCCAGTGCGTGTTTCTT mut hrpL CCCAACTCTCTTGGTAAGGTT Ath TAIR10 NC_003074.8_cds_NP_187170.2_21094 WT hrpL CTCTACCTGATGACTGACATC WT hrpL TCCAAAAGCGGGTGATGAACC WT hrpL GGCATCGCGCTGAACCTGATC WT hrpL AGTGATTGCGGATCAGGTTCAGCG WT hrpL AAGCTGGGAAGACGAAGTGCA WT hrpL GGATAAACGCCCTGAGCATCTG mut hrpL AACCTTACCAAGAGAGTTGGG	4 9 5 3 10 21 9 8 2 3 3 3		45371 40224 37320 34049 397983 344917 253780 200098 11623 11566 64415 0,000000173 5,7 gene=NAP57 17 gene=PP2C74 5,7 gene=HGL1 17 gene=CUL3B 17 gene=HAG2 1,9 locus_tag=AT5G27490 Integral membrane Yip1 family protein homologue of NAP57 Protein phosphatase 2C family protein heteroglycan glucosidase 1 cullin 3B histone acetyltransferase of the GNAT family 2 5,7 locus_tag=AT3G50380 vacuolar protein sorting-associated protein, putative (DUF1162) 1,9 locus_tag=AT3G20700 F-box associated ubiquitination effector family protein 5,7 gene=TRM14 Phosphatidylinositol N-acetyglucosaminlytransferase subunit P-like protein -40,68 13549 6,36E-08 -40,45 6609 8,35E-09 -45,45 3706 6,36E-08 -36,83 2450 0,000000173 -36,21 1774 0,000000173 -32,49 4620 0,031 -20,67 17 locus_tag=AT1G63980 D111/G-patch domain-containing protein 11047 63566 0,000000173 -34,49 13548 6,36E-08 -42,9 6534 0,000000173 -36,87 3675 0,000000173 -32,87 2446 6,36E-08 -40,12 1734 0,000000468 -33,96 4348 0,092 -17,15 1,9 locus_tag=AT5G62650 Tic22-like family protein 10716 1,9 locus_tag=AT3G05190 D-aminoacid aminotransferase-like PLP-dependent enzymes superfamily protein 52565 0,000126 -22,9 13453 0,000000173 -37,34 6480 0,000000173 -41 3665 8,35E-09 -44,39 2442 0,000000173 -39,45 1715 0,000139 -22,42 4304 0,092 -16,79
	cfa6 hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003076.8_cds_NP_001332094.1_43015 Ath TAIR10 NC_003074.8_cds_NP_187423.2_21619 Ath TAIR10 NC_003076.8_cds_NP_568711.1_44721 WT hrpL AGCAAACCGCAGACCTGGCTGT WT hrpL GATCAGGTTCAGCGCGATGCCA WT hrpL TGTATCGTCAGCCGTATCAGGAAA WT hrpL ACGAGCACAAGTTTCAACATG WT hrpL TCTACCTGATGACTGACATCA WT hrpL CAGCCAGGTCTGCGGTTTGCT mut hrpL TCAACGTCGTCCGGATTCATA	6 8 2		25828 175936 10321 48156 13150 6398 3646 2425 1714 3991	5,7 gene=SDH2-2 0,071 locus_tag=AT3G07660 flocculation protein (DUF1296) succinate dehydrogenase 2-2 1,9 gene=BLOS2 biogenesis of lysosome organelles complex 1 subunit-like protein 6,36E-08 -41,72 6,36E-08 -42,44 8,35E-09 -42 0,000000173 -33,83 0,0000421 -23,33 0,00000156 -35,44 0,031 -17,1
	cfa6 hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003070.9_cds_NP_172353.1_1631 Ath TAIR10 NC_003076.8_cds_NP_200787.1_46589 Ath TAIR10 NC_003076.8_cds_NP_197318.1_40244 WT hrpL ACACGCACTGGAGAATGTCATC WT hrpL GCCCTTCCAGCTCGGAATGCA WT hrpL CATCATCAGGGTTCATCACCC WT hrpL AGACCTGGCTGTGTGGCATC WT hrpL ACCTGGCTGTGTGGCATCGCGC WT hrpL TGCGGTTTGCTGGCATGTTGA mut hrpL CGTCGTCCGGATTCA	2 3 4		24103 129003 10309 44751 13069 0,000000173 5,7 locus_tag=AT1G08760 GPI-anchored adhesin-like protein, putative (DUF936) 17 locus_tag=AT5G59790 UPSTREAM OF FLC protein (DUF966) 17 gene=GDH1 glutamate dehydrogenase 1 6,36E-08 -38,4 -39,4 6376 0,000000173 -34,09 3607 0,000000468 -39,99 2420 6,36E-08 -46,65 1691 0,000000173 -38,31 3153 0,42 -12,84
	cfa6 cfa6 cfa6 cfa6 hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003075.7_cds_NP_193283.2_32248 Ath TAIR10 NC_003076.8_cds_NP_201271.1_47530 Ath TAIR10 NC_003075.7_cds_NP_001328078.1_34834 Ath TAIR10 NC_003076.8_cds_NP_680446.1_46045 Ath TAIR10 NC_003070.9_cds_NP_001320578.1_12238 Ath TAIR10 NC_003074.8_cds_NP_191318.4_28609 Ath TAIR10 NC_003071.7_cds_NP_565351.1_13749 Ath TAIR10 NC_003076.8_cds_NP_196819.1_39336 Ath TAIR10 NC_003071.7_cds_NP_001324747.1_13061 Ath TAIR10 NC_003070.9_cds_NP_001322409.1_5083 WT hrpL GCGCGATGCCACACAGCCAGG WT hrpL TGCATTCCGAGCTGGAAGGGC WT hrpL ATCAGGTTCAGCGCGATGCCA WT hrpL GGCTGACGATACATTTTGCGGA WT hrpL AAGAAACACGCACTGGAGAATG WT hrpL TTGCGGATCAGGTTCAGCGCG mut hrpL CTGAATCTGATCGGCCGTCATT Ath TAIR10 NC_003071.7_cds_NP_001031477.1_17537 WT hrpL TCAGGTTCAGCGCGATGCCAC WT hrpL GCTGACGATACATTTTGCGGAA WT hrpL AGCACAAGTTTCAACATGCCA WT hrpL ACTTCCGCAAAATGTATCGTCA WT hrpL CGTCAGCCGTATCAGGAAAGC WT hrpL TTTGGATAAACGCCCTGAGCATCT mut hrpL AATGACGGCCGATCAGATTCAG Ath TAIR10 NC_003076.8_cds_NP_001154791.1_47159 WT hrpL TGACTGACATCACCGTGCCCT WT hrpL TTCCGCAAAATGTATCGTCAGC WT hrpL TTTCCTGATACGGCTGACGATACA WT hrpL TTCCAGCTCGGAATGCACTTCGTC WT hrpL AGCCAGGTCTGCGGTTTGCTGG WT hrpL ACATTCTCCAGTGCGTGTTTC mut hrpL GAGTTGGGAGGATGAGGTTCA	4 4 6 7 8 14 1 14 2 4 1 2		23034 22359 20963 18650 112138 108905 105824 102855 9085 9073 43853 0,000000173 17 gene=UGT84A1 17 gene=CMPG2 17 locus_tag=AT4G28150 hypothetical protein (DUF789) UDP-Glycosyltransferase superfamily protein CYS, MET, PRO, and GLY protein 2 17 locus_tag=AT5G56890 Protein kinase superfamily protein 17 locus_tag=AT1G79103 hypothetical protein 5,7 locus_tag=AT3G57590 F-box and associated interaction domains-containing protein 17 gene=CRCK3 calmodulin-binding receptor-like cytoplasmic kinase 3 1,9 gene=EXO70C1 exocyst subunit exo70 family protein C1 5,7 locus_tag=AT2G03140 alpha/beta-Hydrolases superfamily protein -42,89 12933 0,000000173 -39,23 6338 0,000000173 -39,55 3556 6,36E-08 -39,34 2385 6,36E-08 -37,24 1689 0,000000173 -39,84 3141 0,004 -25,72 1,9 locus_tag=AT1G27900 RNA helicase family protein 8951 42436 0,000000173 -40,62 12551 6,36E-08 -37,17 6336 0,000000173 -31,33 3545 6,36E-08 -34,84 2378 0,000000173 -39,31 1686 0,00000608 -26,22 3135 0,004 -18,26 17 locus_tag=AT2G34300 S-adenosyl-L-methionine-dependent methyltransferases superfamily protein 8875 5,7 gene=ELF5 proline-rich family protein 42186 0,000000173 -39,77 12434 6,36E-08 -34,53 6287 8,35E-09 -41,4 3515 8,35E-09 -43,56 2373 6,36E-08 -44,23 1667 0,000000173 -36,31 2442 0,031 -28,38
	cfa6 hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003076.8_cds_NP_195740.1_37189 Ath TAIR10 NC_003076.8_cds_NP_197841.1_41358 Ath TAIR10 NC_003076.8_cds_NP_199956.1_45049 WT hrpL AGGGCACGGTGATGTCAGTCA WT hrpL AAACACGCACTGGAGAATGTCA WT hrpL CGCAAAATGTATCGTCAGCCG WT hrpL CAGCAAACCGCAGACCTGGCTG WT hrpL CGCACTGGAGAATGTCATCCA WT hrpL TGTTGAAACTTGTGCTCGTTA mut hrpL GTCAACGTCGTCCGGATTCAT	3 9 2		18617 100643 8729 41799 0,000000173 17 locus_tag=AT5G01200 Duplicated homeodomain-like superfamily protein 5,7 gene=DMR6 2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase superfamily protein 5,7 gene=EYE conserved oligomeric Golgi complex component-related / COG complex component-like protein -41,85 12316 6,36E-08 -35,79 6279 0,000000173 -35,78 3513 6,36E-08 -41,88 2371 0,00000052 -36,87 1662 0,000000173 -31,66 2264 0,031 -17,4
	cfa6 hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003074.8_cds_NP_191052.2_28089 Ath TAIR10 NC_003074.8_cds_NP_001325725.1_22115 Ath TAIR10 NC_003075.7_cds_NP_567467.1_32247 WT hrpL CTCGGAATGCACTTCGTCTTC WT hrpL TACGGCTGACGATACATTTTGC WT hrpL CGGCTGACGATACATTTTGCG WT hrpL CGGATCAGGTTCAGCGCGATGCC WT hrpL GCTTTCCTGATACGGCTGACG WT hrpL AAAGCTGGGAAGACGAAGTGCATT mut hrpL AAGAGAGTTGGGAGGATGAGG	6 6 2		18268 96366 8652 39922 0,000000173 1,9 gene=PMR6 1,9 gene=CAT7 17 locus_tag=AT4G15475 F-box/RNI-like superfamily protein Pectin lyase-like superfamily protein cationic amino acid transporter 7 -37,38 11375 6,36E-08 -37,13 6240 0,000000173 -36,52 3470 2,31E-08 -45,3 2357 0,000000173 -38,58 1661 8,35E-09 -42,31 2207 0,092 -30,43
	cfa6 cfa6 cfa6 hrpL hrpL hrpL hrpL hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003076.8_cds_NP_196750.1_39181 Ath TAIR10 NC_003075.7_cds_NP_192855.1_31308 Ath TAIR10 NC_003071.7_cds_NP_973476.1_14262 Ath TAIR10 NC_003071.7_cds_NP_973476.1_14262 Ath TAIR10 NC_003076.8_cds_NP_001119157.1_37478 Ath TAIR10 NC_003071.7_cds_NP_001118273.1_13417 Ath TAIR10 NC_003070.9_cds_NP_174229.2_5312 Ath TAIR10 NC_003070.9_cds_NP_174122.1_5100 WT hrpL TTGGATAAACGCCCTGAGCATCTG WT hrpL GCAAAATGTATCGTCAGCCGTA WT hrpL CAGGGCTTCAAGAAACACGCA WT hrpL CCTGATGATGTGGATGACATT WT hrpL GCCAGGTCTGCGGTTTGC WT hrpL CTTTTGGATAAACGCCCTGAGC mut hrpL CGTCGTCCGGATTCATAA Ath TAIR10 NC_003071.7_cds_NP_179627.2_14840 WT hrpL GAAGACGAAGTGCATTCCGAG WT hrpL CGCGATGCCACACAGCCAGGTCTG WT hrpL GCAGACCTGGCTGTGTGGCAT WT hrpL GATCAGGTTCAGCGCGATGCCACA WT hrpL ACATTTTGCGGAAGTGATTGCGGA WT hrpL AATGCACTTCGTCTTCCCAGCTTT mut hrpL CGTCGTCCGGATTCATA	4 2 2 6 7 2 2 2 2		17244 15932 14056 87960 85801 83985 8503 7703 39498 11260 6142 3438 2319 1658 1987 7408 39440 0,000000173 5,7 gene=EMB3135 17 locus_tag=AT4G11170 Disease resistance protein (TIR-NBS-LRR class) family harpin-induced protein 5,7 locus_tag=AT2G16980 Major facilitator superfamily protein 5,7 locus_tag=AT2G16980 Major facilitator superfamily protein 5,7 gene=GSTL1 glutathione transferase lambda 1 5,7 gene=GRP3S glycine-rich protein 3 short isoform 17 locus_tag=AT1G29350 RNA polymerase II degradation factor-like protein (DUF1296) 5,7 gene=ABCB14 0,0000183 -24,63 6,36E-08 -36,75 0,000000173 -37,82 0,000000173 -35,41 0,00000328 -36,06 0,000000572 -31,53 0,19 -14,97 P-glycoprotein 14 0,64 gene=MUR3 Exostosin family protein -36,75 11025 8,35E-09 -48,97 6060 0,000000173 -43,04 3430 8,35E-09 -46,16 2315 8,35E-09 -41,41 1657 8,35E-09 -41,42 1918 0,19 -15
	cfa6 hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003074.8_cds_NP_187514.1_21808 Ath TAIR10 NC_003076.8_cds_NP_199757.1_44702 Ath TAIR10 NC_003075.7_cds_NP_001031681.1_33300 WT hrpL AACACGCACTGGAGAATGTCA WT hrpL CAGCAAACCGCAGACCTGGCT WT hrpL GCCAGCAAACCGCAGACCTGG WT hrpL GACGAAGTGCATTCCGAGCTGGAA WT hrpL TCCGCAATCACTTCCGCAAAATGT WT hrpL TCTCCAGTGCGTGTTTCTTG mut hrpL CGTCGTCCGGATTCAT	6 4 3		13338 83790 7198 39054 0,000000173 17 locus_tag=AT3G09020 alpha 1,4-glycosyltransferase family protein 17 gene=ACLB-2 ATP citrate lyase subunit B 2 5,7 gene=JMJ14 JUMONJI 14 -35,11 10896 0,000000173 -40,45 6059 0,000000173 -40,9 3403 8,35E-09 -43,62 2301 8,35E-09 -38,32 1653 0,000000468 -35,55 1836 0,17 -13,93
	cfa6 hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003075.7_cds_NP_194585.1_34910 Ath TAIR10 NC_003075.7_cds_NP_195464.2_36670 Ath TAIR10 NC_003075.7_cds_NP_194594.1_34924 WT hrpL AACACGCACTGGAGAATGTCAT WT hrpL GAATGTCATCCACATCATCAG WT hrpL TTGTGCTCGTTACGCAGGGCT WT hrpL TGCATTCCGAGCTGGAAGGGCACG WT hrpL CACACAGCCAGGTCTGCGGTT WT hrpL CGCAGGGCTTCAAGAAACACGC mut hrpL AGAGTTGGGAGGATGAGGTTCACT	5 7 2		12910 75027 7192 38433 10694 0,000000173 17 gene=RIC7 5,7 locus_tag=AT4G37480 Chaperone DnaJ-domain superfamily protein ROP-interactive CRIB motif-containing protein 7 5,7 locus_tag=AT4G28650 Leucine-rich repeat transmembrane protein kinase family protein 6,36E-08 -36,09 -32,92 6053 0,000000173 -38,99 3401 8,35E-09 -45,55 2299 0,000000173 -38,18 1647 6,36E-08 -40,12 1661 0,04 -29,64
	cfa6 cfa6 cfa6 cfa6 hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003071.7_cds_NP_178535.3_13300 Ath TAIR10 NC_003074.8_cds_NP_188705.1_24146 Ath TAIR10 NC_003074.8_cds_NP_001078165.1_23419 Ath TAIR10 NC_003070.9_cds_NP_178014.2_12198 Ath TAIR10 NC_003075.7_cds_NP_193506.2_32749 Ath TAIR10 NC_003074.8_cds_NP_001326496.1_22571 Ath TAIR10 NC_003076.8_cds_NP_201169.1_47342 Ath TAIR10 NC_003071.7_cds_NP_001324812.1_18586 Ath TAIR10 NC_003076.8_cds_NP_001332397.1_40786 Ath TAIR10 NC_003075.7_cds_NP_191979.2_29874 WT hrpL GATGCCACACAGCCAGGTCTGC WT hrpL TGTGGCATCGCGCTGAACCTG WT hrpL GATGACATTCTCCAGTGCGTG WT hrpL TTCAAGAAACACGCACTGGAGAAT WT hrpL AACACGCACTGGAGAATGTCATCC WT hrpL GATGACATTCTCCAGTGCGTGTT mut hrpL CTGAATCTGATCGGCCGTCAT Ath TAIR10 NC_003071.7_cds_NP_001323677.1_14748 WT hrpL AGGTTCAGCGCGATGCCACAC WT hrpL CGCACTGGAGAATGTCATCCA WT hrpL ACCTGATCCGCAATCACTTCC WT hrpL GCTTTCCTGATACGGCTGACGATA WT hrpL ATCCACATCATCAGGGTTCAT WT hrpL TCAGCGCGATGCCACACAGCCAGG mut hrpL ATGACGGCCGATCAGATTCAG Ath TAIR10 NC_003071.7_cds_NP_179497.1_14629 WT hrpL GGTTCATCACCCGCTTTTGGA WT hrpL ATTCTCCAGTGCGTGTTTCTT WT hrpL AGTGCGTGTTTCTTGAAGCCCT WT hrpL CGTAACGAGCACAAGTTTCAA WT hrpL GGCTTCAAGAAACACGCACTGGAG WT hrpL ATCAGGTTCAGCGCGATGCCAC mut hrpL AACCTTACCAAGAGAGTTGGGA	2 2 2 2 12 5 6 9 2 1 2 2		11429 11358 8555 8335 71605 62061 57212 55676 7176 7085 36555 10665 0,000000173 17 gene=LpxB 17 locus_tag=AT3G20690 F-box and associated interaction domains-containing protein transferases, transferring glycosyl groups 5,7 gene=LPD1 lipoamide dehydrogenase 1 17 locus_tag=AT1G78930 Mitochondrial transcription termination factor family protein 1,9 gene=HDG4 homeodomain GLABROUS 4 5,7 gene=HAC5 histone acetyltransferase of the CBP family 5 17 locus_tag=AT5G63640 ENTH/VHS/GAT family protein 5,7 gene=DAR2 DA1-related protein 2 17 gene=B73 molybdopterin biosynthesis CNX1 protein / molybdenum cofactor biosynthesis enzyme CNX1 (CNX1) 6,36E-08 -44,1 -40,25 6028 0,000000173 -38,32 3387 8,35E-09 -40,26 2275 8,35E-09 -41,67 1640 2,31E-08 -40,68 1626 0,003 -25,01 5,7 locus_tag=AT4G00700 C2 calcium/lipid-binding plant phosphoribosyltransferase family protein 7061 33405 0,000000173 -38,05 10458 0,000000173 -36,01 6019 0,000000173 -37,91 3387 8,35E-09 -42,87 2264 0,000000173 -35,71 1628 8,35E-09 -47,33 1589 0,003 -18,26 5,7 locus_tag=AT2G19890 hypothetical protein 6367 5,7 gene=SHT spermidine hydroxycinnamoyl transferase 33225 0,000000173 -37,15 10374 0,000000173 -34,96 5992 6,36E-08 -39,75 3367 0,000000173 -32,98 2245 8,35E-09 -45,07 1628 6,36E-08 -41,72 1555 0,034 -18,68
	cfa6 hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003076.8_cds_NP_196118.1_37890 Ath TAIR10 NC_003076.8_cds_NP_001330670.1_43329 Ath TAIR10 NC_003075.7_cds_NP_567440.1_32031 WT hrpL GCGATGCCACACAGCCAGGTC WT hrpL TCAGGTTCAGCGCGATGCCACA WT hrpL GGAAGTGATTGCGGATCAGGT WT hrpL CGTGCCCTTCCAGCTCGGAATGCA WT hrpL CAGGGCTTCAAGAAACACGCAC WT hrpL CTGAACCTGATCCGCAATCAC mut hrpL TCCCAACTCTCTTGGTAAGGTT	2 5 2		8327 54997 6041 31502 0,000000173 17 gene=SUN1 17 gene=SDG25 17 gene=ORC1A 10185 6,36E-08 5960 0,000000173 3346 8,35E-09 2245 6,36E-08 1626 0,000000173 1540 0,034	SAD1/UNC-84 domain protein 1 SET domain protein 25 origin recognition complex 1 -43,23 -42,18 -38,85 -44,05 -40,35 -37,09 -18,94
	cfa6 hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003071.7_cds_NP_181050.1_17673 Ath TAIR10 NC_003076.8_cds_NP_200784.2_46584 Ath TAIR10 NC_003076.8_cds_NP_199024.1_43277 WT hrpL GCGGATCAGGTTCAGCGCGAT WT hrpL CACGCACTGGAGAATGTCATCC WT hrpL TGGCATCGCGCTGAACCTGATC WT hrpL TATCGTCAGCCGTATCAGGAAAGC WT hrpL AGCCAGGTCTGCGGTTTGCT WT hrpL ACCCGCTTTTGGATAAACGCCCTG mut hrpL AACGTCGTCCGGATTCATAAC	2 4 3		8258 50514 6017 31263 0,000000173 17 locus_tag=AT2G35050 kinase superfamily with octicosapeptide/Phox/Bem1p domain-containing protein 17 locus_tag=AT5G59760 hypothetical protein (DUF1635) 5,7 locus_tag=AT5G42090 Lung seven transmembrane receptor family protein -41,32 10098 6,36E-08 -39,34 5958 6,36E-08 -41,79 3324 8,35E-09 -43,44 2228 0,000000468 -39,19 1617 8,35E-09 -42,39 1345 0,031 -17,46
	cfa6 cfa6 cfa6 hrpL hrpL hrpL hrpL hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003074.8_cds_NP_001325857.1_24967 Ath TAIR10 NC_003074.8_cds_NP_566817.1_25386 Ath TAIR10 NC_003076.8_cds_NP_001190624.1_47754 Ath TAIR10 NC_003071.7_cds_NP_181704.1_18998 Ath TAIR10 NC_003075.7_cds_NP_567330.1_30812 Ath TAIR10 NC_003074.8_cds_NP_567118.1_29406 Ath TAIR10 NC_003071.7_cds_NP_565477.1_14887 Ath TAIR10 NC_003071.7_cds_NP_973615.2_17990 Ath TAIR10 NC_003070.9_cds_NP_001322651.1_8127 WT hrpL CGGATCAGGTTCAGCGCGATGC WT hrpL AGCTGGGAAGACGAAGTGCAT WT hrpL GGATGACATTCTCCAGTGCGT WT hrpL GCGGTTTGCTGGCATGTTGAAA WT hrpL CTTCGTCTTCCCAGCTTTCCT WT hrpL CGCGATGCCACACAGCCAGGT WT hrpL GCAAACCGCAGACCTGGCTGT WT hrpL ATGCACTTCGTCTTCCCAGCT WT hrpL ATTGCGGATCAGGTTCAGCGC WT hrpL AGAAACACGCACTGGAGAATGTCA WT hrpL AGGAAAGCTGGGAAGACGAAG WT hrpL CAGCGCGATGCCACACAGCCA mut hrpL TGAATCCGGACGACG	2 1 1 2 5 6 1 2 1		7883 7762 7529 46678 44978 44216 5741 4870 4826 28526 9839 5860 3169 2199 1613 28863 0,000000173 17 locus_tag=AT3G25430 Polynucleotidyl transferase, ribonuclease H-like superfamily protein 17 locus_tag=AT3G27420 bromodomain testis-specific protein 17 gene=BAM1 Leucine-rich receptor-like protein kinase family protein 5,7 locus_tag=AT2G41730 calcium-binding site protein 5,7 gene=ACS11 1-aminocyclopropane-1-carboxylate synthase 11 5,7 locus_tag=AT3G61790 Protein with RING/U-box and TRAF-like domain 17 gene=RPN1A 26S proteasome regulatory subunit S2 1A 17 locus_tag=AT1G54930 GRF zinc finger / Zinc knuckle protein 6,36E-08 -44,14 0,000000173 -39,64 0,000000173 -37,98 6,36E-08 -39,44 0,000000173 -38,58 0,000000173 -42,31 5,7 locus_tag=AT2G36885 translation initiation factor -40,18 9914 0,000000173 -38,74 5890 0,000000173 -38,31 3250 8,35E-09 -40,28 2207 0,000000173 -39,03 1613 0,000000173 -39,8 1289 0,42 -10,13
	cfa6 hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003074.8_cds_NP_190058.1_26252 Ath TAIR10 NC_003074.8_cds_NP_001327831.1_20318 Ath TAIR10 NC_003075.7_cds_NP_193348.1_32368 WT hrpL GACATTCTCCAGTGCGTGTTT WT hrpL CAAGAAACACGCACTGGAGAAT WT hrpL TCTCCAGTGCGTGTTTCTTGA WT hrpL CATCATCAGGGTTCA WT hrpL ATGACATTCTCCAGTGCGTGT WT hrpL AAATGTATCGTCAGCCGTATCAGG	2 6 2		7112 39036 4616 25616 0,000000173 1,9 gene=ADT4 1,9 locus_tag=AT3G01310 Phosphoglycerate mutase-like family protein arogenate dehydratase 4 1,9 gene=ARA1 arabinose kinase -36,12 9800 6,36E-08 -37,58 5801 0,000000173 -37,38 3153 0,0000633 -24,96 2126 0,00000052 -37,22 1602 8,35E-09 -41
	cfa6 hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003074.8_cds_NP_188938.1_24538 Ath TAIR10 NC_003070.9_cds_NP_001321735.1_3199 Ath TAIR10 NC_003071.7_cds_NP_182268.1_20114 WT hrpL AAGAAACACGCACTGGAGAAT WT hrpL CGCTTTTGGATAAACGCCCTGAGC WT hrpL GCCCTGCGTAACGAGCACAAG WT hrpL CTGAACCTGATCCGCAATCACT WT hrpL CCAGCAAACCGCAGACCTGGC WT hrpL GGTTTGCTGGCATGTTGAAAC	2 3 2		6927 37902 4447 25143 0,000000173 1,9 locus_tag=AT3G22980 Ribosomal protein S5/Elongation factor G/III/V family protein 5,7 gene=HAC12 histone acetyltransferase of the CBP family 12 17 gene=MYB12 myb domain protein 12 -34,99 9609 7,51E-08 -36,44 5766 0,000000173 -36,98 3141 6,36E-08 -38,69 2123 0,000000173 -41,21 1599 0,000000173 -36,18
	cfa6 hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003070.9_cds_NP_001321840.1_4928 Ath TAIR10 NC_003076.8_cds_NP_200382.1_45830 Ath TAIR10 NC_003074.8_cds_NP_187914.1_22603 WT hrpL AGCCAGGTCTGCGGTTTGCTG WT hrpL GCACAAGTTTCAACATGCCAG WT hrpL GCACAAGTTTCAACATGCCAGCAA WT hrpL AGTGATTGCGGATCAGGTTCAG WT hrpL AGCGCGATGCCACACAGCCAGGTC WT hrpL GATGAACCCTGATGATGTGGA	4 3 2		6811 37854 4406 24514 0,000000173 5,7 gene=NRT1.6 17 gene=Tic20-V 0,64 locus_tag=AT3G13070 CBS domain-containing protein / transporter associated domain-containing protein nitrate transporter 1.6 TIC 20-v-like protein -41,71 9414 0,000000173 -34,14 5741 8,35E-09 -40,07 3135 6,36E-08 -39,68 2121 8,35E-09 -47,9 1595 0,000000173 -37,72
	cfa6 cfa6 cfa6 hrpL hrpL hrpL hrpL hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003076.8_cds_NP_196331.2_38305 Ath TAIR10 NC_003076.8_cds_NP_201215.1_47418 Ath TAIR10 NC_003074.8_cds_NP_001189846.1_21882 Ath TAIR10 NC_003074.8_cds_NP_001189790.1_20428 Ath TAIR10 NC_003076.8_cds_NP_001332517.1_44748 Ath TAIR10 NC_003076.8_cds_NP_001330525.1_42948 Ath TAIR10 NC_003076.8_cds_NP_001318654.1_41625 Ath TAIR10 NC_003075.7_cds_NP_192982.1_31527 WT hrpL GGGCACGGTGATGTCAGTCAT WT hrpL CAGTGCGTGTTTCTTGAAGCC WT hrpL TCTCCAGTGCGTGTTTCTTGAA WT hrpL CAGCCAGGTCTGCGGTTTGCT WT hrpL ACCCGCTTTTGGATAAACGCCCTGA WT hrpL TGTGGCATCGCGCTGAACCTGATC Ath TAIR10 NC_003075.7_cds_NP_193381.1_32446 WT hrpL CAGGTTCAGCGCGATGCCACA WT hrpL GAAGTGCATTCCGAGCTGGAA WT hrpL GCACAAGTTTCAACATGCCAGC WT hrpL GCAAACCGCAGACCTGGCTG WT hrpL GATGATGTGGATGACATTCTC WT hrpL GAAACTTGTGCTCGTTACGCA	2 4 2 5 5 9 2 1 1		6788 6654 6588 37489 31145 26051 3844 3665 23470 0,000000173 17 locus_tag=AT5G07140 Protein kinase superfamily protein 1,9 locus_tag=AT5G64100 Peroxidase superfamily protein 17 gene=PLL3 pol-like 3 17 locus_tag=AT3G01810 EEIG1/EHBP1 protein amino-terminal domain protein 1,9 gene=FRO6 ferric reduction oxidase 6 1,9 gene=MYB24 myb domain protein 24 5,7 locus_tag=AT5G26090 Plant self-incompatibility protein S1 family -41,31 9275 0,000000173 -37,72 5652 6,36E-08 -38,15 3134 0,00000052 -41,26 2109 0,000000025 -43,26 1593 8,35E-09 -46,07 5,7 locus_tag=AT4G12450 zinc finger (C2H2 type) family protein 3515 17 gene=INT4 inositol transporter 4 23400 0,000000173 -40,28 9080 0,000000173 -36,71 5595 6,36E-08 -37,47 3076 0,000000468 -38,68 2104 0,000000173 -34,31 1591 0,000000173 -33,84
	cfa6 hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003074.8_cds_NP_189335.2_25302 Ath TAIR10 NC_003076.8_cds_NP_199253.1_43717 Ath TAIR10 NC_003070.9_cds_NP_174067.2_5006 WT hrpL ATGACTGACATCACCGTGCCC WT hrpL TTCCAGCTCGGAATGCACTTC WT hrpL ACACGCACTGGAGAATGTCAT WT hrpL TCGTCAGCCGTATCAGGAAAGC WT hrpL AGGTTCAGCGCGATGCCACACAGC WT hrpL GTGATTGCGGATCAGGTTCAG	2 4 1		6516 25564 3346 23337 0,000000173 17 locus_tag=AT3G26990 ENTH/VHS family protein 17 locus_tag=AT5G44400 FAD-binding Berberine family protein 5,7 locus_tag=AT1G27470 transducin family protein / WD-40 repeat family protein -38,84 8951 0,000000173 -36,61 5577 0,00000052 -35,4 3056 6,36E-08 -41,09 2090 8,35E-09 -45,32 1589 0,000000173 -38,09
	cfa6 hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003070.9_cds_NP_849610.2_1509 Ath TAIR10 NC_003070.9_cds_NP_173089.1_3129 Ath TAIR10 NC_003076.8_cds_NP_974906.2_44493 WT hrpL CTGGCATGTTGAAACTTGTGC WT hrpL TCCCAGCTTTCCTGATACGGC WT hrpL TGATACGGCTGACGATACATT WT hrpL GCTTTCCTGATACGGCTGACGA WT hrpL CCTGGCTGTGTGGCATCGCGCT WT hrpL CCTGATACGGCTGACGATACATTT	1 6 1		6269 24115 3056 23001 0,000000173 5,7 gene=CHX6B 1,9 gene=OCT3 17 locus_tag=AT5G48440 FAD-dependent oxidoreductase family protein cation/H+ exchanger 6B organic cation/carnitine transporter 3 -35,69 8784 0,000000173 -38,98 5469 0,000000173 -34,92 3048 6,36E-08 -40,47 2074 6,36E-08 -46,77 1569 8,35E-09 -41,23
	cfa6 hrpL hrpL	hrpL hrpL hrpL hrpL hrpL hrpL	Ath TAIR10 NC_003070.9_cds_NP_849573.1_124 Ath TAIR10 NC_003076.8_cds_NP_198103.1_41847 Ath TAIR10 NC_003076.8_cds_NP_197528.1_40653 WT hrpL GGCTTCAAGAAACACGCACTG WT hrpL CATGTTGAAACTTGTGCTCGT WT hrpL AATGTATCGTCAGCCGTATCA WT hrpL GCAAAATGTATCGTCAGCCGTATC WT hrpL AACGAGCACAAGTTTCAACATG WT hrpL AGCCGTATCAGGAAAGCTGGGA	2 7 1		5042 22749 2937 22934 0,000000173 5,7 locus_tag=AT1G01540 Protein kinase superfamily protein 1,9 locus_tag=AT5G27510 Protein kinase superfamily protein 5,7 gene=SPS1F sucrose phosphate synthase 1F -37,37 8746 0,000000173 -33,28 5457 0,000000173 -34,34 3035 8,35E-09 -40,59 2060 6,36E-08 -34,66 1555 6,36E-08 -41,82
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	AAACACGCACTGGAGAATGTCATC GATCCGCAATCACTTCCGCAA GTTTCTTGAAGCCCTGCGTAA TTGCTGGCATGTTGAAACTTG CAGGTCTGCGGTTTGCTGGC GTTTGCTGGCATGTTGAAACT			19548 8649 5439 3035 2045 1552	8,35E-09 0,000000173 0,000000173 0,000000173 0,000000468 0,000000173	-39,6 -35,7 -36,51 -34,55 -40,59 -34,54
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	CCTGGCTGTGTGGCATCGCGC GCCGTATCAGGAAAGCTGGGA GCGGATCAGGTTCAGCGCGATGCC GATACGGCTGACGATACATTTTGC TCACCCGCTTTTGGATAAACG GATGCCACACAGCCAGGTCTGCGG			19380 0,000000173 8634 0,000000173 5402 8,35E-09 3006 8,35E-09 2044 0,000000173 1543 8,35E-09	-45,16 -40,74 -48,67 -41,02 -31,31 -47,26
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	TGACGATACATTTTGCGGAAG TTGCGGAAGTGATTGCGGATC TTCTCCAGTGCGTGTTTCTTGA TGATGAACCCTGATGATGTGGA AGCTTTCCTGATACGGCTGAC TTCAAGAAACACGCACTGGAG			19321 0,000000173 8623 0,000000173 5377 6,36E-08 3000 6,36E-08 2027 0,000000173 1542 0,000000173	-33,75 -38,19 -38,37 -39,3 -37,32 -36,42
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	CTTCCGCAAAATGTATCGTCA TATCGTCAGCCGTATCAGGAA GAGAATGTCATCCACATCATC TGGCATCGCGCTGAACCTGAT ACACAGCCAGGTCTGCGGTTTG TCCCAGCTTTCCTGATACGGCT			19136 0,000000173 8545 0,000000173 5304 0,000000173 2990 0,000000173 2023 6,36E-08 1540 6,36E-08	-33,2 -36,97 -32,48 -38,94 -39,22 -40,57
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	GTGGCATCGCGCTGAACCTGA TTCCTGATACGGCTGACGATA GCGCGATGCCACACAGCCAGGT CGGCTGACGATACATTTTGCGG CACGCACTGGAGAATGTCAT TACGGCTGACGATACATTTTGC			19019 0,000000173 8402 0,000000173 5279 6,36E-08 2987 0,000000191 2009 0,000000468 1535 0,000000191	-40,56 -36,32 -44,59 -38,84 -34,33 -34,98
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	CAGGTCTGCGGTTTGCTGGCA TGATTGCGGATCAGGTTCAGC TGACATTCTCCAGTGCGTGTTT TCTACCTGATGACTGACATC ACTTCCGCAAAATGTATCGTCAGC GTGCCCTTCCAGCTCGGAATG			18446 0,000000173 8383 0,000000173 5096 6,36E-08 2978 0,000114 2007 8,35E-09 1531 0,000000173	-41,98 -37,55 -37,62 -22,49 -38,32 -39,48
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	GACGAAGTGCATTCCGAGCTGG AATGTCATCCACATCATCAGG CAGACCTGGCTGTGTGGCATCGCG AACCCTGATGATGTGGATGAC CCGCAGACCTGGCTGTGTGGC AAGTTTCAACATGCCAGCAAA			18259 8354 5045 2976 2007 1527	6,36E-08 0,000000173 8,35E-09 0,000000173 0,000000173 0,000000173	-41,93 -33,56 -50,32 -36,7 -45,37 -32,73
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	CCAGCTCGGAATGCACTTCGTC TTGAAACTTGTGCTCGTTACG CATGTTGAAACTTGTGCTCGTT GTGGCATCGCGCTGAACCTG CATCATCAGGGTTCATCA GCGCGATGCCACACAGCCAGGTCT			18237 8256 5001 2962 1987 1525	6,36E-08 0,000000173 6,36E-08 0,000000468 0,00000328 8,35E-09	-42,45 -32,34 -34,1 -38,67 -30,49 -49,04
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	GATGACATTCTCCAGTGCGTGT TGCCAGCAAACCGCAGACCTG TCGTCAGCCGTATCAGGAAAG CGCACTGGAGAATGTCATCCAC GCTCGGAATGCACTTCGTCTTC CATTCCGAGCTGGAAGGGCAC			18110 8247 4978 2937 1983 1511 0,000000173 6,36E-08 0,000000173 0,000000173 6,36E-08 6,36E-08	-39,9 -38,76 -38,01 -38,65 -40,74 -40,19
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	GGTTCATCACCCGCTTTTGGATAA GATGCCACACAGCCAGGTCT CTTTCCTGATACGGCTGACGA CCGCAAAATGTATCGTCAGCCG CGGAAGTGATTGCGGATCAGG TACGCAGGGCTTCAAGAAACACGC			17376 8129 4861 2925 1979 1499	8,35E-09 0,000000468 0,000000173 0,000000191 0,000000173 8,35E-09	-37,65 -39,33 -37,31 -37,29 -39,54 -42,63
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	AGCGCGATGCCACACAGCCAG CGGCTGACGATACATTTTGCGGAA CGGATCAGGTTCAGCGCGAT GGTTCAGCGCGATGCCACACA CCTGATCCGCAATCACTTCCG ACGCAGGGCTTCAAGAAACACG			17318 0,000000173 8083 8,35E-09 4827 0,000000468 2921 0,000000173 1973 0,000000173 1485 6,36E-08	-40,01 -42,69 -38,96 -38,04 -38,19 -39,99
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	ACGGCTGACGATACATTTTGCGGA TGCTGGCATGTTGAAACTTGT ACTTGTGCTCGTTACGCAGGGCTT TGACATTCTCCAGTGCGTGT GTCAGCCGTATCAGGAAAGCT ATTCTCCAGTGCGTGTTTCTTGAA			17281 7951 4826 2920 1970 1483	8,35E-09 0,000000173 8,35E-09 0,000000468 0,000000173 8,35E-09	-43,3 -35,2 -43,99 -35,95 -37,81 -40,13
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	TCCGCAAAATGTATCGTCAGCCGT TTCCGCAAAATGTATCGTCAGCCG GCCAGGTCTGCGGTTTGCTGG GATGTCAGTCATCAGGTAGA CCCTTCCAGCTCGGAATGCACT ATGCCACACAGCCAGGTCTG			17224 7926 4775 2908 1968 1475	8,35E-09 8,35E-09 0,000000173 0,000114 6,36E-08 0,000000468	-40,86 -40,16 -42,66 -24,92 -41,07 -38,7
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	AGGTTCAGCGCGATGCCACACA AGACGAAGTGCATTCCGAGCT TGCTCGTTACGCAGGGCTTCA CCTTCCAGCTCGGAATGCACT CACTTCCGCAAAATGTATCGT TGTGTGGCATCGCGCTGAACC			16921 7925 4722 2893 1960 1473	6,36E-08 0,000000173 0,000000173 0,000000173 0,000000173 0,000000173	-39,64 -37,57 -39,46 -38,1 -32,47 -40,15
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	CTGACGATACATTTTGCGGAAG GATGACATTCTCCAGTGCGTGTTT AGCGCGATGCCACACAGCCAGG GCAGGGCTTCAAGAAACACGCACT GCTGACGATACATTTTGCGGAAGT GCCAGGTCTGCGGTTTGCT			16916 7839 4691 2885 1956 1472	6,36E-08 8,35E-09 6,36E-08 8,35E-09 8,35E-09 0,00000125	-36,32 -41,58 -43,31 -44,65 -41,32 -37,73
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	CTTCCGCAAAATGTATCGTCAG AGCTCGGAATGCACTTCGTCT GGGCTTCAAGAAACACGCACT GGGCTTCAAGAAACACGCACTG GCTTCAAGAAACACGCACTGGA TGCTGGCATGTTGAAACTTGTGC			16855 7798 4647 2867 1956 1454	6,36E-08 0,000000173 0,000000173 0,000000191 6,36E-08 2,31E-08	-33,81 -38,4 -37,91 -38,49 -39,57 -40,19
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	ACGGCTGACGATACATTTTGC CTGGCTGTGTGGCATCGCGCT AACCTGATCCGCAATCACTTC TTTTGGATAAACGCCCTGAGC AAGCCCTGCGTAACGAGCACAAGT CTTTTGGATAAACGCCCTGAGCAT			16412 0,000000173 7793 0,000000173 4620 0,000000173 2856 0,00000156 1943 8,35E-09 1416 0,000000676	-35,87 -43,5 -35,44 -29,03 -40,69 -30,17
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	GCAGACCTGGCTGTGTGGCATC TGAACCTGATCCGCAATCACT GGATCAGGTTCAGCGCGATGCCAC CCAGGTCTGCGGTTTGCTGGCA ACACGCACTGGAGAATGTCATC CAAGAAACACGCACTGGAGAATGT			16320 7778 4564 2853 1943 1396	6,36E-08 0,000000173 8,35E-09 6,36E-08 0,000000191 8,35E-09	-45,78 -36,14 -47,79 -44,4 -36,28 -40,74
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	GCAAAATGTATCGTCAGCCGT CAGCCAGGTCTGCGGTTTGCTG ACGCAGGGCTTCAAGAAACAC AGTGCATTCCGAGCTGGAAGG TCACCGTGCCCTTCCAGCTCG GCAAAATGTATCGTCAGCCGTA			16293 0,000000173 7735 6,36E-08 4564 0,000000173 2838 0,000000173 1926 0,00000052 1394 0,000000191	-35,49 -43,34 -38,06 -38,45 -40,91 -35,02
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	AGGGCTTCAAGAAACACGCACTGG AGTGATTGCGGATCAGGTTCA TGTGGCATCGCGCTGAACCTGA TCTGCGGTTTGCTGGCATGTT AGTGCATTCCGAGCTGGAAGGG AGAAACACGCACTGGAGAATG			16256 7705 4539 2825 1922 1375	8,35E-09 0,000000173 6,36E-08 0,000000173 6,36E-08 0,000000173	-45,01 -37,1 -42,15 -38,07 -41,71 -36,34
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	CAGATGCTCAGGGCGTTTATCCAA TGTGTGGCATCGCGCTGAACCT GAAGTGATTGCGGATCAGGTT TGATGAACCCTGATGATGTGG CGCACTGGAGAATGTC TTTCAACATGCCAGCAAACCGC			15961 7508 4476 2789 1922 1372	0,0000183 6,36E-08 0,000000173 0,000000173 0,0000253 6,36E-08	-30,71 -41,93 -36,44 -37,67 -28,28 -37,69
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	TGACATTCTCCAGTGCGTGTT GTCATCCACATCATCAGGGTT AAGAAACACGCACTGGAGAA AGCCCTGCGTAACGAGCACAAG GGCTTCAAGAAACACGCACTGG TTCAAGAAACACGCACTGGAG			15867 0,000000173 7345 0,000000173 4365 0,000000468 2788 6,36E-08 1920 6,36E-08 1371 0,00000052	-36,72 -37,28 -34 -38,26 -40,64 -36,05
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	ACGAAGTGCATTCCGAGCTGG GAACCTGATCCGCAATCACTTCCG CCCAGCTTTCCTGATACGGCT GGGTTCATCACCCGCTTTTGG CATCATCAGGGTTCATC CACATCATCAGGGTTCATCAC			15705 0,000000173 7275 8,35E-09 4348 0,000000173 2783 0,000000173 1918 0,00000985 1345 0,000000173	-39,04 -42,84 -38,77 -35,58 -28,92 -37,17
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	TGGCATGTTGAAACTTGTGCT TCCACATCATCAGGGTTCATCA TTTCCTGATACGGCTGACGATA CGTTACGCAGGGCTTCAAGAA AACTTGTGCTCGTTACGCAGGGCT GCCACACAGCCAGGTCTGCGGT			15665 0,000000173 7264 6,36E-08 4326 6,36E-08 2778 0,000000173 1911 8,35E-09 1343 6,36E-08	-34,54 -39,1 -37,22 -37,96 -43,85 -42,88
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	ATGACATTCTCCAGTGCGTGTT CTTCCGCAAAATGTATCGTCAGCC AGCCGTATCAGGAAAGCTGGG CCACACAGCCAGGTCTGCGGT ATCACTTCCGCAAAATGTATC CTTGTGCTCGTTACGCAGGGCTT			15642 7212 4304 2773 1910 1334	6,36E-08 8,35E-09 0,000000173 0,000000173 0,000000173 2,31E-08	-37,8 -40,31 -39,93 -39,84 -30,82 -42,38
		hrpL hrpL hrpL hrpL hrpL hrpL	WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL WT hrpL	CCAGCTCGGAATGCACTTCGT CGGAAGTGATTGCGGATCAGGTTC TGGATGACATTCTCCAGTGCG CACAGCCAGGTCTGCGGTTTGCTG AGTGCGTGTTTCTTGAAGCCC TCAGGTTCAGCGCGATGCCAC			15619 0,000000173 7182 8,35E-09 4286 0,000000173 2731 8,35E-09 1904 0,000000173 1329 0,00000052	-39,57 -44,6 -35,99 -45,72 -38,25 -40,22

Table S1 , related to Experimental Procedures. Primers used in this study. Name Sequence Remarks
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Abstract

Plant small RNAs (sRNAs) and/or double-stranded RNAs (dsRNAs) trigger RNA interference (RNAi) in interacting eukaryotic pathogens or parasites. However, it is unknown whether this phenomenon could operate in bacterial phytopathogens, which lack a eukaryotic-like RNAi machinery. Here, we first show that Arabidopsis-encoded inverted repeat transgenes trigger silencing of Pseudomonas syringae heterologous reporter and endogenous virulenceassociated genes during infection. Antibacterial Gene Silencing (AGS) of the latter was associated with a reduced pathogenesis, which was also observed upon application of corresponding plant-derived RNAs onto wild-type plants prior to infection. We additionally demonstrate that sRNAs directed against virulence factor transcripts were causal for silencing and pathogenesis reduction, while cognate long dsRNAs were inactive. Overall, this study provides the first evidence that plant sRNAs can directly reprogram gene expression in a phytopathogenic bacterium and may have wider implications in the understanding of how plants regulate transcriptome, community composition and genome evolution of associated bacteria. 
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Abstract

Viruses, bacteria and oomycete phytopathogens have evolved RNA silencing suppressors to promote pathogenicity. However, very little is known about the mechanisms by which plants sense the presence of these virulence proteins to counteract their activity. Here, we first show that the Pseudomonas syringae type-III effector HopT1-1, which was previously shown to bind to and suppress the activity of Arabidopsis AGO1 through conserved glycine/tryptophan (GW) motifs, can additionally interact with Arabidopsis AGO2 and AGO10 in a GW-dependent manner. This process likely contributes to the HopT1-1-induced release of AGO1 silencing, because Arabidopsis AGO1, AGO2 and AGO10 were all found to associate with miR168-and/or miR168-dependent secondary siRNAs and to repress AGO1 protein accumulation. Such HopT1-1-induced perturbation of AGO1 homeostasis is accompanied by an Effector-Triggered Immunity (ETI) response, which is in part recapitulated by expressing an AGO1 transgene that is refractory to miR168 action. This suggests that disruption of AGO1 homeostasis might be sensed as a signal for ETI activation.

Consistent with this hypothesis, we first demonstrate that Arabidopsis AGO1 physically interacts with the nucleotide-binding domain and leucine-rich repeat (NLR) immune receptor RRS1 in plant cell nuclei. Furthermore, we show that a perturbation of AGO1 homeostasis can alter the chromatin-bound activity of AGO1 over transcription of active genes, which was associated with ETI activation mediated by the dual NLR pair RRS1 and RPS4. This study therefore suggests that the pool of chromatin-bound AGO1 might be guarded by the RRS1/RPS4 immune receptor complex, which is converted to an activated state upon disruption of AGO1 homeostasis.

Bacterial strains

The bacterial strains used in this study include Pseudomonas syringae pv. tomato DC3000 (Pto DC3000) as well as the Pto DC3000 hrcCmutant. These bacterial strains were grown at 28°C in NYGB medium (5 g L -1 bactopeptone, 3 g L -1 yeast extract, 20 ml L -1 glycerol) containing rifampicin (25 µg/mL) for selection.

Plant Growth Conditions and Treatments

Plants used in this study were grown in incubation chambers at 19-23 °C (dark/light) with an 8-h photoperiod for most assays. Transgenic plants expressing HopT1-1 were grown under lid to keep high humidity in order to decrease ETI response. Nicotiana benthamiana plants for transient expression assays were grown in growth chamber at 19-23°C (dark/light) with a 16 h photoperiod.

Bacterial growth assays

For flg22-protection assay, Five-week-old Col-0 Arabidopsis (WT) or the mutant plants were infiltrated with water (mock) or 1 μM of flg22 24h prior to be syringe-infiltrated with 10 8 cfu/mL of Pto DC3000. Inoculated plants were allowed to stay under high humidity condition for 3 days before the bacterial counting was performed. For each condition, around 15 leaves from three plants were collected and the following steps were performed as described in Navarro et al. (2008).

Agrobacterium-mediated transient expression

Agrobacterium tumefaciens strains carrying the indicated plasmids were inoculated in 10 ml of LB medium supplied with rifampicin and the other selective antibiotic and placed in an incubator shaker (200 rpm) at 28°C overnight. Cells were harvested by centrifugation at 4500 rpm and resuspended to a final optical density at 600 nm (OD 600 ) of 0.2 in a solution containing 10 mM MES, pH 5.6, 10 mM MgCl 2 and 200 µM acetosyringone. Cultures were incubated in the dark at room temperature for 5 hours before agro-infiltration. For the coinfiltration of two different A. tumefaciens strains, equal concentrations (OD 600 : 0.25) of both cultures were mixed before agro-infiltration of leaves of four-week-old Nicotiana benthamiana plants. Infiltrated plants were covered with a lid and the leaves were collected
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General discussion and Perspectives Chapter 4 endocytosed and found in the lumen of MVBs during flg22 elicitation [START_REF] Beck | Spatio-temporal cellular dynamics of the Arabidopsis flagellin receptor reveal activation status-dependent endosomal sorting[END_REF][START_REF] Choi | RABA members act in distinct steps of subcellular trafficking of the FLAGELLIN SENSING2 receptor[END_REF], suggesting that a pool of GRP7 and of AGO1 might also be present in Multivesicular bodies (MVBs) in response to this bacterial PAMP and, (iii) GRP7 was recently retrieved in a proteomic analysis conducted from Arabidopsis apoplastic EVs, together with its cellular partner Arabidopsis thaliana Jacalin-Lectin Like 1 (AtJAC1) (Rutter et al., 2017). If any of these factors are found to be required for AGS, we will further assess whether they could be internalized in bacterial cells during infection. Similarly, we will also introduce mutations in the IR-CFA6/HRPL reference lines such as tet8/tet9 as both TET8-and TET9associated exosomes were shown to contribute to plant immunity against fungal infection by transferring host sRNAs into fungal cells (Cai et al., 2018).

The fact that in vitro synthesized antibacterial siRNAs directed against Pto DC3000 cfa6 and hrpL genes were found to be active in Pto DC3000 cells indicate that this bacterium has evolved a machinery to uptake small RNAs and to direct gene silencing upon internalization of exogenous small RNAs. To identify the mechanism required for these processes, we propose to use an unbiased Transposon-sequencing (Tn-seq) approach (Figure 2). A barcoded library of transposon (Mariner Tn) mutants in Pto DC3000 has already been produced and characterized in collaboration with the group of Jennifer Lewis (University of California, Berkeley). Homogeneous distribution of Tn insertions along Pto DC3000 chromosome has been verified. Therefore, now that the barcode-insertion site combinations (Tn-Seq) have been established, quantitative library composition can be determined by barcode sequencing (Bar-Seq). The relative abundance of the insertion mutants can be statistically determined before/after incubation of the mutant collection in different experimental conditions. For this end, we will first perform the screening in in vitro conditions by taking advantage of synthetic siRNAs that were found to strongly reduce the in vitro growth of Pto DC3000 at a given concentration, while they moderately alter bacterial growth when applied at a low concentration. In order to identify positive regulators of AGS, we will incubate the Tn mutant collection with standard concentration of these synthetic siRNAs, further extract the genome DNA from these bacteria and perform deep sequencing in order to retrieve mutants that grow normally and that are thus insensitive to antibacterial siRNAs. We are anticipating that these mutants will be mutated in factors required for the Chapter 4 multiple bacterial pathogens by concomitantly targeting essential genes and/or virulence factors from various bacterial phytopathogens. However, bioinformatic analyses will be essential to carefully design dsRNAs in order to avoid or limit off-target effects. Another concern is the stability of these unprotected siRNAs for field applications. As we did not use any chemically modifications or adjuvants to stabilize and/or protect these naked antibacterial siRNAs in our experiments, we were only able to observe a partial effect on bacterial growth inhibition. This might be due, at least in part, to the intrinsic unstable property of externally delivered siRNAs, which are likely degraded at late stages of the infection. The use of antibacterial siRNAs embedded into natural EVs will represent an attractive approach to further improve AGS efficiency, because we could for instance show that these vesicles were effective in protecting antibacterial siRNAs towards degradation mediated by Mnase. Further development of EV-derived solutions against phytopathogenic bacteria as well as of cost-effective siRNA production platforms will be necessary to assess the potential of AGS for agricultural applications.

Although RNA silencing has been initially described as an important component of plant defense, we initially thought that such regulatory was solely important to fine-tune the expression of plant genes during infection/elicitation. However, our preliminary data on endogenous AGS, suggest that another layer of the antibacterial defense response might rely on plant sRNAs that are translocated in bacterial cells to reprogram bacterial gene expression. This novel trans-kingdom regulatory process might play a central role in repressing one branch of the Pto DC3000 transcriptome. These findings, therefore further explain why bacteria have evolved strategies to suppress sRNA biogenesis, trafficking and/or action, which do not only alter the differential expression of host genes during antibacterial defense but also likely limit the effect of small RNAs that are trans-active in bacterial cells (and may additionally explain to partial phenotype observed on bacterial growth in Arabidopsis IR-CFA6/HRPL transgenic plants). Interestingly, such trans-kingdom RNAi suppression mechanisms exist and have been recently shown to occur in a plant-oomycete interaction, whereby the P. capsici effector Phytophthora Suppressor of RNA silencing 2 (PSR2) dampened the biogenesis of specific plant secondary siRNAs, which were functional in oomycete cells (Hou et al., 2019).
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as normal levels of AGO1 mRNAs were detected in ago2-1 background. We have also shown that AGO10 is loaded with both miR168 and miR168-dependent secondary siRNAs that similarly repress AGO1 protein production but not mRNA accumulation. Therefore, AGO1 protein levels are under tight negative control through the simultaneous targeting of AGO1 mRNAs by AGO1, AGO2, AGO10 and perhaps of other yet-unknown AGO proteins that are loaded with miR168 and miR168-dependent secondary siRNAs. We thus propose that HopT1-1 triggered AGO1 protein hyper-accumulation is caused by the ability of this effector to concomitantly target AGO1, AGO2 and AGO10. This hypothesis is supported by the fact that our bimolecular fluorescence complementation (BiFC) suggests that HopT1-1 can potentially associate not only with AGO1 but also with AGO2 and AGO10 through its GW motifs. Among these three AGO proteins, we found that AGO1 is a functionally relevant target of HopT1-1 that is required for PTI, while AGO2 and AGO10 were dispensable for flg22-induced ROS production, callose deposition as well as for flg22-triggered protection.

Based on these results, we propose that AGO2 and AGO10 might act just as decoys of AGO1.

In this case, the additional targeting of AGO2 and AGO10 by HopT1-1 would ensure a robust disruption of miR168-directed control of AGO1 homeostasis, which might contribute to ETI activation. We showed that mir-AGO1 plants exhibit constitutively high expression of defense and cell death/senescence marker genes as well as a cell death phenotype. It is noteworthy that the latter phenotype was particularly pronounced at the level of leaf vasculature, which are plant tissues in which AGO10 is intensively expressed in WT plants (Lynn et al., 1999), and thus where both AGO1 and AGO10 likely repress AGO1 protein accumulation. Our work therefore suggests that the regulation of AGO1 homeostasis is critical to maintain plant immune responses at a low basal level in normal growth conditions, and likely in specific tissues such as leaf vasculature, while ensuring their activation upon pathogen-induced perturbation of the miR168-dependent regulatory node. Because a broader and stronger autoimmune phenotype was found in HopT1-1 transgenic plants compared to plants expressing the miR168 resilient version of AGO1, we suggest that other molecular events must contribute to HopT1-1-induced ETI activation. Although not experimentally tested here, the perturbation of the homeostasis of other miRNA regulated silencing factors such as AGO2 or DCL1, which were also more elevated in HopT1-1 plants, could well represent additional triggers of such ETI response. Furthermore, because the BSR
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Chapter 4 activity of HopT1-1 was required for the derepression of NLRs controlled by miR472, miR825* and phasiRNAs, we propose that this regulatory process might further promote HopT1-1 recognition, possibly by maintaining an adequate stoichiometry between NLR receptors and cognate guarded silencing factors, and/or amplify HopT1-1-induced defense signaling. To investigate this regulatory process at the whole genome level, we will further conduct RNA-seq experiments in Arabidopsis transgenic lines conditionally expressing HopT1-1 and HopT1-1m3, and analyze the profile of the whole repertoire of NLR mRNAs. Furthermore, given that AGO1 is (1) indispensable for the virulence function of HopT1-1 (2) a critical PTI factor (Li et al., 2010), ( 3) directly targeted by HopT1-1 as well as several other VSRs (Pumplin and Voinnet, 2013), and ( 4) misregulated by HopT1-1 through a disruption of miR168 activity, we propose that AGO1 likely represents a guarded HopT1-1 target. In this scenario, some NLRs would have evolved to monitor the integrity of AGO1 homeostasis, and trigger a SA-dependent ETI response upon HopT1-1-induced disruption of miR168 activity.

We used a biochemical approach to retrieve NLRs that could physically interact with AGO1 in the absence of HopT1-1 or even other effectors (e.g. VSRs) and possibly guard its homeostasis. We first investigated whether NLR proteins could be retrieved from in vivo AGO1 protein complexes by immunoprecipitating a functional FLAG epitope-tagged version of AGO1 from AGO1 pro :Flag-AGO1 seedlings and subsequently identified FLAG-AGO1 cellular partners by mass spectrometry (LC-MS/MS analysis). Interestingly out of the different TNL and CNL proteins that were recovered, the intracellular immune receptor RRS1 was found in two independent biological replicates and thus we further confirmed the physical interaction of RRS1 with AGO1 in vivo by conducting Föster resonance energy transfer-fluorescence lifetime imaging microscopy (FRET-FLIM). Collectively, these data suggest that the perturbation of AGO1 homeostasis might be sensed by the RRS1/RPS4 immune receptor complex. It is also be possible that AGO1 acts as a scaffold protein along with HSP90, which is known to chaperone NLR proteins and to interact with AGO1 [START_REF] Sjögren | Farnesylated heat shock protein 40 is a component of membrane-bound RISC in Arabidopsis[END_REF], to maintain the RRS1/RPS4 immune receptor complex conformation in an inactivated state, and that disruption of AGO1 homeostasis would trigger conformational changes leading to the activation of the RRS1/RPS4 immune receptor complex.

Chapter 4

Because HopT1-1 interacts with AGO1 through its GW motifs, and because several endogenous co-factors of AGO proteins containing such AGO-binding platforms in metazoans, we decided to test whether RRS1 could also contain such motifs. Using the tool named "AGOS", a composition-based WG/GW Argonaute-binding domains detector bioinformatic program [START_REF] Zielezinski | Agos-a universal web tool for GW Argonaute-binding domain prediction[END_REF], we found the presence of two putative GW repeats that are in a proper sequence context for AGO interactions. These motifs are located at positions 174 and 588, which fall in the TIR and the nucleotide-binding (NB) domains, respectively. It is noteworthy that the second GW motif was found conserved across a large set of RRS1-like proteins, and is embedded into the NB domain, which is proposed to act as a NLR molecular switch driven by ADP (auto-inhibited or "off" state) and ATP (activated or "on" state) [START_REF] Williams | An autoactive mutant of the M flax rust resistance protein has a preference for binding ATP, whereas wild-type M protein binds ADP[END_REF][START_REF] Maekawa | Coiled-coil domain-dependent homodimerization of intracellular barley immune receptors defines a minimal functional module for triggering cell death[END_REF][START_REF] Sukarta | Structure-informed insights for NLR functioning in plant immunity[END_REF]. It will thus be important to test whether or not these GW motifs are required for the AGO1/RRS1 interaction. We are currently generating tryptophan to alanine substitutions in each GW motifs (single and combinatorial mutations) of RRS1 and we will be testing whether such mutations could interfere with the ability of this NLR to physically interact with AGO1, similar to what was done for HopT1-1. If such GW motifs are found functional, this will suggest that HopT1-1 might compete with RRS1 for interaction with AGO1, an intriguing hypothesis that will be tested experimentally, using the FRET-FLIM assay to assess whether or not the RRS1-AGO1 interaction could be impeached in the presence of HopT1-1 compared to HopT1-1m3. We propose to further validate this hypothesis with the help of an in vitro assay using the HopT1-1 peptides that were previously found to bind with AGO1 (Chapter 3 part I). We intend to perform this competition assay using different concentration of HopT1-1 peptides.

In order to identify other relevant residues that could be required for RRS1-AGO1 interaction, we have decided to make use of the available human AGO2 (hAGO2) structure [START_REF] Schirle | The crystal structure of human Argonaute2[END_REF], which is predicted to be structurally very conserved with Arabidopsis AGO1 (Poulsen et al., 2013). For this end, one post-doctoral fellow in the laboratory, Dr. Diep Tran, has used the available TIR domain crystal structure of RRS1 [START_REF] Williams | Structural basis for assembly and function of a heterodimeric plant immune receptor[END_REF] and conducted the hAGO2-RRS1 protein-protein interaction analyses. and RPS4 [START_REF] Williams | Structural basis for assembly and function of a heterodimeric plant immune receptor[END_REF], we could recover more than 500 predictions of hAGO2-RRS1 interaction interfaces. No particular predicted site of hAGO2-RPS4 TIR domain interaction was observed. hAGO2-RRS1 interaction could be associated with W-binding pocket as this analysis revealed that two conserved residues, which is essential for the interaction of hAGO2 with its TNRC6 GW/WG-containing co-factors.