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General introduction

Virus infection in plants depends on the ability of viruses to replicate and spread their genomes from cell to cell and systemically through plasmodesmata (PD) and the connected phloem. Viruses encode only a limited set of proteins and depend on molecular mechanisms provided by their hosts for propagation. Numerous studies have illuminated cellular membrane-and cytoskeletonassociated mechanisms as well as specific host factors involved in virus replication and movement.

However, our knowledge about gene regulatory processes that orchestrate virus infection remains limited. Viruses may employ mechanisms to manipulate host gene expression to ensure that defenses are minimized and resources required for viral replication are maximized, whereas the cell may counteract through opposite mechanisms that maximize defenses and minimize the resources for the virus. This battle between the virus and its host is best illustrated by a gene regulatory process known as post-transcriptional gene silencing (PTGS, also known as 'RNA silencing' or 'RNA interference' [RNAi]). During infection, PTGS functions as an important antiviral defense response that controls viral accumulation by targeting the viral RNA for cleavage or translational repression.

Viruses, in turn, have evolved specific effector proteins (Viral Suppressor of RNA silencing, VSR) that interfere with the RNA silencing pathway at specific steps and thereby enhance their propagation.

As the antiviral RNA silencing pathway shares components with other transcriptional and posttranscriptional RNA silencing pathways playing a role in the regulation of gene expression, viruses may apply their VSRs also for the modulation of host gene expression. In addition, while cellular alterations are most commonly orchestrated by virus-encoded proteins, viruses may manipulate their hosts also by using their virus genome-encoded small RNAs as RNA effectors. This strategy is best illustrated by DNA viruses belonging to the Herpesviridae family, which were found to encode between 1 and 14 miRNAs [START_REF] Cox | Balance and stealth: the role of noncoding RNAs in the regulation of virus gene expression[END_REF]. While some of these miRNAs engage in the regulation of viral gene expression during the viral replication cycle, other miRNAs act as mimics for endogenous cellular miRNAs and modulate the levels of host gene transcripts, thereby creating an environment more amenable to replication and/or latency [START_REF] Gottwein | A viral microRNA functions as an orthologue of cellular miR-155[END_REF][START_REF] Kincaid | RNA virus microRNA that mimics a B-cell oncomiR[END_REF]. A similar strategy has also been evolved by certain plant pathogenic fungi. Similar to the DNA viruses in mammals, these fungi use small RNAs derived from their own genome to hijack the host RNA silencing pathway to target the expression of host defense genes and thereby enhance host susceptibility [START_REF] Suffert | Kaposi's sarcoma herpesvirus microRNAs target caspase 3 and regulate apoptosis[END_REF]Weiberg et al. 2013). Based on these examples, it can be expected that also plant viruses have evolved such RNA effectors. Although most plant viruses are RNA viruses that replicate in the cytoplasm and, therefore, do not encode miRNAs (Aguado and tenOever 2018), the virus-derived small interfering RNAs (vsiRNAs) that are produced during antiviral silencing may have the potential to target host genes. In addition, given the sheer amount of small RNAs produced by RNA silencing pathways in plants, it may also be conceivable that plants themselves encode small RNAs with homology to viruses that infect them and that are part of the arms arsenal available to plants to control their viruses. Certain reported cases in Arabidopsis literature, illustrate that vsiRNAs and VSRs have the potential to interfere with host processes required for normal host cellular function and development [START_REF] Kasschau | P1/Hc-Pro, a viral suppressor of RNA silencing, interferes with Arabidopsis development and miRNA function[END_REF][START_REF] Qi | Small RNA deep sequencing reveals role for Arabidopsis thaliana RNAdependent RNA polymerases in viral siRNA biogenesis[END_REF][START_REF] Jay | Misregulation of AUXIN RESPONSE FACTOR 8 underlies the developmental abnormalities caused by three distinct viral silencing suppressors in Arabidopsis[END_REF]Hu et al. 2011;[START_REF] Avina-Padilla | In silico prediction and validation of potential gene targets for pospiviroid-derived small RNAs during tomato infection[END_REF]. Therefore, it appears likely that such mechanisms may be involved in the triggering of virus-induced diseases in cultivated plants, which cause losses worth of 20-60 billion US$ worth in yield annually (Randles and Ogle 1997;Sastry and Zitter 2014).

This thesis project was aimed to address the role of host-and virus-encoded small RNAs in plant:virus interactions during virus spread in infected tissues and in determining host disease. The thesis is organized in three different chapters:

Chapter I introduces the viruses Oilseed rape mosaic virus (ORMV) and Turnip mosaic virus (TuMV) that were used as pathogens in the present thesis, describes cellular mechanisms involved their cellto-cell movement and presents a review article [START_REF] Pitzalis | The roles of membranes and associated cytoskeleton in plant virus replication and cell-to-cell movement[END_REF] describing viral movement mechanisms and the potential role of endoplasmic reticulum:plasma membrane (ER:PM) contact sites and associated proteins during infection.

Chapter II describes the results of a project applying Next Generation Sequencing (NGS) approaches to the analysis of virus infection and which led to important new insights into the functions of hostand virus derived-small RNAs in regulating their specific RNA targets during the spread of infection in leaves. This work was applied to local sites of infection caused by an economically important virus (TuMV) within the leaves of rapeseed (Brassica napus, 'Canola'), an economically important oilseed crop species. Thus, the obtained results suggest important new gene targets for crop breeding. Plants [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF]) and led to the important discovery that recovery does not require the silencing inhibition of the virus but is associated with the achievement of a tolerant state in which the virus and the host can coexist without disease. The work led to the identification of RNA silencing pathway genes and of a mechanism by which plants use these RNA silencing pathway genes for the robust production of secondary small interfering RNAs (siRNAs) as well as intercellular communication and systemic regulation to use these siRNAs to downregulate the virus-encoded VSR in physiological sink tissues and thereby achieve the tolerant state in newly emerging leaves [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF]).

Together, the results described in these three chapters of the thesis provide novel insights into the regulatory mechanisms involved in the interaction of viruses with their hosts and which have the potential to indicate novel strategies for crop protection.

Chapter I: Virus infection and mechanisms involved in disease 1. Introduction

Viruses use different mechanisms for plant-to-plant transmission [START_REF] Hosford | Transmission of plant viruses by[END_REF]Hull 2009) and for their propagation within the infected plants [START_REF] Verchot-Lubicz | Varied movement strategies employed by triple gene block-encoding viruses[END_REF][START_REF] Niehl | Cellular pathways for viral transport through plasmodesmata[END_REF][START_REF] Agbeci | Contribution of host intracellular transport machineries to intercellular movement of Turnip mosaic virus[END_REF][START_REF] Laliberte | Viral manipulation of plant host membranes[END_REF][START_REF] Liou | Viral elements and host cellular proteins in intercellular movement of Bamboo mosaic virus[END_REF][START_REF] Schoelz | A model for intracellular movement of Cauliflower mosaic virus: the concept of the mobile virion factory[END_REF][START_REF] Pitzalis | The roles of membranes and associated cytoskeleton in plant virus replication and cell-to-cell movement[END_REF]. As plants are sessile, viruses usually depend on fungi, nematodes, protists, or insects as vectors for transmission. Moreover, several viruses, for example the tobamoviruses (e.g. Tobacco mosaic virus, TMV), are mechanically transmitted by wind, water, soil, seeds, as well as by humans through virus-infected plant handling and processing (Hull 2009).

Work described in this thesis involved experimentation with TMV and ORMV as well as with TuMV, a potyvirus. Whereas TMV and ORMV are mechanically transmitted, TuMV is transmitted by several aphid species. Once a virus has been transmitted and entered a host cell, it is uncoated and translated to produce proteins required for replication, cell-to-cell movement, viral counter-defense (e.g. a Viral Suppressor of RNA silencing, VSR), virion assembly and transmission.

Plasmodesmata

Viruses cause systemic plant infection by cell to cell movement through PD and long-distance movement via the phloem [START_REF] Deom | The 30-kilodalton gene product of Tobacco mosaic virus potentiates virus movement[END_REF][START_REF] Wolf | Movement protein of Tobacco mosaic virus modifies plasmodesmata size exclusion limit[END_REF][START_REF] Heinlein | Plasmodesmata: dynamic regulation and role in macromolecular cell-to-cell signaling[END_REF][START_REF] Lucas | Plant viral movement proteins: agents for cell-to-cell trafficking of viral genomes[END_REF][START_REF] Guenoune-Gelbart | Tobacco mosaic virus (TMV) replicase and movement protein function synergistically in facilitating TMV spread by lateral diffusion in the plasmodesmal desmotubule of Nicotiana benthamiana[END_REF][START_REF] Benitez-Alfonso | Plasmodesmata: gateways to local and systemic virus infection[END_REF][START_REF] Sager | Plasmodesmata in integrated cell signalling: insights from development and environmental signals and stresses[END_REF][START_REF] Heinlein | a. Plant virus replication and movement[END_REF]. The PD are symplastic channels in the cell walls through which adjacent plant cells communicate. They are about 50 nm in diameter and provide a direct passageway for the intercellular transport of diffusible factors (e.g. metabolites, certain hormones, ions), and macromolecules [START_REF] Lucas | Plasmodesmata: the intercellular organelles of green plants[END_REF][START_REF] Kragler | Plasmodesmata: dynamics, domains and patterning[END_REF][START_REF] Cantrill | Cell-to-cell communication via plant endomembranes[END_REF][START_REF] Heinlein | Plasmodesmata: dynamic regulation and role in macromolecular cell-to-cell signaling[END_REF][START_REF] Heinlein | Macromolecular transport and signaling through plasmodesmata[END_REF][START_REF] Kragler | Plasmodesmata: intercellular tunnels facilitating transport of macromolecules in plants[END_REF].

The PD provide both cytoplasmic as well as membrane continuity between adjacent cells. The plasma membrane (PM) delimits the PD channel against the surrounding cell wall and a thin tubule of the endoplasmic reticulum (ER) (the "desmotubule") extends through the center of the channel [START_REF] Ding | Substructure of freeze-substituted plasmodesmata[END_REF])(see Figure 1). The cytoplasmic space (also referred as the "cytoplasmic sleeve") between the PM and the desmotubule is thought to represent the major pathway for intercellular molecular trafficking. The size of this space determines the size exclusion limit (SEL) of PD, thus the maximal size of molecules that can be transported though this channel. The PD SEL is under tight control and dynamically regulated to control PD permeability. Thus, in allowing multicellularity, the PD also act as important gatekeepers permitting or restricting the cell-to-cell trafficking of informational macromolecules in response to intrinsic and extrinsic signals, thereby playing a crucial role during plant development and immunity against pathogen attack [START_REF] Lee | Plasmodesmata: the battleground against intruders[END_REF][START_REF] Lee | New and old roles of plasmodesmata in immunity and parallels to tunneling nanotubes[END_REF][START_REF] Sager | Plasmodesmata in integrated cell signalling: insights from development and environmental signals and stresses[END_REF][START_REF] Tilsner | Staying tight: plasmodesmal membrane contact sites and the control of cell-to-cell connectivity in plants[END_REF][START_REF] Brunkard | Plasmodesmata enable multicellularity: new insights into their evolution, biogenesis, and functions in development and immunity[END_REF][START_REF] Cheval | Plasmodesmal regulation during plant-pathogen interactions[END_REF][START_REF] Sager | Plasmodesmata at a glance[END_REF].

The mechanism regulating PD SEL is not clearly resolved today, but appears to involve alterations in Calcium (Ca 2+ ) levels, the redox state within the cell, and phytohormones. The major mechanism by which the SEL is increased or decreased involves the deposition and degradation of callose in the cell walls around the neck regions of PD [START_REF] Olesen | The neck region of plasmodesmata: general architecture and some functional aspects[END_REF][START_REF] Iglesias | Movement of plant viruses is delayed in a β-1,3-Glucanase-deficient mutant showing a reduced plasmodesmatal size exclusion limit and enhanced callose deposition[END_REF][START_REF] Bucher | Local expression of enzymatically active class I β-1, 3-Glucanase enhances symptoms of TMV infection in tobacco[END_REF][START_REF] Radford | Effects of tissue-preparation-induced callose synthesis on estimates of plasmodesma size exclusion limits[END_REF]. The deposition of callose by callose-synthase (CalS) reduces PD SEL by moving the PM closer to the desmotubule [START_REF] Olesen | The neck region of plasmodesmata: general architecture and some functional aspects[END_REF][START_REF] Simpson | An Arabidopsis GPI-anchor plasmodesmal neck protein with callose binding activity and potential to regulate cell-to-cell trafficking[END_REF]; Ultrastructure and cell-to-cell trafficking of diffusible signalling molecules (modified from [START_REF] Lee | Plasmodesmata: the battleground against intruders[END_REF]. The SEL of PD is regulated primarily by the degree of callose deposition in the cell wall near the PD neck regions. In addition, the SEL may also be regulated by proteins that tether the ER to the plasma membrane (orange-yellow spheres and short rods) and may regulate the size of the cytoplasmic sleeve between these membranes. [START_REF] Gui | Grain setting defect1, encoding a remorin protein, affects the grain setting in Rice through regulating plasmodesmatal conductance[END_REF][START_REF] Grison | Specific membrane lipid composition is important for plasmodesmata function in Arabidopsis[END_REF], whereas the degradation of callose deposits by !-(1.3)-Glucanase (BGs) increases the PD SEL by increasing the size of the cytoplasmic sleeve [START_REF] Iglesias | Movement of plant viruses is delayed in a β-1,3-Glucanase-deficient mutant showing a reduced plasmodesmatal size exclusion limit and enhanced callose deposition[END_REF][START_REF] Bucher | Local expression of enzymatically active class I β-1, 3-Glucanase enhances symptoms of TMV infection in tobacco[END_REF][START_REF] Radford | Effects of tissue-preparation-induced callose synthesis on estimates of plasmodesma size exclusion limits[END_REF][START_REF] Levy | A plasmodesmata-associated β-1,3-Glucanase in Arabidopsis[END_REF]). Upstream to callose synthesis, Ca 2+ , has been found to regulate intercellular communication by closure of PD in staminal hairs of Setcreasea purpurea [START_REF] Tucker | Calcium-loaded 1,2-bis(2-aminophenoxy)ethane-N,N,Nʹ,Nʹ-tetraacetic acid blocks cellto-cell diffusion of carboxyfluorescein in staminal hairs of Setcreasea purpurea[END_REF]). During PD closure, Ca 2+ may function as a putative regulator of CalS [START_REF] Andrawis | Cotton fiber annexins: a potential role in the regulation of callose synthase[END_REF]. Callose deposition at PD is also induced by the accumulation of reactive oxygen species (ROS), which are known to take part in regulating development and pathogen responses [START_REF] Bolwell | The apoplastic oxidative burst in response to biotic stress in plants: a three-component system[END_REF][START_REF] Pitzschke | Reactive oxygen species signaling in plants[END_REF][START_REF] Torres | ROS in biotic interactions[END_REF]. ROS accumulation increases callose deposition at PD (Benitez-Alfonso and Jackson 2009; Benitez-Alfonso et al. 2010) and influences the abundance of Ca 2+ [START_REF] Bolwell | The apoplastic oxidative burst in response to biotic stress in plants: a three-component system[END_REF][START_REF] Foreman | Reactive oxygen species produced by NADPH oxidase regulate plant cell growth[END_REF]. It seems that a ROS-Ca 2+ activation system is able to trigger callose deposition at PD but the underlying mechanism is still unknown [START_REF] Benitez-Alfonso | Redox regulation of intercellular transport[END_REF][START_REF] De Storme | Callose homeostasis at plasmodesmata: molecular regulators and developmental relevance[END_REF][START_REF] Tilsner | Staying tight: plasmodesmal membrane contact sites and the control of cell-to-cell connectivity in plants[END_REF]. PD are associated with numerous proteins implicated in regulating PD permeability such as different receptor kinases involved in the sensing of pathogens and developmental signals, the PD-Located Protein (PDLP) family of proteins, and callose-binding proteins (PDCBs). Moreover, the desmotubule may be associated with Ca 2+ -sensitive proteins that tether the desmotubule to the PM and control the size of the cytoplasmic sleeve by varying tether length in response to Ca 2+ [START_REF] Tilsner | Staying tight: plasmodesmal membrane contact sites and the control of cell-to-cell connectivity in plants[END_REF][START_REF] Sager | Plasmodesmata at a glance[END_REF].

TMV and ORMV infection

ORMV, also known as Youcai mosaic virus or Chinese rape mosaic virus [START_REF] Aguilar | Nucleotide sequence of chinese rape mosaic virus (Oilseed rape mosaic virus), a crucifer tobamovirus infecting Arabidopsis thaliana[END_REF], is an Arabidopsis-infecting tobamovirus. Compared to TMV, the 3' Untranslated Region (UTR) of ORMV is longer than in TMV and differences exist between the viruses in the overlap of movement protein (MP) and coat protein (CP) open reading frames (ORFs). Tobamoviruses have been classified into different subgroups according the sequence location of their origin of virion assembly (OAS) [START_REF] Fukuda | Correlation between particle multiplicity and location on virion RNA of the assembly initiation site for viruses of the Tobacco mosaic virus[END_REF][START_REF] Gibbs | Tobamovirus classification[END_REF]). The OAS is the viral RNA region used to target and initiate particle assembly by forming aggregates of CP in the form of discs leading to the formation of virions. ORMV and TMV differ in the host range in which they cause disease. Whereas ORMV efficiently infects and causes symptoms in Cruciferae plants such as Arabidopsis, TMV and the highly homologous Tomato mosaic virus (ToMV) efficiently infect and cause symptoms in Solanacea plants such as tobacco, tomato and pepper [START_REF] Melcher | Turnip vein-clearing virus, from pathogen to host expression profile[END_REF][START_REF] Cai | Biological and molecular characterization of a crucifer tobamovirus infecting oilseed rape[END_REF]. TMV and ORMV have a positive-sense ssRNA genome of about 6300 nt in length. The viral RNA is capped at the 5' end and forms a tRNA-like structure at the 3' end (see Figure 2). The TMV and ORMV genomes contain three major ORFs. The first ORF encodes two subunits of the replicase (126k/183k for TMV; 125k/182k for ORMV), whereby the larger subunit is produced by translational read-though of an amber-stop codon. The shorter protein contains 5' methyltransferase and helicase domains, whereas the longer protein in addition contains an RNA-dependent RNA polymerase (RDR) domain [START_REF] Beier | UAG readthrough during TMV RNA translation: isolation and sequence of two tRNAs with suppressor activity from tobacco plants[END_REF].

The small replicase subunit has VSR activity and suppresses antiviral RNA silencing by sequestration of small RNA duplexes, thereby interfering with small RNA loading into the RNA-induced silencing complex (RISC) (Kubota et al. 2003;[START_REF] Ding | The Tobacco mosaic virus 126-kDa protein associated with virus replication and movement suppresses RNA silencing[END_REF][START_REF] Csorba | The p122 subunit of Tobacco mosaic virus replicase is a potent silencing suppressor and compromises both small interfering RNA-and microRNA-mediated pathways[END_REF]Vogler et al. 2007). The replicase subunits are translated from the viral RNA that enters the cell whereas the MP and CP encoded by the two remaining ORFs are translated during viral replication from sub-genomic RNAs.

The 30 kDa MP is required for the cell-to-cell spread of the virus and was the first protein known to facilitate virus movement [START_REF] Deom | The 30-kilodalton gene product of Tobacco mosaic virus potentiates virus movement[END_REF][START_REF] Holt | In vivo complementation of infectious transcripts Tobacco mosaic virus cDNAs in transgenic from mutant plants[END_REF]. Studies on this prototype MP revealed that this protein targets PD and triggers an increase in the PD SEL [START_REF] Wolf | Movement protein of Tobacco mosaic virus modifies plasmodesmata size exclusion limit[END_REF]). This activity has been correlated with a reduction in callose-deposition in the PD neck regions [START_REF] Ueki | ANK, a host cytoplasmic receptor for the Tobacco mosaic virus cell-to-cell movement protein, facilitates intercellular transport through plasmodesmata[END_REF]) and may involve a direct or indirect interaction of MP with a callose-degrading BG [START_REF] Zavaliev | Subcellular dynamics and role of Arabidopsis β-1,3-Glucanases in cell-to-cell movement of tobamoviruses[END_REF]. The MP interacts with ER membranes and microtubules (MTs) [START_REF] Heinlein | Interaction of tobamovirus movement proteins with the plant cytoskeleton[END_REF][START_REF] Heinlein | Targeting and modification of prokaryotic cell-cell junctions by Tobacco mosaic virus cell-to-cell movement protein[END_REF][START_REF] Reichel | Tobacco mosaic virus infection induces severe morphological changes of the endoplasmatic reticulum[END_REF][START_REF] Ashby | Tobacco mosaic virus movement protein functions as a structural microtubule-associated protein[END_REF]Ferralli et al. 2006;[START_REF] Fujiki | Domains of Tobacco mosaic virus movement protein essential for its membrane association[END_REF]Peiro et al. 2014) and plays fundamental roles in the anchoring of viral replication complexes (VRCs) at distinct, MT-associated, cortical ER sites (Boyko et al. 2000a,b;Niehl et al. 2013b; Peña The RNA genome of TMV is caped at its 5' end and forms a tRNA-like structure at the 3' end. The RNA encodes four proteins, the large 183 kDa (183k-RdRp) and small 126 kDa (126k-VSR) subunits of the replicase, the 30 kDa movement protein (MP), and the 17.5 kDa coat protein (CP). The large 183 kDa replicase subunit is produced by read-through of an amber stop codon that terminates the translation of the short subunit. The two replicase subunits interact in vivo.

Whereas the large subunit contains an RNA-dependent RNA polymerase domain and is sufficient for replication of viral RNA, the small subunit has Viral Suppressor of RNA silencing (VSR) activity and increases viral replication efficiency. and Heinlein 2013;[START_REF] Heinlein | a. Plant virus replication and movement[END_REF]. According to current models, which are also described in the attached review by [START_REF] Pitzalis | The roles of membranes and associated cytoskeleton in plant virus replication and cell-to-cell movement[END_REF], infection starts when the mechanically transmitted virion is uncoated and the free viral RNA (vRNA) binds to the ER via it's 5'CAP [START_REF] Christensen | The 5ʹ cap of Tobacco mosaic virus (TMV) is required for virion attachment to the actin/endoplasmic reticulum network during early infection[END_REF]. Subsequently, the replicase, which is translated from the vRNA, binds to the 5'UTR for replication [START_REF] Kawamura-Nagaya | Replication protein of Tobacco mosaic virus cotranslationally binds the 5' untranslated region of genomic RNA to enable viral replication[END_REF]. The MP, which then also becomes translated, anchors the ER-associated VRCs to MT. The MT-associated ER sites (also called "cMERs") are proposed to be equivalent to cortical sites of MT-associated, stable ER proposed to function as hubs for membrane trafficking and exchange/delivery of membrane cargo (Niehl et al. 2013b;[START_REF] Peña | Cortical microtubule-associated ER sites: organization centers of cell polarity and communication[END_REF][START_REF] Heinlein | a. Plant virus replication and movement[END_REF], through which the VRCs may recruit membranes and host factors. For example, the host proteins TOBAMOVIRUS MULTIPLICATION (TOM) 1, 2a and 3 are involved in the formation of VRCs [START_REF] Ishibashi | Interactions between tobamovirus replication proteins and cellular factors: their impacts on virus multiplication[END_REF]. Detachment of the VRCs allows their trafficking along the ER, which is continuous through PD [START_REF] Ding | Substructure of freeze-substituted plasmodesmata[END_REF]) and provides a direct route for cell-to-cell movement. MPcontaining VRC particle movements along the ER occur in a stop-and-go fashion and are guided by MT [START_REF] Boyko | Transgenerational changes in the genome stability and methylation in pathogen-infected plants: virus-induced plant genome instability[END_REF]Niehl et al. 2013b;[START_REF] Peña | Cortical microtubule-associated ER sites: organization centers of cell polarity and communication[END_REF][START_REF] Niehl | Comparison of the Oilseed rape mosaic virus and Tobacco mosaic virus movement proteins (MP) reveals common and dissimilar MP functions for tobamovirus spread[END_REF][START_REF] Heinlein | a. Plant virus replication and movement[END_REF].

The ER membrane is tightly associated with actin filaments and numerous studies demonstrated the role of myosin motor proteins in ER motility and the transport of organelle and membrane cargo along the ER-actin network [START_REF] Boevink | Stacks on tracks: the plant golgi apparatus traffics on an actin/ER network[END_REF][START_REF] Avisar | Myosin XI-K is required for rapid trafficking of golgi stacks, peroxisomes, and mitochondria in leaf cells of Nicotiana benthamiana[END_REF][START_REF] Peremyslov | Two class XI myosins function in organelle trafficking and root hair development in Arabidopsis[END_REF][START_REF] Prokhnevsky | Overlapping functions of the four class XI myosins in Arabidopsis growth, root hair elongation, and organelle motility[END_REF][START_REF] Sparkes | Truncated myosin XI tail fusions inhibit peroxisome, golgi, and mitochondrial movement in tobacco leaf epidermal cells: A genetic tool for the next generation[END_REF][START_REF] Sparkes | The plant endoplasmic reticulum: A cell-wide web[END_REF][START_REF] Ueda | Myosin-dependent endoplasmic reticulum motility and F-actin organization in plant cells[END_REF][START_REF] Griffing | Plant ER geometry and dynamics: biophysical and cytoskeletal control during growth and biotic response[END_REF]). Consistently, it was shown that the intra-and intercellular movement of the MP-containing particles along the ER as well as the intercellular spread of TMV infection depend on actin and specific class VIII and class XI myosins [START_REF] Wright | Targeting of TMV movement protein to plasmodesmata requires the actin/ER network: evidence from FRAP[END_REF][START_REF] Sambade | Transport of TMV movement protein particles associated with the targeting of RNA to plasmodesmata[END_REF][START_REF] Harries | Differing requirements for actin and myosin by plant viruses for sustained intercellular movement[END_REF][START_REF] Hofmann | Inhibition of TMV movement by expression of an actin-binding protein[END_REF][START_REF] Amari | Myosins VIII and XI play distinct roles in reproduction and transport of Tobacco mosaic virus[END_REF]. Thus, VRC movement occurs along the ER while MTs initially anchor VRCs at specific ER sites and guide their movements along the ER-actin network (Niehl et al. 2013b;[START_REF] Peña | Cortical microtubule-associated ER sites: organization centers of cell polarity and communication[END_REF][START_REF] Heinlein | a. Plant virus replication and movement[END_REF][START_REF] Pitzalis | The roles of membranes and associated cytoskeleton in plant virus replication and cell-to-cell movement[END_REF]. However, not all of the early VRCs are mobile. Instead most of them remain stationary and grow over time to become viral factories.

During these later stages of infection also the 17.5 kDa CP is produced and encapsidates replicated vRNA. The rod-shaped TMV particle contains 2130 CP subunits [START_REF] Dunigan | Tobacco mosaic virus particles contain ubiquitinated coat protein subunits[END_REF]) and provides stable protection of the viral genome until the virus is mechanically transmitted to a new host. The CP is dispensable for viral cell-to-cell movement but plays a yet unknown role in the long distance spread of infection via the vascular phloem [START_REF] Saito | Long-distance movement and viral assembly of Tobacco mosaic virus mutants[END_REF][START_REF] Holt | In vivo complementation of infectious transcripts Tobacco mosaic virus cDNAs in transgenic from mutant plants[END_REF][START_REF] Hilf | The tobamovirus capsid protein functions as a host-specific determinant of long-distance movement[END_REF].

The MP of ORMV associates with MT-associated ER sites like the MP of TMV and is proposed to support ORMV movement by mechanisms similar to the model described for TMV above. However, unlike the MP of TMV, the MP of ORMV is expressed at a lower level and does not accumulate in viral factories and along MTs to a level seen with the MP of TMV [START_REF] Niehl | Comparison of the Oilseed rape mosaic virus and Tobacco mosaic virus movement proteins (MP) reveals common and dissimilar MP functions for tobamovirus spread[END_REF]. The observation that the MP of TMV accumulates in viral factories and along MT before it is degraded during late stages of infection was a motivation for studies showing that the MP is a MT-associated protein (MAP) able to bind directly to the MT surface [START_REF] Ashby | Tobacco mosaic virus movement protein functions as a structural microtubule-associated protein[END_REF]) and for addressing the mechanism of MP turnover. During infection, the MP becomes polyubiquitylated and degraded by the 26S proteasome [START_REF] Reichel | Degradation of the Tobacco mosaic virus movement protein by the 26S proteasome[END_REF]. Interestingly, the MP fraction that accumulates along MTs during late infection is not ubiquitinylated [START_REF] Ashby | Tobacco mosaic virus movement protein functions as a structural microtubule-associated protein[END_REF]). Consistently, it was shown that the degradation of MP depends on CELL DIVISION CYCLE 48 (CDC48), a triple A (AAA) ATPase (these ATPases are machines that use ATP hydrolysis to exert force on macromolecules for unfolding and translocation) that interacts with MP and extracts the protein from the ER [START_REF] Niehl | Control of Tobacco mosaic virus movement protein fate by CELL-DIVISION-CYCLE protein 48[END_REF]). CDC48

substrates are de-ubiquitinylated before extraction from the ER and become re-ubiquitinylated before degradation by the proteasome [START_REF] Ernst | Enzymatic blockade of the ubiquitin-proteasome pathway[END_REF][START_REF] Tsai | Ubiquitylation in ERAD: reversing to go Forward?[END_REF]. This suggest the hypothesis, that ubiquitinylated MP is de-ubiquitinylated and then extracted from MTassociated ER-localized virus factories by CDC48. Once present in high amounts in the cytoplasm, the MP aligns along MT according to its intrinsic MAP activity before it is re-ubiquitinylated and degraded by the proteasome [START_REF] Niehl | Control of Tobacco mosaic virus movement protein fate by CELL-DIVISION-CYCLE protein 48[END_REF]Niehl et al. 2013a). More recent studies indicate that the MP is also a target of deubiquitinylation (DUB) enzymes (Niehl et al. unpublished), which is consistent with this model.

TuMV infection

TuMV belongs to the Potyvirus family, the second largest plant virus family after Geminiviridae [START_REF] Ivanov | Molecular and cellular mechanisms underlying potyvirus infection[END_REF], and is among the most damaging plant viruses worldwide [START_REF] Tomlinson | Epidemiology and control of virus diseases of vegetables[END_REF][START_REF] Nguyen | Turnip mosaic potyvirus probably first spread to eurasian Brassica crops from wild orchids about 1000 years ago[END_REF][START_REF] Yasaka | Phylodynamic evidence of the migration of Turnip mosaic potyvirus from Europe to Australia and New Zealand[END_REF]. Potyviruses give rise to different types of symptoms such as yellow mosaic patterning, leaf tip necrosis, or the formation of black necrotic ring spots, and can cause growth inhibition and strong seed losses [START_REF] Tomlinson | Weed plants as sources of Cucumber mosaic virus[END_REF][START_REF] Hull | Symptoms and Host Range[END_REF][START_REF] Kenyon | Virus diseases of Peppers (Capsicum spp.) and their control[END_REF]. TuMV infects a wide range of 318 species in 156 genera of 43 families. Among the hosts are wild and cultivated Brassica species, in which it causes different types of symptoms, seed losses, and even plant death [START_REF] Tomlinson | Weed plants as sources of Cucumber mosaic virus[END_REF][START_REF] Walsh | Viruses infecting winter Oilseed rape (Brassica napus ssp. oleifera)[END_REF][START_REF] Tomlinson | Epidemiology and control of virus diseases of vegetables[END_REF]Edwardson and Christie 1991;[START_REF] Moreno | Virus diseases in Lettuce in the mediterranean basin[END_REF].

The filamentous viral particles of potyviruses contain a positive-sense, single-stranded (ss)RNA genome of 10 kb. Following transmission and entry of the filamentous virions into the host cell by the stylet of aphids, the vRNA is uncoated and translated into a single polyprotein [START_REF] Carrington | Autocatalytic processing of the potyvirus Helper component proteinase in Escherichia coli and in vitro[END_REF]Nicolas and Laliberté 1992), which is then processed into eleven proteins by virus-encoded proteolytic cleavage. The vRNA carries a genome-linked viral protein (VPg) at its 5' end and is 3' poly-adenylated. Processing of the virus-encoded polyprotein leads to the production of the Protease P1, the Helper Component Proteinase (HcPro), the Protease P3, the two 6 kDa proteins 6K1 and 6K2, a cylindrical inclusion CI protein, the VPg, the cysteine protease NIa-Pro, the nuclear inclusion b (NIb; RDR), the CP, and the P3-"Pretty Interesting Potyviral ORF" Protein (P3-PIPO), which is produced as a trans-frame fusion to the amino terminus of P3 (P3N-PIPO) [START_REF] Vijayapalani | Interaction of the trans-frame potyvirus protein P3N-PIPO with host protein PCaP1 facilitates potyvirus movement[END_REF]. Seven of the nine polyprotein cleavages are processed by NIa-Pro, whereas the two remaining cleavages occur by cis-cleavage by the P1 and HcPro proteases at their own C-terminal end [START_REF] Carrington | Autocatalytic processing of the potyvirus Helper component proteinase in Escherichia coli and in vitro[END_REF][START_REF] Verchot | Mutational analysis of the Tobacco etch potyviral 35-kDa proteinase: identification of essential residues and requirements for autoproteolysis[END_REF]). The vRNA is used for both translation and replication but the exact process of replication in potyviruses is still unclear. P3, VPg, Nla-Pro, Nlb, 6K2, Hc-Pro, vRNA and double-stranded viral RNA (dsvRNA) are present in VRCs [START_REF] Schaad | Formation of plant RNA virus replication complexes on membranes: role of an endoplasmic reticulum-targeted viral protein[END_REF][START_REF] Li | Functions of the Tobacco etch virus RNA polymerase (NIb): subcellular transport and protein-protein interaction with VPg/Proteinase (NIa)[END_REF][START_REF] Haldeman-Cahill | Secondary structures in the capsid protein coding sequence and 3' nontranslated region involved in amplification of the Tobacco etch virus genome[END_REF][START_REF] Fellers | In vitro interactions between a potyvirusencoded, genome-linked protein and RNA-dependent RNA polymerase[END_REF][START_REF] Thivierge | Eukaryotic elongation factor 1A interacts with Turnip mosaic virus RNA-dependent RNA polymerase and VPg-Pro in virus-induced vesicles[END_REF][START_REF] Cui | The Tobacco etch virus P3 protein forms mobile inclusions via the early secretory pathway and traffics along actin microfilaments[END_REF]Wei et al. 2010a;[START_REF] Ala-Poikela | Helper component proteinase of the genus potyvirus is an interaction partner of translation initiation factors eIF(Iso)4E and eIF4E and contains a 4E binding motif[END_REF]. Translation and replication are closely linked and occur in association with the ER membrane [START_REF] Martin | Properties of the active Plum pox potyvirus RNA polymerase complex in defined glycerol gradient fractions[END_REF][START_REF] Schaad | Formation of plant RNA virus replication complexes on membranes: role of an endoplasmic reticulum-targeted viral protein[END_REF]. During infection the ER produces organelle-like vesicles that function as compartments for potyviral replication (Wei et al. 2010a). Each vesicle originates from a single translated genome into which viral proteins are also translated [START_REF] Cotton | Turnip mosaic virus RNA replication complex vesicles are mobile, align with microfilaments, and are each derived from a single viral genome[END_REF]). The replication protein 6K2 is found also in larger, perinuclear compartments derived from the ER [START_REF] Schaad | Formation of plant RNA virus replication complexes on membranes: role of an endoplasmic reticulum-targeted viral protein[END_REF]). These structures are functionally linked to the production of 6K2 vesicles and their trafficking to the cortical ER via transvacuolar strands [START_REF] Grangeon | Impact on the endoplasmic reticulum and golgi apparatus of Turnip mosaic virus infection[END_REF]). The 6K2 protein was shown to colocalize with the ER exit site (ERES) proteins Sar1, Sec23, and Sec24. Disruption of the two major coating machineries involved in ER-Golgi trafficking, the coat protein complex I (COPI) and COPII, led to reduced accumulation of 6K2 at ERES, smaller sizes of infection foci on leaves, and reduced TEV-GFP fluorescence, thus supporting the importance of ER-Golgi trafficking for efficient infection (Wei and Wang 2008). After accumulation at ERES and transport via the COPI/II Golgi early secretory pathway, the VRC-containing vesicles are transported along actin microfilaments to chloroplasts using a myosin XI-K and XI-2-dependent mechanism (Wei et al. 2010a;[START_REF] Agbeci | Contribution of host intracellular transport machineries to intercellular movement of Turnip mosaic virus[END_REF]. The presence of these vesicles at chloroplasts is indicated by the observation of 6K2 protein aggregates and the formation of membrane invaginations at the chloroplast envelope [START_REF] Cotton | Turnip mosaic virus RNA replication complex vesicles are mobile, align with microfilaments, and are each derived from a single viral genome[END_REF]Wei et al. 2010a). Experiments involving the down-regulation of Syp71, a component of the Soluble N-ethyl-maleimide-sensitivefactor Attachment protein REceptor (SNARE) complex involved in vesicle-membrane fusion, indicated that the fusion of the VRC-containing vesicles with the chloroplast membrane is essential for successful viral infection [START_REF] Wei | The SNARE protein Syp71 is essential for Turnip mosaic virus infection by mediating fusion of virus-induced vesicles with chloroplasts[END_REF]. Thus, potyvirus replication occurs within chloroplasts as well as on the ER. While the formation of the ER-derived vesicles and their trafficking to chloroplast is not absolutely essential for virus replication, the formation and trafficking of the vesicles is nevertheless necessary for virus cell-to-cell movement. Yeast two-hybrid and coimmunoprecipitation experiments coupled to deletion mapping and site-specific mutagenesis indicated that the formation of the mobile ER-derived vesicles require the N-terminal soluble domain of 6K2, which interacts with Sec24a, a COPII coatomer component. Mutations in the 6K2 Nterminus that interfere with vesicle formation still allowed virus replication but abolished virus cellto-cell movement. Moreover, TuMV systemic movement was delayed in an Arabidopsis mutant defective in Sec24a [START_REF] Jiang | The vesicle-forming 6K2 protein of Turnip mosaic virus interacts with the COPII coatomer Sec24a for viral systemic infection[END_REF]. Thus, the motile ER-derived 6K2 vesicles contribute to the distribution and propagation of viral replication centers in the infected cell and are essential for transporting the infectious viral RNA into the neighboring cells (see Figure 3). Consistent with their role in virus movement, the 6K2 vesicles are also transported to PD and can move cell-to-cell [START_REF] Grangeon | 6K2-induced vesicles can move cell to cell during Turnip mosaic virus infection[END_REF]). However, the mechanism of movement through the PD is still unclear. Unlike most other viruses, potyviruses do not encode a designed MP. Instead many viral proteins have been reported to have MP-related functions. HcPro and the CP can increase the SEL of PD [START_REF] Rojas | Capsid protein and helper component-proteinase function as potyvirus cell-to-cell movement proteins[END_REF]). In addition, CP and the cylindrical inclusion (CI) protein are required for virus intercellular movement (Dolja et al. 1994;Dolja et al. 1995;[START_REF] Carrington | Viral invasion and host defense: strategies and counter-strategies[END_REF]. CI was shown to associate with PD and to produce conspicuous conical structures that extend through PD [START_REF] Rodriguez-Cerezo | The coat and cylindrical inclusion proteins of a potyvirus are associated with connections between plant cells[END_REF][START_REF] Roberts | Ultrastructural and temporal observations of the potyvirus cylindrical inclusions (Cls) show that the Cl protein acts transiently in aiding virus movement[END_REF]. CI targets PD through interaction with P3N-PIPO (Wei et al. 2010b), which itself is targeted to the PM through an interaction with the host protein PCaP1 [START_REF] Vijayapalani | Interaction of the trans-frame potyvirus protein P3N-PIPO with host protein PCaP1 facilitates potyvirus movement[END_REF]). However, how the 6K2-associated vesicles that contain the viral RNA interact with these potyvirus-induced movement structures for movement through PD is still not known. Nevertheless, a recent study demonstrated that the intercellular movement of 6K2 vesicles depends on the interaction of 6K2 with CI. Thus, CI structures at PD may act as a docking point for 6K2 vesicles destined for intercellular transport [START_REF] Movahed | Cylindrical inclusion protein of Turnip mosaic virus serves as a docking point for the intercellular movement of TuMV replication vesicles[END_REF].

Although viruses are generally believed to move their genomes over long-distances into other leaves via the phloem, GFP-tagged 6K2 vesicles were observed in xylem vessels as well as in phloem sieve elements of infected plants [START_REF] Wan | Turnip mosaic virus moves systemically through both phloem and xylem as membrane-associated complexes[END_REF]. The authors suggest that the 6K2 vesicles may enter vessel-xylem parenchyma pit membranes, potentially by endocytosis [START_REF] Botha | A xylem sap retrieval pathway in Rice leaf blades: evidence of a role for endocytosis?[END_REF]. Such pathway may also be used by TuMV, since 6K2 was observed in xylem parenchyma cells. Several other cases where virus particles or components were found in xylem have been reported

previously [START_REF] Andrianifahanana | Pathway for phloem-dependent movement of Pepper mottle potyvirus in the stem of Capsicum annuum[END_REF][START_REF] Opalka | Movement of Rice yellow mottle virus between xylem cells through pit membranes[END_REF][START_REF] French | Virus particles in guttate and xylem of infected Cucumber (Cucumis sativus L.)[END_REF][START_REF] Ding | Presence of Brome mosaic virus in Barley guttation fluid and its association with localized cell death response[END_REF][START_REF] Verchot | Evidence that Soilborne wheat mosaic virus moves long distance through the xylem in wheat[END_REF][START_REF] Moreno | Analysis of the systemic colonization of Cucumber plants by Cucumber green mottle mosaic virus[END_REF][START_REF] Betti | Potato virus X movement in Nicotiana benthamiana: new details revealed by chimeric coat protein variants[END_REF][START_REF] Manabayeva | Differential requirements for Tombusvirus coat protein and P19 in plants following leaf versus root inoculation[END_REF]). Thus, several systems are available that may ultimately challenge the stronghold model that systemic virus movement occurs strictly via the phloem.

The attached review article by [START_REF] Pitzalis | The roles of membranes and associated cytoskeleton in plant virus replication and cell-to-cell movement[END_REF] provides an overview about the major pathways used by plant viruses for their cell-to-cell movement. As described in detail above, TMV exemplifies a pathway that targets PD and spreads into adjacent cells by movement of mobile VRCs along the ER-actin network. Since this network is continuous through PD into adjacent cells, this type of movement may not require a specific docking mechanism at PD but certainly depends on a MP or other proteins with MP-related functions able to modify the gating function of PD in order to allow VRC movement through the channel. This pathway of virus movement is in contrast to the pathway used by viruses that move cell-to-cell in the form of whole virion particles. To allow whole virion movement, some of these viruses were shown to cause strong structural alterations in PD structure by replacing the centrally located desmotubule by a tubule-like structure assembled by viral MP. Tubule assembly by these "tubule-forming" viruses and their intercellular movement depend on members of the PDLP family that act as docking point for tubule-forming MPs at PD [START_REF] Amari | Tubule-guided cell-to-cell movement of a plant virus requires class XI myosin motors[END_REF]. To allow virion movement through the tubule, the tubule-guided movement mechanism usually depends on an interaction between MP and CP. The tubule-guided movement mechanism also depends on the secretory pathway which is required for targeting PDLP to PD. As described above, potyviruses use a special mechanism for movement that neither fits to the tubuleguided mechanism, nor to the non-tubule-guided mechanism used by TMV.

The review article by [START_REF] Pitzalis | The roles of membranes and associated cytoskeleton in plant virus replication and cell-to-cell movement[END_REF] continues to further discuss the roles of the ER-Golgi secretory pathway in virus infection and then focusses on the roles of myosin motor proteins, particularly on class VIII myosins. These plant-specific motor proteins were shown to be essential for efficient TMV movement and function in the targeting of the MP to PD [START_REF] Amari | Myosins VIII and XI play distinct roles in reproduction and transport of Tobacco mosaic virus[END_REF].

Myosin VIII proteins also have been localized to PD [START_REF] Reichelt | Characterization of the unconventional myosin VIII in plant cells and its localization at the postcytokinetic cell wall[END_REF][START_REF] Baluska | Sink plasmodesmata as gateways for phloem unloading. Myosin VIII and calreticulin as molecular determinants of sink strength?[END_REF][START_REF] Golomb | Different subcellular localizations and functions of Arabidopsis myosin VIII[END_REF][START_REF] Haraguchi | Molecular characterization and subcellular localization of Arabidopsis class VIII myosin, ATM1[END_REF]. The potential function of myosin VIII is discussed together with the potential roles of the synaptotagmin SYT1/SYTA. This protein is a target of MP [START_REF] Lewis | Arabidopsis synaptotagmin SYTA regulates endocytosis and virus movement protein cell-to-cell transport[END_REF][START_REF] Uchiyama | The Arabidopsis synaptotagmin SYTA regulates the cell-to-cell movement of diverse plant viruses[END_REF][START_REF] Levy | Synaptotagmin SYTA forms ER-plasma membrane junctions that are recruited to plasmodesmata for plant virus movement[END_REF] and is supposed to act as a tether protein that links the ER to the PM at ER-PM contact sites. Both class VIII myosin and SYT1/SYTA are discussed as potential components of ER-PM contact sites within PD and at the cortical ER sites at which viruses like TMV set up their replication complexes. The PD is proposed to contain ER-PM contact sites because of the very close apposition of ER and PM along the length of the PD channel [START_REF] Tilsner | Staying tight: plasmodesmal membrane contact sites and the control of cell-to-cell connectivity in plants[END_REF]. Although the SEL of PD is regulated by deposition and removal of callose in the PD neck regions, the SEL may also be regulated by myosin VIII and synaptotagmin as ER-embedded proteins that may tether the ER to the PM and determine the size of the cytoplasmic sleeve by regulating their tether length. Hypothetical models are presented to explain how MP could modify the PD SEL through interaction with these tether proteins. The two mechanisms are not mutually exclusive and may instead complement each other in regulating PD. Whereas tether contraction may allow rapid and short-term PD regulation to control trafficking of individual molecules (e.g. virus) between individual cells or groups of cells, the enzymatic changes in callose levels in the cell walls surrounding the PD may allow the plant to change PD conductivity over the longer term and thus to respond more persistently to developmental or environmental cues. The observation that the MP of TMV increases the SEL of PD only transiently during infection [START_REF] Oparka | Gating of epidermal plasmodesmata is restricted to the leading edge of expanding infection sites of Tobacco mosaic virus[END_REF]) and also the reported molecular interaction of MP with SYT1 (Lewis and Lazarowitz 2010; [START_REF] Uchiyama | The Arabidopsis synaptotagmin SYTA regulates the cell-to-cell movement of diverse plant viruses[END_REF][START_REF] Levy | Synaptotagmin SYTA forms ER-plasma membrane junctions that are recruited to plasmodesmata for plant virus movement[END_REF][START_REF] Ishikawa | Synaptotagminassociated endoplasmic reticulum-plasma membrane contact sites are localized to immobile ER tubules[END_REF]Yuan et al. 2018) support the model that MP alters PD SEL through manipulating SYT1 tether length in PD. The regulation of PD SEL by membrane tethering proteins is in agreement with the ability of PD to regulate their SEL in response to Ca 2+ [START_REF] Tucker | Mastoparan induced intracellular Ca 2+ fluxes may regulate cell-to-cell communication in plants[END_REF] as Ca 2+ concentration influences tether length as shown for mammalian Syt-1 [START_REF] Fernandez-Busnadiego | Three-dimensional architecture of extended synaptotagmin-mediated endoplasmic reticulum-plasma membrane contact sites[END_REF]. Thus, MP may change the SEL of PD through direct interactions with the tether proteins or rather indirectly by causing changes in the local concentration of Ca 2+ within the channel.

The article then continues to discuss the possibility that ER-PM contact sites may represent the primary target of viral MP. This idea comes from the fact that ER-PM contact sites are associated with ER-actin and MT, thus cellular components that also coincide at the cortical MT-associated ER sites at which TMV forms mobile VRCs with the help of MP. It is proposed that the MP may target (i) SYT1 localized at MT-associated ER sites to establish mobile VRCs and (ii) SYT1 localized at PD to modify SYT1 tether length to allow the mobile VRCs to move through PD. However, this model is highly speculative and must be addressed by further experimentation before conclusions can be drawn. Nevertheless, a recent publication supports this model by showing that SYTA binds to the Nterminal region of MP and stabilizes the interaction of MP with PD (Yuan et al. 2018).

Chapter II: RNA silencing and role of small RNAs

Introduction

Virulence comes from the Latin "virulentus" and associates "vīrus" (poisonous liquid) and "ulentus" (full of). It defines the capacity of a pathogen to accumulate in the host. To do so, the host must provide the cellular mechanisms and the host factors the pathogen requires for propagation. The lack of any such factors reduces the ability of the pathogen to be virulent and is at the basis of host recessive resistance. In addition, the pathogen must have evolved the capacity to efficiently interact with these host mechanisms and host factors. Moreover, to propagate efficiently, the pathogen should be able to overcome the host defense mechanisms. To protect themselves against invading pathogens, hosts have evolved the ability to recognize conserved molecules associated with the presence of pathogens (e.g. with pathogen-recognition receptors) and to raise different defense layers such as Pattern-Triggered Immunity (PTI) and the expression of defense-related genes, or RNA silencing. To break these barriers, pathogens have evolved effector proteins that interfere with these defense pathways by various mechanisms. In some hosts this has led to the evolution of resistance genes triggering Effector Triggered Immunity (ETI), which finally often initiate a hypersensitive response upon recognition of the pathogen effector, or of its activity, leading to the death of the infected cell. In these hosts, the pathogen has lost its virulence and is "avirulent", and the gene of the pathogen that encodes the effector, which is recognized by the protein encoded by the host resistance gene, is referred to as the "avirulence gene" ("Gene-for-gene" resistance).

In comparison to bacteria and fungi, viruses encode only a limited number of proteins (see Chapter I). Most of them associate with host mechanisms for replication as well as for intercellular and systemic spread of their infectious genomes, whereas other specific proteins act as effectors to suppress host defense. Only since recently, it is known that plant viruses can trigger PTI (Kørner et al. 2013;Niehl et al. 2016;[START_REF] Nicaise | Plum pox virus capsid protein suppresses plant pathogen-associated molecular pattern (PAMP)-triggered immunity[END_REF] and only few effectors of some viruses able to suppress PTI have been identified so far [START_REF] Gouveia | Immune receptors and coreceptors in antiviral innate immunity in plants[END_REF][START_REF] Nicaise | Plum pox virus capsid protein suppresses plant pathogen-associated molecular pattern (PAMP)-triggered immunity[END_REF][START_REF] Kong | The Cucumber mosaic virus movement protein suppresses PAMP-triggered immune responses in Arabidopsis and tobacco[END_REF]).

However, the major defense response controlling the accumulation of viruses in infected plant cells is RNA silencing, which relies on the production of small 21-24 nt long siRNAs and microRNAs (miRNAs) that associate with an ARGONAUTE (AGO) protein-containing RNA-induced Silencing Complex (RISC) to target viral and host RNAs for cleavage or translational repression in a target sequence-specific manner (Bologna and Voinnet 2014). Viruses encode effector proteins that suppress RNA silencing (VSR) (Csorba et al. 2015) and Arabidopsis mutants affected in DICER-Like (DCL) and other RNA silencing pathway genes showed enhanced susceptibility (Mourrain et al. 2000;Morel et al. 2002;Bouché et al. 2006;Deleris et al. 2006), thus indicating the importance of RNA silencing in antiviral defense and plant-virus co-evolution (Pumplin and Voinnet 2013). However, the role of RNA silencing in plant:virus interactions may be more complex as it targets both the virus and its host. For example, it is conceivable that similar to certain mammalian DNA viruses (Herpesviridae) (Hook et al. 2014) and plant-pathogenic fungi (Weiberg et al. 2013), also plant viruses may have evolved the ability to hijack the host RNA silencing pathway with their own small RNAs in order to modulate host gene expression.

To further explore the function of small RNAs (sRNAs) during plant:virus interactions, we have used next-generation RNA profiling technologies and specific gene analysis to address the function of sRNAs accumulating during early TuMV infection in leaves of oilseed rape (Brassica napus). As described in the attached draft manuscript by Pitzalis et al., this work led to the identification of a whole network of host-and virus-derived sRNAs correlated with specific host mRNA and viral RNA cleavage events during infection. The observations indicate that viruses and their hosts exchange multiple sRNA signals for mutual control and regulation.

The attached draft manuscript (Pitzalis et al.) and also Chapter III mention numerous components of different RNA silencing pathways, which are briefly explained in the following paragraphs.

RNA silencing pathways and their components

RNA silencing relies on pathways that involve the production of 21-24 nt long sRNAs from doublestranded sRNA precursor molecules by DICER enzymes [DICER-Like (DCL), in plants]. Upon cleavage of dsRNA into 21-24 nt sRNA duplexes, one strand of a given duplex associates with an AGO family protein within RISC and guides this complex for sequence-specific, AGO-mediated, slicing or translational repression of the corresponding target transcript [START_REF] Hammond | An RNA-directed nuclease mediates posttranscriptional gene silencing in Drosophila cells[END_REF][START_REF] Zamore | RNAi: double-stranded RNA directs the ATPdependent cleavage of mRNA at 21 to 23 nucleotide intervals[END_REF]. The endogenous dsRNA molecules that function as substrates for DCL enzymes can originate from transcripts of dedicated miRNA (MIR) genes able to fold into hairpin structures, or can represent long dsRNA molecules produced by transcription of inverted repeat loci, the alignment of overlapping transcripts produced from opposite strands of DNA, or the activity of viral or endogenous RDR that convert single stranded (ss) RNA molecules into dsRNA molecules. Unlike the miRNAs that are encoded by MIR genes, the sRNAs that are derived from DCL processing of long dsRNA precursors are referred to as siRNAs. The RISC-mediated cleavage of viral RNA or of mRNA transcripts of transgenes can be amplified by RDR enzymes by conversion of the RNA cleavage fragments into new dsRNA, thereby providing new dsRNA template for the production of "secondary sRNAs" that again target the same transcript or viral RNA. This process involves "transitivity", which describes the fact that the secondary siRNAs involved in secondary silencing are different from the siRNA that caused the initial cleavage event and map to the target transcript to sites adjacent to the original siRNA [START_REF] Dalmay | An RNA-dependent RNA polymerase gene in Arabidopsis is required for posttranscriptional gene silencing mediated by a transgene but not by a virus[END_REF][START_REF] Himber | Transitivity-dependent andindependent cell-to-cell movement of RNA Silencing[END_REF]). An interesting and important feature of siRNAs and of some miRNAs is their intercellular and systemic mobility through PD [START_REF] Vatén | Callose biosynthesis regulates symplastic trafficking during root development[END_REF]) and phloem by which they coordinate abiotic and biotic stress responses across the plants [START_REF] Buhtz | Identification and characterization of small RNAs from the phloem of Brassica napus[END_REF][START_REF] Molnar | Small silencing RNAs in plants are mobile and direct epigenetic modification in recipient cells[END_REF][START_REF] Brosnan | Cell-to-cell and long-distance siRNA movement in plants: mechanisms and biological implications[END_REF][START_REF] Melnyk | Mobile 24 nt small RNAs direct transcriptional gene silencing in the root meristems of Arabidopsis thaliana[END_REF]Zhang et al. 2014;[START_REF] Borges | The expanding world of small RNAs in plants[END_REF][START_REF] Lewsey | Mobile small RNAs regulate genome-wide DNA methylation[END_REF]. The systemic mobility of siRNAs and the systemic silencing of their targets is supported by the increased level of targetspecific siRNAs produced by RDR-dependent secondary siRNA production [START_REF] Himber | Transitivity-dependent andindependent cell-to-cell movement of RNA Silencing[END_REF]). The A. thaliana genome encodes four DCLs (DCL1 to DCL4), ten AGOs (AGO1 to AGO10) and six RDRs (RDR1 to RDR6) [START_REF] Vazquez | Arabidopsis endogenous small RNAs: highways and byways[END_REF]) that function in different RNA silencing pathways.

Role and function of DCL proteins

DICER proteins are ribonucleases that belong to the RNAse III (also called RNAse C) family. Initially found in Escherichia coli [START_REF] Chen | Expression and characterization of RNase III and Era proteins[END_REF], they were later found to be present and conserved also among flies, plants, fungi and mammals [START_REF] Bernstein | Role for a bidentate ribonuclease in the initiation step of RNA interference[END_REF]. The DCL proteins in Arabidopsis were originally identified as SIN1/SUS1/CAF and were then re-named because of their similarity to DICER proteins in Drosophila and Coenorhabditis [START_REF] Schauer | DICER-LIKE1: Blind men and elephants in Arabidopsis development[END_REF]. For example, the A. thaliana DCL1 was shown to share with DICER1 proteins of S. pombe, C. elegans, D. melanogaster, Mouse or Human species the DExD/H-Box RNA helicase (DEAD-box) and helicase-C domains both used for unwinding secondary RNA structures [START_REF] Tanner | DExD/H box RNA helicases: from generic motors to specific dissociation functions[END_REF], a Domain of Unknown Function 283 (DUF283), which may help for targeting helper proteins [START_REF] Qin | Structure of the Arabidopsis thaliana DCL4 DUF283 domain reveals a noncanonical double-stranded RNA-binding fold for protein -Protein interaction[END_REF]), a PIWI/ARGONAUTE/ZWILLE (PAZ) domain used as a binding module able to recognize the 3' end of sRNAs [START_REF] Song | The crystal structure of the Argonaute 2 PAZ domain reveals an RNA binding motif in RNAi effector complexes[END_REF], two catalytic RNAse III domains, and one or two dsRNA-binding domain (dsRBD) important for sRNA binding and miRNA accumulation [START_REF] Schauer | DICER-LIKE1: Blind men and elephants in Arabidopsis development[END_REF][START_REF] Margis | The evolution and diversification of Dicers in plants[END_REF][START_REF] Chapman | Specialization and evolution of endogenous small RNA pathways[END_REF]Bologna and Voinnet 2014) (see DCLs, Figure 4).

Whereas DCL1 is predominantly involved in the processing of 21-24 nt miRNAs from miRNA precursors transcribed from MIR genes (Reinhart et al. 2002), DCL2 and DCL4 target long dsRNA molecules and produce 22 and 21 nt long siRNAs, respectively. They play a major role in antiviral silencing in Arabidopsis [START_REF] Akbergenov | Molecular characterization of geminivirus-derived small RNAs in different plant species[END_REF][START_REF] Blevins | Four plant dicers mediate viral small RNA biogenesis and DNA virus induced silencing[END_REF]Deleris et al. 2006) by cleaving viral dsRNA, which is produced by the viral RDR (replicase) during viral replication, into viral siRNAs (vsiRNAs). DCL1 and DCL4 [and an additional DCL5 in rice (previously called DCL3b)] are involved together in the biogenesis of 21-24 nt trans-acting small interfering RNAs (tasiRNAs) and phased small interfering RNAs (phasiRNAs), derived from long dsRNAs produced by RDR6 and/or RDR1 from transcripts encoded by TAS and PHAS loci [START_REF] Peragine | SGS3 and SGS2/SDE1/RDR6 are required for juvenile development and the production of trans-acting siRNAs in Arabidopsis[END_REF]Vazquez et al. 2004;[START_REF] Song | Roles of DCL4 and DCL3b in rice phased small RNA biogenesis[END_REF]. DCL2 functions as a surrogate for DCL4 function in producing vsiRNAs [START_REF] Gasciolli | Partially redundant functions of Arabidopsis DICER-like enzymes and a role for DCL4 in producing trans-acting siRNAs[END_REF] and was shown also to stimulate transitive secondary siRNA production together with RDR6 [START_REF] Parent | Respective contributions of Arabidopsis DCL2 and DCL4 to RNA silencing[END_REF]. DCL3 has a central function in transcriptional gene silencing (TGS) by processing 24 nt long siRNAs from dsRNA molecules generated by RDR2 from RNAs transcribed by RNA polymerase VI (POL IV) from intergenic or repetitive regions, transposons, and other loci undergoing RNAdependent DNA methylation (RdDM) [START_REF] Xie | Genetic and functional diversification of small RNA pathways in plants[END_REF][START_REF] Henderson | Dissecting Arabidopsis thaliana DICER function in small RNA processing, gene silencing and DNA methylation patterning[END_REF][START_REF] Pontes | The Arabidopsis chromatin-modifying nuclear siRNA pathway involves a nucleolar RNA processing center[END_REF][START_REF] Matzke | RNA-mediated chromatin-based silencing in plants[END_REF][START_REF] Blevins | Identification of Pol IV and RDR2-dependent precursors of 24 nt siRNAs guiding de novo DNA methylation in Arabidopsis[END_REF].

Role and function of AGO proteins

The AGO proteins are highly conserved among organisms [START_REF] Carmell | The Argonaute family: tentacles that reach into RNAi, developmental control, stem cell maintenance, and tumorigenesis[END_REF] and represent the main RNA silencing effectors by acting as the "slicers" of the RISC complex [START_REF] Fang | RNAi in plants: an argonaute-centered view[END_REF]. AGOs are RNAse H-like enzymes containing a variable N-terminal domain and a conserved RNA-binding PAZ (for PIWI, AGO, and Zwille), MID (middle) domain able to recognize the 5'nucleotide of sRNAs,

and PIWI domains able to correctly position the RNAs relative to their target and to perform double stranded-RNA-guided hydrolysis of ssRNA [START_REF] Song | Crystal structure of Argonaute and its implications for RISC slicer activity[END_REF][START_REF] Wang | Structural insights into RNA processing by the human RISC-loading complex[END_REF][START_REF] Wei | Structural evolution and functional diversification analyses of Argonaute protein[END_REF]) (see AGOs, Figure 4). The number of AGO proteins ranges from 1 AGO in S. pombe to 27 AGOs in C.

elegans. The different AGO proteins share similarities but not all share slicing activity functions. For example, most miRNAs and their associated AGOs in animals function in translational repression rather than cleavage because of limited complementarity with the target RNA in the sRNA seed region (nucleotide 2 to 7) [START_REF] Lewis | Prediction of mammalian microRNA targets[END_REF][START_REF] Lewis | Conserved seed pairing, often flanked by adenosines, indicates that thousands of human genes are microRNA targets[END_REF][START_REF] Bhattacharyya | Relief of microRNAmediated translational repression in human cells subjected to stress[END_REF][START_REF] Mallory | Form, function, and regulation of ARGONAUTE proteins[END_REF]. The functions of the 10 AGO proteins in Arabidopsis have been reviewed in detail (Bologna and Voinnet 2014;[START_REF] Zhang | Evolution, functions, and mysteries of plant ARGONAUTE proteins[END_REF]. Although translational repression is also observed in plants and involves miRNA-and siRNA-guided AGO1 and AGO10 [START_REF] Brodersen | Widespread translational inhibition by plant miRNAs and siRNAs[END_REF]), slicing appears to be the dominant activity of AGO proteins in plants [START_REF] Song | Crystal structure of Argonaute and its implications for RISC slicer activity[END_REF]) and has been experimentally demonstrated for Arabidopsis AGO1, AGO2, AGO7, and AGO10 (mediating PTGS) and AGO4 (mediating TGS) [START_REF] Zhu | Arabidopsis Argonaute 10 specifically sequesters miR166/165 to regulate shoot apical meristem development[END_REF][START_REF] Carbonell | Functional analysis of three Arabidopsis ARGONAUTES using slicer-defective mutants[END_REF][START_REF] Manavella | Plant secondary siRNA production determined by microRNAduplex structure[END_REF]. miRNAs are loaded into AGO1, AGO2, AGO7 and AGO10 to guide mRNA target cleavage during stress responses, plant development, and antibacterial immunity [START_REF] Baumberger | Arabidopsis ARGONAUTE 1 is an RNA Slicer that selectively recruits microRNAs and short interfering RNAs[END_REF][START_REF] Montgomery | Specificity of ARGONAUTE7-miR390 interaction and dual functionality in TAS3 trans-acting siRNA formation[END_REF]). AGO1 also acts as an effector for tasiRNA production and function (see paragraph 3.2), and also mediates antiviral silencing upon loading with 21 and 22 nt vsiRNAs produced by DCL4 and DCL2, respectively (Pumplin and Voinnet 2013). AGO1 is associated with endomembranes and its homeostasis is controlled by miR168-AGO1 dependent slicing and miR168-AGO10-dependent translational repression of its mRNA. Moreover, the P0 VSR of poleroviruses targets AGO1 for ubiquitinylation and subsequent degradation by autophagy [START_REF] Derrien | Degradation of the antiviral component ARGONAUTE 1 by the autophagy pathway[END_REF].

AGO10, the closest AGO1 homolog in Arabidopsis specifically binds miRNA members of the MIR165/166 family to regulate shoot apical meristem development [START_REF] Zhu | Arabidopsis Argonaute 10 specifically sequesters miR166/165 to regulate shoot apical meristem development[END_REF]. Current models suggest that AGO10 may compete with AGO1 for miR165/166 to protect the target RNAs (encoding class-III HomeoDomain-leucine ZIPper [HD-ZIPIII] transcription factors) for expression in the meristems [START_REF] Zhang | Argonautes compete for miR165/166 to regulate shoot apical meristem development[END_REF]Bologna and Voinnet 2014). AGO10 also associates with miR168 to mediate the translational repression of AGO1 mRNA [START_REF] Mallory | Redundant and specific roles of the ARGONAUTE proteins AGO1 and ZLL in development and small RNA-directed gene silencing[END_REF]) and was shown to act in antiviral defense against TuMV in inflorescence tissues (Garcia-Ruiz et al. 2015).

AGO2 displays additive and overlapping functions with AGO1. Like AGO1, also AGO2 functions in antiviral defense and loads vsiRNAs to trigger cleavage of the vRNA [START_REF] Takeda | The mechanism selecting the guide strand from small RNA duplexes is different among Argonaute proteins[END_REF][START_REF] Mallory | Form, function, and regulation of ARGONAUTE proteins[END_REF]Bologna and Voinnet 2014). Similar to regulation of AGO1 by miR168, AGO2 is regulated by miR403 in an AGO1-dependent manner [START_REF] Allen | microRNA-directed phasing during trans-acting siRNA biogenesis in plants[END_REF]). Thus, AGO2 can act as a surrogate AGO to AGO1, when AGO1 itself is not available, for example when targeted by polerovirus P0.

AGO7 is almost exclusively associated with miR390 to initiate the biogenesis of tasiRNAs from the TAS3 gene [START_REF] Montgomery | Specificity of ARGONAUTE7-miR390 interaction and dual functionality in TAS3 trans-acting siRNA formation[END_REF]) but also plays a role in antiviral defense in leaves (Garcia-Ruiz et al. 2015).

AGO4, AGO6 and AGO9 were shown to bind DCL3-dependent 24 nt heterochromatic small interfering RNAs (hcRNAs) and to act in RdDM [START_REF] Zheng | Role of Arabidopsis AGO6 in siRNA accumulation, DNA methylation and transcriptional gene silencing[END_REF][START_REF] Gao | An RNA polymerase II-and AGO4-associated protein acts in RNA-directed DNA methylation[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][START_REF] Blevins | Identification of Pol IV and RDR2-dependent precursors of 24 nt siRNAs guiding de novo DNA methylation in Arabidopsis[END_REF]. Whereas AGO6 and AGO9 load hcRNAs derived from transposable elements [START_REF] Olmedo-Monfil | Control of female gamete formation by a small RNA pathway in Arabidopsis[END_REF][START_REF] Mccue | ARGONAUTE 6 bridges transposable element mRNA-derived siRNAs to the establishment of DNA methylation[END_REF], AGO9 incorporates hcRNAs to control female gamete formation [START_REF] Olmedo-Monfil | Control of female gamete formation by a small RNA pathway in Arabidopsis[END_REF]. AGO5 was shown to associate with phasiRNAs, may induce megagametogenesis [START_REF] Mi | Sorting of small RNAs into Arabidopsis argonaute complexes Is directed by the 5' terminal nucleotide[END_REF][START_REF] Tucker | Somatic small RNA pathways promote the mitotic events of megagametogenesis during female reproductive development in Arabidopsis[END_REF][START_REF] Komiya | Rice germline-specific Argonaute MEL1 protein binds to phasiRNAs generated from more than 700 lincRNAs[END_REF][START_REF] Zhang | Evolution, functions, and mysteries of plant ARGONAUTE proteins[END_REF] and to trigger antiviral defense against systemic PVX infection in Arabidopsis [START_REF] Brosseau | Functional and genetic analysis identify a role for Arabidopsis ARGONAUTE 5 in antiviral RNA silencing[END_REF]. The exact function(s) of AGO3 and AGO8 have not yet been determined.

AGO proteins generally act as platforms to bind proteins containing Gly-Trp (GW) dipeptides. These "GW proteins" often act as essential cofactors in various RNA silencing reactions [START_REF] El-Shami | Reiterated WG/GW motifs form functionally and evolutionarily conserved ARGONAUTE-binding platforms in RNAi-related components[END_REF][START_REF] Till | A conserved motif in Argonaute-interacting proteins mediates functional interactions through the Argonaute PIWI domain[END_REF][START_REF] Poulsen | Lessons on RNA silencing mechanisms in plants from eukaryotic Argonaute structures[END_REF]).

Role and function of RDR proteins

RDR proteins are RNA-dependent RNA polymerases that produce dsRNAs from single-stranded RNA templates. They are found in RNA viruses, plants, fungi, protists and C. elegans but are absent in Drosophila and mammals. They are characterized by the presence of a catalytic psi-β-barrel DxDGD (DFDGD in Arabidopsis) motif at the C-terminus, which is highly conserved among the identified eukaryotic and viral RDRs [START_REF] Makeyev | Cellular RNA-dependent RNA polymerase involved in posttranscriptional gene silencing has two distinct activity modes[END_REF][START_REF] Wassenegger | Nomenclature and functions of RNA-directed RNA polymerases[END_REF]) (see RDRs, Figure 4). As already mentioned, these proteins have a key role in producing long dsRNA substrates for the sequential processing of secondary siRNAs by DCL2 and DCL4. By linkage with specific siRNAprocessing DCLs, the different RDRs are functionally diversified into different RNA silencing pathways. Loss of RDR1, RDR2, or RDR6 results in enhanced susceptibility to RNA and DNA viruses, thus confirming their important role in antiviral defense (Pumplin and Voinnet 2013). One of the major roles of RDR1 and RDR6 is to produce dsRNA to amplify vsiRNAs production by DCL2 and DCL4

for antiviral silencing [START_REF] Donaire | Structural and genetic requirements for the biogenesis of Tobacco rattle virus-derived small interfering RNAs[END_REF][START_REF] Wang | RNAi-mediated viral immunity requires amplification of virus-derived siRNAs in Arabidopsis thaliana[END_REF]. RDR6 is the most studied RDR. In addition to its major role in antiviral defense [START_REF] Himber | Transitivity-dependent andindependent cell-to-cell movement of RNA Silencing[END_REF][START_REF] Schwach | An RNA-dependent RNA polymerase prevents meristem invasion by Potato virus X and is required for the activity but not the production of a systemic silencing signal[END_REF][START_REF] Vazquez | Arabidopsis endogenous small RNAs: highways and byways[END_REF]), RDR6 is also the major RDR involved in the production of tasi-and phasiRNAs [START_REF] Vazquez | Arabidopsis endogenous small RNAs: highways and byways[END_REF] and has important functions during plant development, for example in the regulation of selfincompatibility [START_REF] Tantikanjana | A dual role for the s-locus receptor kinase in self-incompatibility and pistil development revealed by an Arabidopsis rdr6 mutation[END_REF], juvenile-to-adult phase change [START_REF] Peragine | SGS3 and SGS2/SDE1/RDR6 are required for juvenile development and the production of trans-acting siRNAs in Arabidopsis[END_REF]), or leaf and pistil development [START_REF] Peragine | SGS3 and SGS2/SDE1/RDR6 are required for juvenile development and the production of trans-acting siRNAs in Arabidopsis[END_REF][START_REF] Willmann | The functions of RNA-dependent RNA polymerases in Arabidopsis[END_REF]).

RDR2 has a prominent role in TGS by conversion of capped or non-capped ssRNAs transcribed by POLIV from heterochromatic regions into dsRNAs for sequential processing by DCL3 into 24 nt long hcRNAs and loading into AGO4-RISC. RDR2 plays a central role in RNA-mediated DNA methylation, histone modification, and telomeric heterochromatic formation and its maintenance [START_REF] Vrbsky | siRNA-mediated methylation of Arabidopsis telomeres[END_REF][START_REF] Blevins | Identification of Pol IV and RDR2-dependent precursors of 24 nt siRNAs guiding de novo DNA methylation in Arabidopsis[END_REF]. RDR2 has also been shown to be involved in nucleolar dominance (silencing of one parental set of ribosomal RNA genes) [START_REF] Autran | Maternal epigenetic pathways control parental contributions to Arabidopsis early embryogenesis[END_REF]). RDR2 and RDR6 are both involved in female gamete formation with the presence of multiple abnormalities in female gametophytes in rdr2 and rdr6 mutants [START_REF] Olmedo-Monfil | Control of female gamete formation by a small RNA pathway in Arabidopsis[END_REF] as well as in transgene silencing.

The exact functions of RDR3 and RDR5 have not been shown until now and remain to be demonstrated.

Role and function of HEN1 proteins

HUA ENHANCER 1 (HEN1) is a RNA methyltransferase (fully named S-adenosyl-L-methioninedependent RNA methyltransferase) that ligates a methyl group (CH3) onto the 2'-OH of each strand of all DCL-derived products [START_REF] Li | Methylation protects miRNAs and siRNAs from a 3ʹ-end uridylation activity in Arabidopsis[END_REF][START_REF] Yu | Methylation as a crucial step in plant microRNA biogenesis[END_REF][START_REF] Yang | HEN1 recognizes 21-24 nt small RNA duplexes and deposits a methyl group onto the 2ʹ OH of the 3ʹ terminal nucleotide[END_REF]). HEN1-mediated methylation causes the stabilization of sRNAs by preventing their uridinylation degradation signaling [START_REF] Yu | Methylation as a crucial step in plant microRNA biogenesis[END_REF][START_REF] Kim | Modifications of small RNAs and their associated proteins[END_REF]). HEN1 has five domains. Four of them directly interact with sRNA substrates, namely the two dsRNA binding domains (dsRBD1 located at the N-terminus and dsRBD2 located in the center), the La-motif-containing domain (LCD), which specifically recognizes the 3'-OH group (Bologna and Voinnet 2014), and the methyltransferase domain (MTase) [START_REF] Yu | Methylation as a crucial step in plant microRNA biogenesis[END_REF]. The fifth domain is the PPIase-like domain (PLD), which does not interact with sRNA substrates (Huang et al. 2009). This domain has been proposed to function as a protein-protein interaction domain [START_REF] Ying | Structural insights into mechanisms of the small RNA methyltransferase HEN1[END_REF][START_REF] Vasudevan | Plant immunophilins: a review of their structure-function relationship[END_REF]) (see HEN1, Figure 4). It has been speculated that the methylation mechanism is initiated by the targeting of the 18-24 nt siRNA duplex by dsRBD1 and dsRBD2, which places one of the terminal ends of the duplex close to the MTase domain and the other end close to the LCD domain for protection [START_REF] Ying | Structural insights into mechanisms of the small RNA methyltransferase HEN1[END_REF]). The MTase then methylates the 3'terminus in a Mg 2+ -dependent mechanism.

Roles and pathways of RNA silencing

DCL proteins that process miRNAs and siRNAs from RNA precursor molecules and AGO-RISC complexes that use these miRNAs and siRNAs for RNA cleavage or translational repression constitute the core components of many known RNA silencing pathways. The different pathways are distinguished by the specific types and origins of sRNA, their specific processing by specific DCL proteins, their specific association with specific AGO proteins, and their specific role. Generally, RNA silencing pathways act at either the transcriptional or post-transcriptional levels. TGS acts in the nucleus and uses DCL3-dependent 24 nt siRNAs referred to as repeat-associated siRNAs (rasiRNAs) or heterchromatic siRNA (hcRNAs). The hcRNAs are processed from dsRNA precursors generated by RDR2 from RNA POL IV transcripts of heterochromatic regions and associate with AGO4 to guide RNA-dependent DNA methylation (RdDM) and histone modification leading to the epigenetic modification of transposons and endogenous repeat loci [START_REF] Matzke | RNA-mediated chromatin-based silencing in plants[END_REF]) (Figure 5a). PTGS pathways, in contrast, use either miRNAs derived from MIR genes or siRNAs processed from different long dsRNA precursors (e.g. viral dsRNA, extended hairpin mRNAs encoded by inverted repeat loci, dsRNAs produced by RDR using viral RNA or single-stranded RNAs derived from TAS or PHAS loci as template) to regulate the abundance of mRNAs (or viral RNAs) and proteins by mRNA cleavage or translational repression.

miRNA biogenesis and function

miRNAs are 20-22 nt long sRNAs derived from non-coding MIR genes (Figure 5b). Transcription of the MIR gene by RNA polymerase II (Pol II) leads to production of capped, single-stranded and polyadenylated primary miRNA (pri-miRNA) that folds into a hairpin-like structure. Initial cleavage by DCL1 leads to a shorter stem-loop structure called precursor miRNA (pre-miRNA), which is again cleaved by DCL1 to produce the mature miRNA duplex (Reinhart et al. 2002;[START_REF] Kurihara | From the cover: Arabidopsis micro-RNA biogenesis through Dicer-like 1 protein functions[END_REF][START_REF] Qi | Biochemical specialization within Arabidopsis RNA silencing pathways[END_REF][START_REF] Park | Nuclear processing and export of microRNAs in Arabidopsis[END_REF]. Following methylation by HEN1 at both 3'-ends the duplex is exported from the nucleus into the cytoplasm dependent on an exportin-5 homolog called HASTY.

In the cytoplasm, one strand of the duplex is loaded into a RISC complex containing either AGO1, AGO2, AGO7 or AGO10 to guide the complex to its mRNA target for sequence-specific cleavage.

Published miRNA sequences and associated annotations are deposited in the miRbase database (http://www.mirbase.org; Kozomara and Griffiths-Jones 2014).

phasiRNA biogenesis and function

phasiRNAs are generated from a long dsRNA precursor at intervals of 21-26 nt (Figure 5c). As exemplified by the category of Arabidopsis trans-acting siRNAs (tasiRNAs), phasiRNAs are derived from an mRNA converted to dsRNA by RDR6 and processed by DCL4 (Vazquez et al. 2004). The origin of referring to some phasiRNAs as tasiRNAs stems from their ability to act like miRNAs in homologydependent manner, directing AGO1-dependent cleavage of mRNAs from genes other than that of their source mRNA (Fei et al. 2013). The term phased indicates that the phasiRNAs are produced in a head-to-tail arrangement, starting precisely at a specific nucleotide. This specific nucleotide is usually determined by cleavage of the transcript by a 22 nt-long miRNA or siRNA (e.g. tasiR2140; [START_REF] Chen | Bioinformatic prediction and experimental validation of a microRNAdirected tandem trans-acting siRNA cascade in Arabidopsis[END_REF], which is followed by dsRNA formation and DCL4 cleavage. Due to the phasing of the siRNAs, the phasiRNA-producing PHAS loci can be identified with the help of computational algorithms. Such algorithms can be used in genome-wide scanning and allow identifying PHAS loci according to a p-value or phasing score as a threshold or cutoff. In Arabidopsis, this approach led to the original identification of tasiRNAs as well as to the identification of new phasiRNA-producing loci. Importantly, many of these these phasiRNA-producing loci actually represent coding genes [many of which encode Nucleotide-Binding, Leucine-Rich Repeat (NB-LRR) proteins, PENTATRICOPEPTIDE REPEAT (PPR) proteins, or MYB transcription factors [START_REF] Howell | Genome-wide analysis of the RNA-DEPENDENT RNA POLYMERASE6/DICER-LIKE4 pathway in Arabidopsis reveals dependency on miRNA-and tasiRNA-directed targeting[END_REF][START_REF] Zhai | MicroRNAs as master regulators of the plant NB-LRR defense gene family via the production of phased, transacting siRNAs[END_REF][START_REF] Xia | Apple miRNAs and tasiRNAs with novel regulatory networks[END_REF][START_REF] Zhu | Unique expression, processing regulation, and regulatory network of peach (Prunus persica) miRNAs[END_REF]], thus showing that phased, secondary siRNAs can be generated from protein-coding transcript and not only from non-coding genes, such as TAS genes.

It is important to note that phasiRNAs are defined just as being phased whereas tasiRNAs are defined as being phased and shown to be trans-acting [START_REF] Zhai | MicroRNAs as master regulators of the plant NB-LRR defense gene family via the production of phased, transacting siRNAs[END_REF]. Although phasiRNAs were shown to act in trans (tasi-RNAs), they may also act in cis (called casiRNAs) and be part of a selfregulatory network [START_REF] Zhai | MicroRNAs as master regulators of the plant NB-LRR defense gene family via the production of phased, transacting siRNAs[END_REF], in which phased siRNAs target homologous regions in both the transcript of origin and in transcripts of homologous genes, enabling the plant to maintain the homeostasis of transcripts encoded by the whole gene family. Such autoregulatory network plays an important role in controlling the expression of hundreds of homologous of NB-LRR genes present in Medicago (Young et al. 2011;[START_REF] Zhai | MicroRNAs as master regulators of the plant NB-LRR defense gene family via the production of phased, transacting siRNAs[END_REF] or potato (Wang et al. 2011;Xu et al. 2011a;[START_REF] Zhai | MicroRNAs as master regulators of the plant NB-LRR defense gene family via the production of phased, transacting siRNAs[END_REF][START_REF] Lozano | Genome-wide identification and mapping of nbs-encoding resistance genes in Solanum tuberosum group Phureja[END_REF][START_REF] Shivaprasad | A microRNA superfamily regulates nucleotide binding site-leucine-rich repeats and other mRNAs[END_REF]).

Interestingly, certain coding genes in Arabidopsis were shown to produce phasiRNAs only upon viral infection and to play a role in defense against infection by Cucumber mosaic virus (CMV) and TuMV (Cao et al. 2014a). These virus-activated siRNAs (vasiRNAs) were processed from dsRNA generated by RDR1 rather than RDR6 and associated with AGO2 for target cleavage.

Virus-derived siRNAs (vsiRNAs)

Replication of RNA viruses leads to the production of viral dsRNA as a replication intermediate. This

dsRNA is recognized by the host and triggers RNA silencing as an antiviral defense response in which the viral dsRNA is processed by DCL4 and DCL2 into 21-22 nt long vsiRNAs [START_REF] Blevins | Four plant dicers mediate viral small RNA biogenesis and DNA virus induced silencing[END_REF]Deleris et al. 2006). Although the cleavage of the viral replication intermediate already interferes with efficient viral replication, vsiRNAs are methylated by HEN1 and incorporated into AGO1, AGO2, and AGO10 (Pumplin and Voinnet 2013;Garcia-Ruiz et al. 2015) for further RISC-mediated cleavage of viral RNA [START_REF] Voinnet | Induction and suppression of RNA silencing: insights from viral infections[END_REF]Pantaleo et al. 2007). RDR6, but also RDR1 and RDR2 support antiviral RNA silencing through the production of secondary vsiRNAs [START_REF] Donaire | Structural and genetic requirements for the biogenesis of Tobacco rattle virus-derived small interfering RNAs[END_REF][START_REF] Vaistij | Compromised virus-induced gene silencing in RDR6-deficient plants[END_REF].

To counter-act antiviral RNA silencing, viruses evolved specialized proteins known as suppressor of RNA silencing (VSR). The VSRs of different viruses have evolved independently and inhibit distinct steps of the silencing pathway (Table 1; Csorba et al. 2015). The VSRs of several viruses, including the tombusvirus P19, the potyvirus HcPro, and the tobamoviral p122/p125/p126 proteins sequester siRNA duplexes after DCL processing and inhibit their HEN1 methylation of siRNAs and their incorporation into RISC. Some VSRs act earlier in the pathway, such as the sobemovirus P1 or the carmovirus P38 that inhibit the processing of siRNAs by DCL4, or act downstream in the pathway, such as the polerovirus P0 that targets AGO1 for degradation.

Several plant pathogenic fungi were shown to hijack the host RNA silencing pathway with their own siRNAs to manipulate the expression of defense-related genes, in a process referred to "crosskingdom RNAi" [START_REF] Weiberg | Conversations between kingdoms: small RNAs[END_REF]. Given that viruses replicate within cells, it seems likely that they have evolved similar strategies to target host genes with their own vsiRNAs. Indeed, the cloning of host-derived sequences into the replicating virus genome is used as a strategy to silence plant genes in a process call virus-induced gene silencing (VIGS). There is indeed evidence that natural viruses encode vsiRNAs that can act in trans. Early studies demonstrated that vsiRNAs of Cymbidium ringspot virus (CymRDV) target subviral satellite RNA [START_REF] Pantaleo | Cymbidium ringspot virus harnesses RNA silencing to control the accumulation of virus parasite satellite RNA[END_REF]. Moreover, vsiRNAs produced by TMV-Cg were shown to cleave two Arabidopsis mRNA targets [START_REF] Qi | Small RNA deep sequencing reveals role for Arabidopsis thaliana RNAdependent RNA polymerases in viral siRNA biogenesis[END_REF] and vsiRNAs from the Y-satellite of Cucumber mosaic virus (CMV) cleaved a Nicotiana benthamiana chlorophyll synthesis gene [START_REF] Shimura | A viral satellite RNA induces yellow symptoms on tobacco by targeting a gene involved in chlorophyll biosynthesis using the RNA silencing machinery[END_REF][START_REF] Smith | Viral small interfering RNAs target host genes to mediate disease symptoms in plants[END_REF]. More recent approaches utilizing genome-wide studies to correlate vsiRNAs and host RNA degradome data using CleaveLand software [START_REF] Addo-Quaye | CleaveLand: a pipeline for using degradome data to find cleaved small RNA targets[END_REF]) revealed numerous potential mRNAs that are targeted by viruses in Vitis vinifera [START_REF] Miozzi | Genome-wide identification of viral and host transcripts targeted by viral siRNAs in Vitis vinifera[END_REF]). However, while improved degradome analysis software became available (e.g. PAREsnip, [START_REF] Folkes | PAREsnip: a tool for rapid genome-wide discovery of small RNA/target interactions evidenced through degradome sequencing[END_REF]sPARTA, Kakrana et al. 2014) and an increasing number of studies aim to identify novel miRNAs and their targets in various species (e.g. [START_REF] Baksa | Identification of Nicotiana benthamiana microRNAs and their targets using high throughput sequencing and degradome analysis[END_REF]Cao et al. 2014b;[START_REF] Wang | Combined small RNA and degradome sequencing to identify miRNAs and their targets in response to drought in foxtail millet[END_REF], the further analysis of the sRNA network utilized by both viruses and their hosts to control viral accumulation and gene expression in the infected cell is lagging behind. Knowing more about this network will greatly increase our understanding of plant:virus interactions.

Introduction

Viruses are among the parasites that induce the most severe damages on cultivated plants, estimated to cause up to US $30 billion worth of damage worldwide to agriculture and forestry industries (Randles and Ogle 1997;Sastry and Zitter 2014). In view of the major economic problem caused by viruses, breeders usually rely on the development of resistant cultivars. However, this strategy often turns out not to be durable since virus evolution favors the emergence of adapted virus populations able to overcome such resistance (Garcia-Arenal and McDonald 2003). Although the incidence of plant virus diseases can be controlled to some extent by controlling the viral insect vectors, the repeated application of insecticides poses a threat to our environment. The development and application of innovative and sustainable approaches for protecting cultivated plants against their pathogenic viruses depends on the identification of gene targets that are part of the fundamental molecular mechanisms that determine virus:host compatibility and disease.

Viruses utilize host mechanisms to support their replication and movement and, at the same time, trigger host defense responses. Numerous previous studies have demonstrated that viral infection in susceptible hosts is associated with the altered expression of genes and the activation of defense responses such Pattern-Triggered-Immunity (PTI) (Kørner et al. 2013) and RNA silencing (Ding and Voinnet 2007). Both defense responses are triggered by the recognition of double -stranded RNA (dsRNA) produced during viral replication. However, whereas PTI involves BAK1 (Kørner et al. 2013) and the recognition of dsRNAs by an unknown pathogen-recognition receptor together with SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE 1 (SERK1) as a potential co-receptor (Niehl et al. 2016), RNA silencing relies on the recognition of dsRNA by DICER-LIKE (DCL) proteins. Moreover, PTI involves the activation of transcriptional signaling cascades and confers broad-spectrum pathogen resistance (Dodds and Rathjen 2010;Jones and Dangl 2006;Spoel and Dong 2012), whereas RNA silencing relies on the production of small 21-24 nt long small interfering RNAs (siRNAs) and microRNAs (miRNAs) that associate with an ARGONAUTE (AGO) protein-containing RNA-induced silencing complex (RISC) to target viral and host RNAs for cleavage or translational repression in a target sequence-specific manner (Bologna and Voinnet 2014). RNA silencing plays a central role in plant-virus interactions as it targets both the virus and its host. Viruses encode effector proteins that suppress RNA silencing (VSR) (Csorba et al. 2015) and Arabidopsis mutants affected in DCL and other RNA silencing pathway genes showed enhanced susceptibility (Bouché et al. 2006;Deleris et al. 2006;Morel et al. 2002;Mourrain et al. 2000), thus indicating the importance of RNA silencing in antiviral defense and plant-virus co-evolution (Pumplin and Voinnet 2013). However, the role of RNA silencing in plant:virus interactions may be more complex. For example, it is conceivable that similar to certain mammalian DNA viruses (Herpesviridae) (Hook et al. 2014) and plant-pathogenic fungi (Weiberg et al. 2013), also plant viruses may have evolved the ability to hijack the host RNA silencing pathway with their own small RNAs in order to modulate host gene expression.

To further explore the function of sRNAs during plant:virus interactions, we here used next- 

Results

The rapeseed cultivars Drakkar and Tanto differ in susceptibility to TuMV-GFP

The analysis involved two different commercial B. napus cultivars, Tanto and Drakkar, which showed strong differences in their susceptibility for GFP-tagged TuMV (TuMV-GFP) (Fig. 1). Both cultivars develop green fluorescent infection foci visible under UV light in the inoculated leaves. However, although the foci in the two cultivars develop and further grow similarly in size, the foci in Drakkar leaves are homogenously green fluorescent (Fig. 1a), whereas the foci in the Tanto leaves occur as fluorescent halos (Fig. 1b). This halo-like phenotype of infection sites were previously reported for GFP-tagged viruses with compromised VSR activity (Garcia-Ruiz et al. 2015;Kubota et al. 2003;Vogler et al. 2007) indicating that the virus is silenced or otherwise inhibited shortly after infection of new cells. Consistent with a stronger antiviral response in Tanto, infection foci in Tanto leaves contain slightly less viral RNA as compared to the foci in Drakkar leaves (Fig. 1e). The difference between the two cultivars in TuMV susceptibility is also expressed at the level of systemic infection.

Whereas Drakkar plants show extensive green fluorescent areas in the local and systemic tissues two to three weeks after inoculation (Fig. 1c), the upper leaves in Tanto plants show only few dispersed fluorescent spots (Fig. 1d).

Profiling of TuMV-GFP induced gene expression within local infection foci in Drakkar and Tanto leaves

Local green fluorescent infection foci in leaves and similar leaf samples of mock-treated plants were excised for transcriptome profiling using RNAseq. The analysis was performed for three independent replicate infection experiments, thus involving three independent RNA samples each for mock-treated Drakkar (DM), mock-treated Tanto (TM), virus-treated Drakkar (DT), and virustreated Tanto (TT). To determine the profiles of sRNAs and their activity in mRNA target cleavage, exactly the same 12 RNA samples were also used for sRNA and mRNA degradome profiling (sRNAseq and PAREseq). The RNAseq analysis of the 12 samples gave 35 to 72 million clean paired reads per sample (Table S1). To allow appropriate mapping of the reads the Drakkar and Tanto DNA genomes were re-sequenced with 15 x coverage (Table S2) and reconstructed by alignment of the respective genomic sequencing data to the Darmor-bzh reference genome (Chalhoub et al. 2014) and by inferring the cultivar-specific high confidence single nucleotide polymorphisms (SNPs) (about 1.5

SNPs per kilobase; Table S2; Fig. S1) into the reference sequence. Using the reconstructed Drakkarand Tanto-specific DNA genome data, around 80 % of the quality-filtered mRNAseq reads could be mapped with a maximum of one mismatch (Table S1).

Differential mRNA expression analysis revealed numerous transcripts that are significantly either up or down-regulated in virus-infected cells as compared to cells of mock-treated samples in both cultivars or in a cultivar-specific manner (Fig. 1f). The 24 genes that were most strongly regulated at transcript levels in both cultivars (fold change [log2] ³ +4/-4; p<0.05; Fig. S2) may provide an important signature profile for early virus infection in rapeseed. These include a transcript predicted to encode CALMODULIN-BINDING PROTEIN 60G (CB60G), a master immune regulator that promotes the expression of key genes involved in salicylic acid (SA) biosynthesis and in regulating pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI), effector-triggered immunity (ETI) and systemic acquired resistance (SAR) (Sun et al. 2015). Genes that are expressed in a cultivar-specific manner or which show stronger regulation in one cultivar than in the other are candidates involved in determining the difference in virus susceptibility between the two cultivars (Table S3 -S7). Consistent with resistance, transcripts highly abundant specifically in Tanto encode proteins playing a role in defense, such as DETOXIFICATION 47 (DTX47)/EDS5, 4-SUBSTITUTED BENZOATES-GLUTAMATE LIGASE GH3.12, and NIM1-INTERACTING 2 (NIMIN-2), all of which play a role in the regulation of SA synthesis or the activation of genes downstream in the SAR pathway (Carviel et al. 2014;Hermann et al. 2013;Jagadeeswaran et al. 2007;Nawrath et al. 2002;Nobuta et al. 2007;Zwicker et al. 2007), whereby DTX47 was shown to be directly involved in the defense against viruses (Ishihara et al. 2008). Another highly induced gene encodes TARGET OF AVRB OPERATION1 (TAO1), a TIR-NB-LRR receptor-like protein previously known to also contribute to disease resistance induced by the Pseudomonas syringae effector AvrB (Eitas et al. 2008). Efficient progression of virus infection in Drakkar correlates with high levels of transcripts involved in membrane transport, the suppression of plant defense responses, and, potentially, in the regulation of plasmodesmata (PD)-mediated intercellular transport. For example, we found a strong induction of expression of the coatomer alpha-2 subunit of the COPI coatomer complex (Ahn et al. 2015), which is consistent with the role COPI vesicles in the replication of TuMV and other potyviruses (Wei and Wang 2008). The strongly induced NAC domain-containing protein 60 (NAC60) is a transcription factor activated at the ER that attenuates the sensitivity to abscisic acid (ABA). ABA has been shown to inhibit virus infection and is implicated to play a role in antiviral silencing and callose deposition at PD (Alazem and Lin 2017). NAC60 also reduces expression of ABI4 gene, which has been implicated in viral resistance (Alazem et al. 2014). The induction of transcripts encoding the leucinerich repeat (LRR) receptor-like serine/threonine-protein kinase RPK2 is of particular interest as this protein forms heteromeric complexes with BAM1 which was recently shown to localize to PD, to promote the spread of the RNA silencing signal, and is targeted by a viral protein to inhibit antiviral RNA-silencing signaling (Rosas-Diaz et al. 2018). Thus, RPK2 may be induced during TuMV infection to regulate BAM1 and thereby control antiviral RNA silencing signaling through PD. A gene that is induced in Drakkar as well as in Tanto encodes a protein homologous to Arabidopsis PATELLIN-6 (PATL6), which was shown to be involved in resistance against Alfalfa mosaic virus, to interact with the viral movement protein (MP) and to prevent the targeting of MP to PD (Peiro et al. 2014). Other induced transcripts encode TOPLESS-RELATED PROTEIN 2 (TPR2) and CYTOKININ DEHYDROGENASE 3 (CKX3), both of which are involved in the suppression of defense responses. TPX2 is a transcriptional corepressor and negative regulator of jasmonate responses (Pauwels et al. 2010), whereas CKX3 is a cytokinin-degrading enzyme that may control cytokinin levels implicated to determine the amplitude of immune responses and the outcome of plant-pathogen interactions (Argueso et al. 2012;Choi et al. 2010). Consistent with efficient systemic movement of the virus, TuMV-infection in Drakkar downregulates a transcript for PHLOEM PROTEIN 2-LIKE A2 (PP2A2) that together with PP2A1 can form high-molecular mass polymers to block phloem sieve plate pores (Fu et al. 2014).

The virus-induced differential expression profiles of several genes were validated by RT-qPCR using RNA samples of mock-and virus-treated Drakkar and Tanto plants of five independent biological experiments. The results generally confirmed the virus-induced changes in gene expression (Fig. S2) indicated by RNAseq data.

mRNA cleavage by miRNAs

The replicative sRNAseq datasets provided 27-52 Mio clean and quality-filtered (18-30 nt) reads per sample (Table S1). The sRNA size profiles within the libraries showed the expected changes in distribution of sizes upon RNA virus infection (Fig. S3). Mock-treated Drakkar and Tanto plants showed typical and very similar sRNA size profiles of predominantly 21nt -24 nt long sRNAs, with likely DCL3-derived 24 nt sRNAs representing the major species. In contrast, the sRNA profiles in the virus-treated plants were dominated by virus-derived 21 nt and 22 nt siRNAs (84% and 74% of the 21 nt sRNAs are virus-derived in infected Drakkar and Tanto plants, respectively), which is consistent with the presence of the virus and the processing of viral dsRNA by DCL4 and DCL2, respectively.

Moreover, host-derived sRNAs showed a strong increase in the number of 21 nt sRNAs, whereas the number of sRNAs belonging to other size classes, except the 22 nt size class, was strongly reduced. These alterations in the pattern of host sRNAs may represent an accumulation of miRNAs in virus-infected tissues, as previously observed (Hu et al. 2011;Tagami et al. 2007;Vogler et al. 2007). The virus-derived siRNAs aligned to the TuMV genome along its entire length, on both plus (+) and minus (-) strands. (Fig. S4)". The virus-genome aligned siRNA profiles of peaks and valleys are almost identical between Drakkar and Tanto, thus demonstrating that the cultivar-specific differences in the susceptibility for the virus cannot be explained by obvious differences in vsRNA processing or accumulation.

Host-derived miRNAs were identified by mapping the sRNA reads to Brassicacea mature miRNA family sequences deposited in miRBase (Kozomara and Griffiths-Jones 2014) and by analyzing them for miRNA prediction with ShortStack (Axtell 2013;Shahid and Axtell 2014). ShortStack annotates miRNAs on the basis of specific criteria, including a requirement of the corresponding star sequence present in the sRNA data and its mapping near the candidate miRNA sequence within the same gene. Our list of known and predicted miRNAs was complemented by B. napus miRNAs reported in publications and contained 1047 miRNAs to which our sRNAs were aligned (Table S8). Around 8 million sRNA reads per condition could be mapped to 652 expressed miRNA species and, of these, 53 miRNAs and 47 miRNAs were present only in either Drakkar and Tanto, respectively.

To S9). Several members of these mRNA target families are also presumably targeted by previously unknown B.

napus miRNAs identified by ShortStack (Table S10) or by miRNAs sequences present in miRbase but previous described only in other species (Table S11). Our degradome data also indicate the cleavage of several predicted targets by sRNAs that we annotated as "miRNA-related sRNAs" since they carry small mismatches to miRNA sequences in other species (Table S12). Some of these sequences were identified by ShortStack as genuine B. napus miRNAs (Table S13). Our replicate degradome data also indicate that certain known miRNAs likely cause the cleavage of mRNA transcripts that were previously unknown as specific targets (Table S14). For example, a miRNA homologous to the B. rapa bra-miR1885b targets transcripts of BIOGENESIS OF LYSOSOME-RELATED ORGANELLES COMPLEX 1 SUBUNIT 2 (BLOS2), and the mRNA of the cytochrome c oxidase assembly protein COX19 is indicated as a target of the B. napus miRNA bna-miRC23a-3.

The cleavage breakpoints indicated by several miRNA:mRNA target pairs were confirmed RLM-5'RACE assays with independent, newly created, biological samples (Figs. S5-S9). For example, the targeting of ARF10 mRNA by bna-miR160c produced a highly defined degradome signature along the transcript in mock as well as infected Drakkar and Tanto samples, and the respective cleavage site could be clearly mapped also by 5'RACE (Fig. S5). Other examples of miRNA:mRNA target pairs confirmed by 5'RACE are bna-miR1885:TAO1 (Fig. S6), bna-miR403:AGO2 (Fig. S7), bna-mi1885b:BLOS2 (Fig. S8), or bna-miR172:APETALA2 (Fig. S9).

miRNA and mRNA target levels are not always correlated

Infection by TuMV-GFP leads to varying changes in the levels of the specific miRNAs and these changes are conspicuously similar between infection foci in Drakkar and Tanto. However, the virusinduced changes in the levels of the miRNAs does not always correspond to the expected reduction in the steady state level of the respective target mRNA. The complete data describing identified miRNA:mRNA target pairs and the respective miRNA and mRNA target expression levels in the two cultivars are summarized in Table S15 and an overview over miRNA and mRNA target expression levels is provided in Table S16. Several miRNA:mRNA target pairs follow the expected rule that an increase, or decrease, in the level of a specific miRNA should lead to a decrease, or increase, in level of the corresponding mRNA target, respectively. Amongst the targets showing cleavage in at least three of the twelve total samples, the miRNAs of the miRNA:mRNA target pairs miR403:AGO2, miR172:ERF RAP2-7, miR160c:ARF16, miR393:ASB2/3, miR156:SPL11, and miR172:APETALA2, are down-regulated upon infection and lead to a corresponding increase in the amount of the corresponding mRNA (Table S15). Conversely, the levels of miRNAs of other miRNA:mRNA target pairs, such as miR171:SCL, are increased and show a corresponding decrease of the corresponding mRNA. On the other hand, several other target pairs did not show these expected results. For example, the mRNAs of the target pairs miR1885b:BLOS2 or miR398:Superoxide dismutase 2 [Cu-Zn] (CSD2) accumulated upon infection, although their corresponding miRNAs increased. Similarly, several miRNA:mRNA target pairs correlated with lower levels of both the miRNAs and mRNAs.

Some miRNA:mRNA target pairs showed the expected results in mRNA levels in only one of the two cultivars but not in the other. These findings demonstrate that miRNA levels do not necessarily correspond to miRNA activity in mRNA target cleavage. Moreover, RISC-mediated cleavage is only one of several mechanisms by which cellular mRNA levels are regulated.

TuMV uses vsiRNAs to target host genes

The sRNA data analysis revealed that TuMV-infected cells produce about 300000 unique siRNA sequences derived from the positive and negative strands of the virus. The replicative PAREsnip data indicated the presence of 205 sRNA:mRNA target pairs (that involve 87 virus-derived siRNAs (vsiRNAs) that occur exclusively in the infected tissues and show 100% sequence homology to the virus and no significant sequence homology to the host (Table S17). As is shown in Fig. 2, the vsiRNA with the potential to interact with host mRNA cleavage are derived from both the minus and plus strands of the virus and map at various positions along the viral genome. Eight of the vsiRNAs stand out as they are repetitively associated with cleavage events in 17 different transcripts and were detected in at least two of the six independent degradomes of infected plants studied by PAREseq/PAREsnip (Table S18, vsiRNA:mRNA target pairs highlighted in Figure 2). Among the 17 different vsiRNA:mRNA target pairs, we found one unique vsiRNA (AAGAATCTGATGATGCTGT) capable of interacting with transcripts of eight genes encoding the ethylene response factors (ERFs) RAP2-7, TOE2, and APETALA2 (Table S18, Fig. 2G). Given that the ERFs targeted by the vsiRNA AAGAATCTGATGATGCTGT are also regulated by miR172, we wondered whether the vsiRNA could mimic the function of miR172. As is shown in Fig. 2b, and more in detail in Fig. S10, this vsiRNA indeed shows high homology to bna-miR172 and would cleaves exactly the same position within target sequence. Since the host downregulates miR172 levels upon infection (Fig. S10,d), the vsiRNA may complement this reduced amount of miR172 in order to control the expression of these ERFs.

The PAREseq/PAREsnip data for host mRNA targets of vsiRNA (Table S18) provide evidence for specific roles of vsiRNA targeting mRNAs particularly in Drakkar, such as mRNAs encoding the pseudokinase ZED1, the cysteine-protease aleurain, and the serine/arginine-rich (SR) splicing factor RS31A. The pseudokinase ZED1 is an important mediator of effector-triggered immunity (Lewis et al. 2013;Seto et al. 2017), whereas the cysteine-protease aleurain plays an important role in hypersensitive responses and programmed cell death (Lu et al. 2015). SR proteins are essential factors in regulating pre-mRNA constitutive and alternative splicing (Jeong 2017). They also act in RNA surveillance and promote RNA degradation through the nonsense-mediated RNA decay pathway (Zhang and Krainer 2004). In plants, SR proteins play numerous roles in stress tolerance (Duque 2011), and were shown to be involved in the splicing of RNA encoding plant immune receptors (Xu et al. 2011b). Nevertheless, the identified vsiRNA:mRNA target pairs are correlated with rather moderate yet significant downregulation of some of the target genes, thus indicating that the virus may use specific vsiRNAs to prevent a strong induction of these defense-related genes in infected cells.

TuMV infection triggers the widespread targeting of mRNAs through activation of secondary siRNA production from PHAS loci.

In addition to AGO1, also other AGO proteins, particularly AGO2, play important roles in antiviral defense (Carbonell and Carrington 2015;Garcia-Ruiz et al. 2015). The expression of AGO2 is controlled by AGO1 through miR403 (Harvey et al. 2011). Consistently, our PARE analysis predicted cleavage of AGO2 mRNAs (BnaCnng68320D and BnaA05g14760D) by miR403 (Fig. S7) in both mocktreated and TuMV-infected B. napus samples BnaC06g41790D). Nevertheless, infection triggered the downregulation of miR403 and upregulation of AGO2 mRNA levels. Interestingly, infection also caused a strong production of secondary, phased siRNAs (phasiRNAs) from AGO2 mRNA in both Drakkar and Tanto plants (Fig. 3a). The TuMV-associated activation of phased siRNA production from coding genes has been described in Arabidopsis (Cao et al. 2014) and may as well occur in B.

napus. To identify other coding genes that produce virus-associated phasiRNAs (va-phasiRNAs)

upon TuMV infection, we mapped the virus-induced siRNAs found in our sRNA data to the Drakkar and Tanto coding genes and filtering these genes by applying thresholds for the number of siRNAs mapped to the coding regions of genes (>100 reads), the gene-specific PHAS score calculated by Shortstack (>30), and for the ratio in the number of specific va-phasiRNAs found in infected tissues versus mock-treated tissues (rpm infected / rpm mock >2). Using this approach, we identified 128 coding genes that act as PHAS loci and produce va-phasiRNAs in Drakkar (Table S19) and 253 coding genes that that act as PHAS loci and produce va-phasiRNAs in Tanto (Table S20), and of which 98 coding genes produce va-phasiRNAs in both cultivars (Table S21). As has been shown in detail for tasiRNAs in Arabidopsis, phasiRNAs are produced by conversion of the gene transcript into dsRNA followed by phased cleavage into phasiRNA duplexes (Fei et al. 2013). The production of phasiRNAs from coding genes can have varying effects, from controlling the homeostasis of the specific mRNA and encoded protein to the suppression of the specific gene and other homologous members of the same gene families (Fei et al. 2013). As known by the prototype example of trans-acting siRNAs (tasiRNAs (Vazquez et al. 2004)) and by several new examples involving coding genes such as NB-LRR, PPR and MYB genes, phasiRNAs may also act in trans by directing AGO-dependent slicing of mRNAs of genes other than that of their source mRNA (Fei et al. 2013). To determine whether the va-phasiRNAs found in our analysis are functional and cause the cleavage of secondary mRNA targets in trans, we used them as query in our PAREsnip analysis of our sequenced degradome libraries prepared from mock-treated and virus-infected tissues. We could not find any of the AGO2 mRNA-derived va-phasiRNAs in our PARE analysis, thus indicating that the AGO2 va-phasiRNAs do not act in RISC-mediated slicer activity. va-phasiRNAs produced by several other genes [for example

BnaC02g40260D encoding Elongation factor 2 (EF2) (Fig. 3b) or BnaA05g28710D encoding CDC48E (Fig. 3c)] were similarly absent in our PAREsnip database and may similarly be inactive in guiding RISC-mediated target RNA cleavage. However, among other va-PHAS genes, we found members of three small gene families particularly involved in the production of va-phasiRNAs and engaged in secondary mRNA target cleavage. These three gene families are predicted to encode Chlorophyll ab binding protein 1 (BnaA04g20150D, BnaAnng22920D, BnaC03g59520D, BnaA07g07560D, BnaA03g15830D, BnaC03g18980D, BnaA09g26570D, BnaA08g17660D, BnaC05g22880D, BnaC04g10770D, BnaC04g10780D), NBR1 homolog (NBR1, BnaA01g14050D, BnaA03g46880D, BnaC07g39070D, BnaC01g16550D, BnaC08g11760D), and a protein with homology to yeast ART1/TAR1 (Transcript Antisense to Ribosomal RNA) (Galopier and Hermann-Le Denmat 2011) (BnaAnng22160D, BnaA09g04420D, BnaC08g46150D, BnaAnng21760D). These three gene families alone were found to produce 415 different unique va-phasiRNAs induced upon infection (Tables S22-S24) and associated with 969 unique va-phasiRNA:RNA target pairs targeting 413 different genes upon infection. Whereas va-phasiRNAs derived from both dsRNA strands of genes for Chlorophyll a-b binding protein 1 were found to target their own transcript or other highly homologous transcripts of the same gene family (Table S25), va-phasiRNAs derived from NBR1 and TAR1 genes also target the mRNAs of other genes (Table S26 andTable 27). A predominant group of target genes for NBR1 va-phasiRNAs that was redundantly identified in several PARE analysis replicates encodes ACTIN DEPOLYMERIZATION FACTOR 3 (ADF3) (Table S26). ADF3 was recently shown to play an important role in plant defense against aphids (Mondal et al. 2018). It is interesting that the trans-acting NBR1-derived va-phasiRNAs with secondary gene targets map exactly to the peaks of va-phasiRNA production along the NBR1 transcript (Fig. 4). This suggests that the efficient cleavage of va-phasiRNA targets is already programmed at the level of the va-phasiRNA-producing gene or that the va-phasiRNAs associated with target cleavage are stabilized by association with their effector complexes.

Taken together, these observations demonstrate that virus infection in rapeseed triggers the production of secondary siRNAs from numerous coding genes. Some of these genes, like those encoding AGO2, EF2, or CDC48E produce secondary siRNAs that do not participate in guiding RISC and, therefore, may represent end-products of an RDR-dependent mRNA degradation pathway to maintain mRNA homeostasis upon infection. Other genes like those encoding Chlorophyll a-b binding protein 1, NBR1, and TAR1, produce trans-acting siRNAs with the predicted potential to target mRNAs of homologous genes within the same gene family or mRNAs of other genes.

Targeting of viral RNA by virus-and host-derived sRNAs

Although antiviral defense relies to some extent on the degradation of viral dsRNA by DCL enzymes, virus-derived siRNAs were found in association with AGO proteins (Garcia-Ruiz et al. 2015;Pantaleo et al. 2007;Zhang et al. 2006), thus suggesting a role of RISC-mediated viral RNA cleavage. Given that the viral genomic RNA of TuMV is polyadenylated in infected cells and degradome analysis by PARE relies on the analysis of polyadenylated RNA fragments, we wondered whether we can find virus-specific degradome signatures of the viral (+) and (-) strands in our degradome data from infected samples. PAREsnip analysis revealed 56 unique vsiRNAs derived from the negative strand of the virus present in unique vsiRNA:vRNA target pairs, thus suggesting that viral genomic RNA is indeed cleaved by vsiRNA-programmed RISC. We found 36 unique vsiRNA:vRNA target pairs in Drakkar (Table S28) and 58 unique vsiRNA:vRNA target pairs in Tanto (Table 29). Of these, 26 unique vsiRNAs:vRNA target pairs were commonly found in both Drakkar and Tanto, whereas four and 26 of the unique pairs were Drakkar-and Tanto-specific, respectively. Although most of the cultivarspecific pairs rank relatively low with respect to the number of their specific vRNA cleavage fragments, the vsiRNA CAGTGCTGCTGCTTTCATCTG was associated with vRNA cleavage events at relatively high frequencies specifically in Tanto.

Interestingly, in addition these vsiRNA derived from the virus, we identified 87 unique virustargeting sRNAs that were derived from the host (hsRNAs, host-derived siRNAs). We found 45 unique hsRNA:vRNA target pairs in Drakkar (Table S30) and 64 unique hsRNA:vRNA target pairs in Tanto (Table S31). 23 of the unique hsRNA:vRNA target pairs occurred in both cultivars and 22 and 41 of them were Drakkar-and Tanto-specific, respectively. The most frequent RISC-mediated vRNA cleavage events potentially involving vsiRNAs and hsRNAs were detected in the 3' region of the viral RNA (Fig. 5), which may be caused by a limitation in the length of cDNAs synthesized for PAREseq analysis. vsiRNA:vRNA and hsRNA:vRNA pairs found in both cultivars and associated with cleavage events found at the same positions of the vRNA in both cultivars provide mutual support for the significance of these viral sites of RISC-mediated cleavage. Cultivar-specific sites of vRNA cleavage may be related to the difference in viral susceptibility between Drakkar and Tanto. Interestingly, several of the hsRNA-mediated cleavage events were found to involve trans-acting va-phasiRNAs derived from NBR1 and TAR1 genes (Table S30 andTable S31). However, the large majority of the cleavage events were associated with unique hsRNAs derived from genes annotated as disease resistance genes TAO1 and RPP5, both encoding TIR-NB-LRR receptor-like proteins. These and several other genes associated with hsRNA-mediated antiviral vRNA cleavage produce numerous secondary siRNAs in both mock-treated as well as TuMV-infected plants (Figure S11). Thus, these genes produce antiviral siRNAs already before infection.

Discussion

sRNAs have emerged as key players of RNA silencing in the regulation of various biological processes, including plant growth and development, host immunity and pathogen virulence. As viruses replicate within plant cells viruses become an integrated part of this sRNA-mediated regulatory network. The plant host silencing machinery is known to process the double-stranded viral replication intermediates into primary and secondary vsiRNAs to use them as guides for cleavage of vRNA by AGO-RISC and that viruses suppress this antiviral host activity with their VSRs.

However, although sRNAs and protein effectors in fungi, oomycetes, and bacteria have been shown

to function in promoting pathogen virulence (Weiberg et al. 2014), much less is known about the potential of viruses to use their vsiRNAs and VSRs to target the expression of host genes. While the general impact of viral infection on host transcriptomes, the profiles of sRNAs, the methylation of sRNAs, and activities of specific miRNAs and few virus-or viroid-derived siRNAs have been described (e.g. Hu et al. 2011;Huang et al. 2016;Niu et al. 2015;Ruiz-Ferrer and Voinnet 2009;Varallyay et al. 2010;Whitham et al. 2006), a deep understanding of host and viral sRNA activities in mutual regulation within the viral niche of infected leaf cells engaged in local viral replication and spread

has not yet been achieved. The current study has applied a combination of different replicate RNA profiling approaches to the analysis of distinct local sites of early TuMV infection in rapeseed leaves.

By using rapeseed cultivars strongly differing in susceptibility to this economically important virus (Edwardson and Christie 1991;Shattuck 1992) the data distinguish general mechanisms involved in virus infection from those that may correspond to resistance. Transcriptional RNAseq profiling revealed the regulation of virus-responsive genes whereas the combination of sRNAseq with PAREseq profiles allowed us to correlate the occurrence of cleaved mRNA 5'ends with corresponding sRNA:mRNA target pairs and thereby identify the virus-induced activity of sRNAs, including previously unknown miRNAs and siRNAs, in RISC-mediated RNA target cleavage.

Collectively, the results draw a novel picture of interactions between a virus and its host (Fig. 6) in which the mutual regulation of host mRNAs and the viral RNA genome by host and virus-derived

small RNAs plays a central role.

First of all, the results establish the novel finding that the host apparently uses endogenous siRNAs to target the virus, whereas the virus, in turn, uses vsiRNAs to target the host. The host-derived siRNAs that target the virus are derived from genes that convert all or part of their mRNA transcripts into secondary siRNAs. Such production of phased secondary siRNAs (phasiRNAs) has emerged as a regulatory mechanism for coding genes, particularly of nucleotide-binding, leucine-rich repeat (NB-LRR) disease resistance genes (Fei et al. 2013). Consistently, we found that siRNAs that target the virus are predominantly derived from resistance genes TAO1 and RPP5. This finding indicates that by conversion of their transcripts to siRNAs, resistance genes have the capacity to provide RNAbased immunity in addition to protein-based immunity. Interestingly, TAO1 and RPP5 produce phasiRNAs also in the absence of the virus suggesting that antiviral siRNA production from these genes serves to provide basal antiviral immunity already in naïve plants. Additional siRNAs targeting the virus derive from genes that produce siRNAs only upon infection, such as the Chroropylll a, bbinding protein 1 and NBR1 genes, or produce additional siRNAs upon infection such as the TAR1 genes. As previously noted in Arabidopsis and other viral host systems (Cao et al. 2014;Zheng et al. 2015), we found that virus infection indeed promotes a dramatic induction of phased secondary siRNA (va-phasiRNA) production from coding genes. According to our results, the va-phasiRNAs induced by TuMV infection in rapeseed greatly differ in their activity as guides for RISC in a manner dependent on the gene of origin. Some genes produce va-phasiRNAs not participating in RISCmediated mRNA target cleavage (e.g. AGO2 genes), whereas other genes produce phasiRNAs that do participate in RISC-mediated mRNA target cleavage and target the gene of origin as well as homologous genes in the same gene family (e.g. Chorophyll-a,b-binding protein 1 genes). Yet other genes produce va-phasiRNAs that target other genes (e.g. NBR1 and TAR genes). The induction of va-phasiRNAs likely serves to dampen the effects of infection on transcript homeostasis. This might be particularly true for va-phasiRNAs that do not participate in RISC-mediated target cleavage, or target only the gene of origin or genes within the same family. On the other hand, the loci that produce trans-acting va-phasiRNAs may be induced by the virus to modify the expression of secondary mRNA targets. This is supported, for example, by the virus-induced targeting of genes for ACTIN-DEPOLYMERIZING FACTOR 3 by NBR1-derived va-phasiRNAs, which may represent a virusinduced mechanism to lower defense against aphids that the virus needs for plant-to-plant transmission. These and other genes targeted by virus-induced and predominantly NBR1-derived va-phasiRNAs identify NBR1 genes as virus-inducible hubs for secondary trans-acting siRNA production and for the virus-induced manipulation of secondary mRNA targets. As NBR1-derived va-phasiRNAs also target the virus, the evolution of NBR1 genes as virus-inducible hubs for secondary trans-acting siRNA production may have occurred on the basis of the precondition that the va-phasiRNAs derived from the same hub will, in turn, also control the virus. It is intriguing that the B. napus NBR1 genes are highly homologous to the selective autophagy receptor protein AT4G24690/NBR1 gene in Arabidopsis (81-84% identity), which has been implicated in antiviral defenses involving the degradation of viral proteins and particles by autophagy (Hafren et al. 2017;Hafren and Hofius 2017) This protein was in particular shown to suppress TuMV infection in Arabidopsis by targeting the VSR of the virus (HcPro) (Hafren et al. 2018). Thus, by conversion of NBR1 mRNA into secondary siRNAs the virus gains widespread control over host gene expression and also suppresses NBR1 mRNA levels to control the antiviral functions of the NBR1 protein (Fig. 7).

Among the host mRNAs targeted by virus-derived siRNAs (vsRNAs), we identified 17 unique transcripts representing the most significant targets in both Drakkar and Tanto. Interestingly, all these transcripts encode ethylene responsive factors (ERFs) and are targeted by a specific unique vsiRNA. The targeted ERFs all contain a repression domain and therefore can act to actively inhibit transcription (Licausi et al. 2013). The vsiRNA mediates the cleavage of these transcripts at exactly the site usually cleaved by miR172. Since this miRNA is downregulated upon infection, this vsiRNA may mimic miR172 to maintain efficient control over the expression of ERFs, which regulate plant responses to biotic and abiotic stresses (Licausi et al. 2013;Muller and Munne-Bosch 2015). It is interesting that this vsiRNA is only 19 nucleotides (nt) in length. This particular length may have been selected to evade capturing by the TuMV VSR (HcPro), which specifically binds 21 and 22 nt sRNAs (Del Toro et al. 2017;Valli et al. 2018). Thus, unlike the 21 nt long miR172, which is prone to capturing by HcPro, the vsiRNA may remain active even at high VSR levels (Fig. 8). The observation that the mRNAs for ERFs and other host mRNA targets of vsiRNAs are only moderately downregulated during infection suggests that the vsiRNA-mediated interaction of the virus with these genes may have evolved to interfere with a strong induction of these defense-related genes in infected cells.

The sRNA-mediated mechanisms described here were identified in two different rapeseed cultivars, which confirms the significance of the observations. Although these cultivars differ strongly in their susceptibility towards TuMV, the sRNA-mediated mechanisms seem rather be unrelated to these differences. Although we found cultivar specific cleavage sites in the vRNA, infection in these cultivars generally cause rather similar changes in the levels of host sRNAs and their mRNA targets.

The specific susceptibility of the cultivars for TuMV infection is rather correlated with strong differences in the virus-induced mRNA levels of other genes. Resistance in Tanto is correlated with the cultivar-specific or pronounced expression of several important defense-related genes, (e.g. DTX47/EDS5, GH3.12, NIMIN-2, TAO1), whereas promoted infection in Drakkar correlates with the cultivar-specific or pronounced expression of genes involved in virus replication and movement (e.g.

a COP-I subunit), the down -regulation of genes with potential to inhibit systemic movement (e.g.

PPA2)

, or the attenuation of plant defenses (e.g. NAC60, RPK2, TPR2, CKX3). These genes, and also the NBR1 and TAR1 genes that spawn virus-induced secondary siRNAs for widespread virus-induced gene regulation, may represent important targets for plant engineering. benthamiana plants grown at 25 o C with a 16h photoperiod were inoculated by agroinfiltration of two leaves per plant with A. tumefaciens strain GV3101 containing the binary plasmid pCB-TuMV-GFP (Dunoyer et al. 2004;Lellis et al. 2002). The agrobacteria were grown over night and pressureinjected at an OD600nm of 0.5 using a syringe without needle. The TuMV (UK1) construct present in plasmid pCB-TuMV-GFP (GenBank: EF028235.1) has been verified by sequencing before use. Total RNA of each sample was extracted from ca 200 dissected leaf-disks / infection foci. Two grams (2 g) of these were ground in liquid nitrogen and RNA was purified using the RNAeasy Mini Kit (Qiagen). The quality of each RNA sample was verified by gel electrophoresis and BioAnalyzer (Agilent technologies) techniques. The relative number of viral genomes in the samples was determined by RT-qPCR amplifying the TuMV CP cistron using oligonucleotide TGTTCGGCTTGGATGGAA as forward primer and oligonucleotide TTAACGTCCTCGGTCGTATGC as reverse primer within 30 ng total RNA. sRNAseq and mRNAseq sequencing libraries were constructed and sequenced (Illumina HiSeq2000) by aScidea Computational Biology Solutions (http://www.ascidea.com/). mRNA and sRNA reads were created by (2x100bp) paired-end sequencing and (1x50bp) sequencing, respectively.

Materials and Methods

Plant

Degradome sequencing

Degradome libraries were constructed from each RNA sample essentially as described previously (German et al. 2009). Briefly, mRNA was purified from 75-150 µg of total RNA using the Dynabeads mRNA direct purification kit (Ambion). 1 µg of the isolated mRNA was ligated to a 5' RNA adapter, purified using Dynabeads and used for the cDNA synthesis, PCR amplification and MmeI digestion. and applying the option "-t -N 0 --end-to-end --very-sensitive --score-min C,0,0" with no mismatch for virus -derived sRNAs. The set of miRNAs derived from miRbase was complemented by miRNAs described in recent publications (Jiang et al. 2014;Lukasik et al. 2013;Xu et al. 2012) and by miRNAs derived from miRNA genes predicted by ShortStack (Axtell, 2013) napus siRNAs show phasing along the transcript of origin like vasiRNAs, we do not know the specific RDR by which these siRNAs are produced. Therefore, we refer to these siRNAs as "va-phasiRNAs" rather than to vasiRNAs. We focused our analysis on va-phasiRNAs that were 21 nt in length and represented by at least 100 reads in the samples from infected tissues. Moreover, va-phasiRNAproducing genes had a PHAS Score higher than 30 (determined by ShortStack). The virus-induced and phased production of the va-phasiRNAs was verified by visualization of the gene-specific siRNA pattern with the Integrated Genome Viewer tool IGV 2.3 (Thorvaldsdottir et al. 2013).

Similar as for mRNAseq and siRNAseq reads, also the sequenced degradome read libraries were cleaned with cutadapt (RRID:SCR_011841) version v1. Specific cleavage events were normalized and compared between samples in reads per million (rpm; number of specific cleavage events multiplied by10 6 and divided by the total number of cleavage events in the degradome library). The sums of normalized cleavage events occurring in the three replicates per condition (specific cultivar/specific treatment) were used to compare specific cleavage events between conditions. The gene or viral origins of the sRNAs associated with specific mRNA or viral RNA cleavage events were identified by extracting the sRNA associated with a specific cleavage event from PAREsnip and by aligning its sequence to the cultivar/viral transcriptome without mismatch, using Bowtie 2. A role of a given sRNA (e.g. miRNA, vasiRNA, vsRNA) in specific RNA target cleavage was determined by searching the sRNA:RNA target pair outputs of PAREsnip with the specific sRNA query sequence(s).

Quantitative RT-PCR

Total RNA was isolated from ca 150 leaf disk samples of infection sites or of mock-treated, noninfected control tissues each pooled from ten plants, respectively. After grinding, 0.1 g fine powder was homogenized and extracted with Trizol reagent (Invitrogen, USA) following the manufacturer's instructions. RNA quantities were determined by spectrophotometric analysis using Nanodrop equipment (Thermo Scientific, USA). 1-2 µg of the RNA preparations were reverse-transcribed using an oligo dT primer and SuperScript IV reverse transcriptase (200 U/µl) (Invitrogen). The abundance of specific transcript was measured by probing the cDNA by quantitative real-time PCR using a SYBRgreen master mix (Roche) and allele-specific primers (Table S32) in a Lightcycler 480 (Roche).

Because the mRNAseq data refer to changes in the expression of specific A-or-C-genome-specific alleles, the analysis was performed with genes for which allele-specific, intron-spanning primer sets

showing no homology to any other paralogs or homologous sequences could be designed. The specific transcript levels were measured in five independent biological replicate samples for each cultivar and respective mock-treated and virus-infected conditions. Each RNA sample was analyzed by three technical replicates and specific RNA levels were normalized against the levels of transcripts produced by two known housekeeping genes (Bra011516 encoding a TIP41-like protein and BnaA08g11790D ('BnaUP1'; unknown function) (Wang et al. 2014;Zhang et al. 2014)).

Significant differences in mRNA abundance between samples of the mock-and virus-treated conditions were determined by an F-test (test for homoscedasticity) followed by a t-test. The statistical significance levels in figures are shown with asterisks: p<0.05 = *; p<0.01 = **; p<0.001 =***.

5' RACE

mRNA 5'ends were analyzed by 5'RACE as described previously (Llave et al. 2011;Llave et al. 2002).

poly(A) + mRNA was purified from 1-5 µg total RNA using a magnetic isolation module (NEBNext ® , BioLabs) and ligated to the GeneRacer RNA oligo 5'RACE adapter (Invitrogen) using T4 RNA ligase (New England BioLabs). The ligation product was purified using Illustra Microspin S-300 Sephacryl columns (GE Healthcare) and reverse transcribed into cDNA using an oligo(dT)20 primer and SuperScript IV reverse transcriptase (200 U/µl, Invitrogen). Each cDNA was then used of PCR amplification using the GeneRacer 5'RACE outer primer mapping to a sequence within the 5'

adapter and two nested, gene specific primers (Table S33). The PCR products were purified with a PCR clean-up kit (Macherey-Nagel) and sequenced with an ABI3130xl sequencer (Applied Life Technologies).

Figures:

Fig. Virus infection also triggers the ability of some genes to convert their mRNA transcripts via the formation of dsRNA into va-phasiRNAs. For some genes, va-phasiRNAs are the end product of a virus-induced pathway to control the transcript level (e.g. AGO2), whereas for other genes va-phasiRNAs engage RISC-mediated cleavage of either the transcript of origin, the transcript of origin as well as the transcripts of homologous genes in the same family, or of transcripts of other genes. The induction of va-phasiRNAs thus allows the virus to induce widespread regulation of secondary gene targets. The replicating virus, in turn, is primarily [START_REF] Calil | Plant immunity against viruses: antiviral immune receptors in focus[END_REF]. Thus, studies to achieve an understanding of the mechanisms that determine disease versus tolerance are of utmost importance.

A key to the mechanisms determining disease versus tolerance is provided by the phenomenon of "disease symptoms recovery". This phenomenon describes the occurrence of heathy, "recovered" leaves on a diseased plant. Although symptoms recovery was generally believed to be caused by a strong host response able to overcome the pathogen, our team could show that Arabidopsis plants infected with ORMV undergo recovery without interfering with viral propagation. Therefore, this work showed that symptoms recovery can occur through an achievement of a tolerant state in which the virus and its host can coexist without disease [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF]. The aim of his chapter is to draw the historical context of recovery, its correlation with RNA silencing, and the recent findings about this phenomenon. This chapter is followed by a description of my authorship contribution to the attached publication of [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF].

The phenomenon of disease symptoms recovery

The phenomenon of symptoms recovery was described already 90 years ago for a Tobacco ringspot virus (Nepovirus genus) infection in tobacco plants [START_REF] Wingard | Hosts and symptoms of ring spot, a virus disease of plants[END_REF]) (Figure 6).

Recovery in these plants occurred after 23 days of ringspot virus infection. The recovered leaves were reported immune to a second infection by the same virus. However, 90 years ago the underlying mechanism was a total mystery. Research on recovery only started more than 60 years later, when it was found that infection of tobacco plants that were transgenic for either the Tobacco etch virus (TEV) CP or the Potatovirus Y (PVY) CP with TEV or PVY, respectively, first led to disease and then to recovery [START_REF] Lindbo | Induction of a highly specific antiviral state in transgenic plants: implications for regulation of gene expression and virus resistance[END_REF][START_REF] Smith | Transgenic plant virus resistance mediated by untranslatable sense RNAs: expression, regulation, and fate of nonessential RNAs[END_REF]. Similar to the original observations by Wingard, 1928, both transgenic plants showed immunity to a secondary infection.

Interestingly, resistance was only against the same virus used in the initial infection but not against the other virus. Thus, the recovered leaves of the plants infected with TEV showed resistance against secondary infection by TEV but were susceptible to PVY infection. Similarly, the recovered leaves of PVY-infected plants were susceptible for TEV or Tobacco vein mottling virus (TVMV) but resistant against secondary infection by PVY. These findings indicated that the resistance occurring in recovered leaves is virus-specific [START_REF] Lindbo | Induction of a highly specific antiviral state in transgenic plants: implications for regulation of gene expression and virus resistance[END_REF][START_REF] Smith | Transgenic plant virus resistance mediated by untranslatable sense RNAs: expression, regulation, and fate of nonessential RNAs[END_REF].

Interestingly, transgenic plants expressing a non-translatable PVY CP ORF also showed symptoms recovery upon infection with the cognate virus. This was the strong sign indicating that the mechanism behind symptoms recovery was sequence-specific and RNA-based [START_REF] Smith | Transgenic plant virus resistance mediated by untranslatable sense RNAs: expression, regulation, and fate of nonessential RNAs[END_REF]). Although today one may immediately consider RNA silencing as the responsible mechanism, the TGS and PTGS pathways and the role of small RNAs in these pathways were not yet known at this time. However, three publications established that recovery during infection by Cauliflower mosaic virus (CaMV) in Brassica oleracea gongylodes, by Tomato black ring virus (TBRV, Nepovirus) in Nicotiana clevelandii, and by Tobacco rattle virus (TRV)

in N. benthamiana plants was correlated with reduced vRNA levels in recovered leaves as compared to symptomatic tissues, which suggesting that recovery may be related to transgene-induced gene silencing and cross-protection [START_REF] Covey | Plants combat infection by gene silencing[END_REF][START_REF] Ratcliff | A similarity between viral defense and gene silencing in plants[END_REF][START_REF] Ratcliff | Gene silencing without DNA: RNA-mediated crossprotection between viruses[END_REF].

It was then soon realized that the occurrence of symptoms recovery depends on specific plant-virus combinations and is influenced by environmental factors such as daylength and temperature (Ghoshal and Sanfaçon 2014). Moreover, a reduction in vRNA levels during symptoms recovery was not always observed. This was reported, for example, in recovered tissues developed in tobacco plants infected with Tobacco streak virus (TSV) [START_REF] Xin | Identification and molecular characterization of a naturally occurring RNA virus mutant defective in the initiation of host recovery[END_REF] or in recovered tissues of N. benthamiana plants infected with Tomato ringspot virus (ToRSV) [START_REF] Jovel | Recovery of Nicotiana benthamiana plants from a necrotic response induced by a Nepovirus is associated with RNA silencing but not with reduced virus titer[END_REF]). These findings suggested that symptoms recovery may not necessarily correlate with reduced viral replication or the degradation of vRNA.

Role of VSR function in the formation of disease symptoms and recovery

Understanding recovery also depends on an understanding of mechanisms that cause disease in the first place. Here, the VSRs play a specific role, because the mechanisms through which they act to suppress antiviral silencing (e.g. sequestration of small RNAs or degradation of AGO protein) are prone to also affect RNA silencing-based pathways involved in controlling host gene expression. The involvement of VSR activity in pathogenicity and symptom severity has been highlighted in several studies (e.g. [START_REF] Voinnet | Suppression of gene silencing: a general strategy used by diverse DNA and RNA viruses of plants[END_REF][START_REF] Moissiard | Viral suppression of RNA silencing in plants[END_REF][START_REF] Voinnet | Induction and suppression of RNA silencing: insights from viral infections[END_REF]Csorba et al. 2015). For example, Arabidopsis leaves constitutively expressing

VSRs such as the pecluviral P15, the potyviral Hc-Pro, or the closteroviral P21 show disease symptoms with similarity to disease symptoms produced during viral infection, and the severity of the disease symptoms induced by expression of a specific VSR correlated with the efficiency by which the respective VSR controls antiviral RNA silencing [START_REF] Voinnet | Induction and suppression of RNA silencing: insights from viral infections[END_REF].

Consistent with the role of VSR activity in disease symptom development, ectopic overexpression of Hc-Pro (PVY) or P25 (PVX) was shown to prevent recovery usually seen in tobacco plants infected with nepoviruses [START_REF] Santovito | Infection cycle of Artichoke italian latent virus in tobacco plants: meristem invasion and recovery from disease symptoms[END_REF][START_REF] Siddiqui | Effects of viral silencing suppressors on Tobacco ringspot virus infection in two Nicotiana species[END_REF]). In addition, the VSR of Cucumber mosaic virus (CMV), the 2b protein, is fundamental for disease symptom formation in N. tabacum or A. thaliana (Col-0), as a corresponding virus with compromised VSR activity (CMV∆2b) did not trigger symptoms [START_REF] Lewsey | The role of the Cucumber mosaic virus 2b protein in viral movement and symptom induction[END_REF].

Consistently, infection also with other viruses carrying mutations in their VSRs often resulted in recovery phenotypes [START_REF] Hormuzdi | Genetic analysis of Beet curly top virus: examination of the roles of L2 and L3 genes in viral pathogenesis[END_REF][START_REF] Chu | Genetic dissection of Tomato bushy stunt virus P19-protein-mediated host-dependent symptom induction and systemic invasion[END_REF][START_REF] Szittya | Short defective interfering RNAs of tombusviruses are not targeted but trigger post-transcriptional gene silencing against their helper virus[END_REF][START_REF] Omarov | Biological relevance of a stable biochemical interaction between the tombusvirus-encoded P19 and short interfering RNAs[END_REF][START_REF] Raja | Viral genome methylation as an epigenetic defense against geminiviruses[END_REF][START_REF] Wu | Discriminating mutations of Hc-Pro of Zucchini yellow mosaic virus with differential effects on small RNA pathways involved in viral pathogenicity and symptom development[END_REF]. This indicates that symptoms are induced by VSR activity and that a lack of VSR activity can allow recovery. However, this conclusion does not hold for all viruses, or virus strains. For example, for the subgroup IA strain Fny-CMV, both the wildtype and the VSR-deficient Fny-CMV∆2b induced symptoms in Chenopodium species, N. occidentalis and five different A. thaliana ecotypes; Fny-CMV∆2b allowed recovery only in the Arabidopsis C24 ecotype [START_REF] Lewsey | The role of the Cucumber mosaic virus 2b protein in viral movement and symptom induction[END_REF]). Nevertheless, symptoms recovery is often permitted by viruses that express only weak VSRs and are not able to suppress the RNA silencing pathway efficiently [START_REF] Martin-Hernandez | Tobacco rattle virus 16-kilodalton protein encodes a suppressor of RNA silencing that allows transient viral entry in meristems[END_REF]Ghoshal and Sanfaçon 2015). Thus, collectively, these findings indicated that disease symptoms are likely provoked by a strong VSR and that symptoms recovery may occur if the VSR is weak or weakened by mutation. However, as already mentioned, although a weak or weakened VSR should be correlated with vRNA degradation, lower vRNA levels were not always observed. Translational repression rather than RNA degradation was proposed for recovery of N. benthamiana plants infected by Tobacco ringspot virus (ToRSV) [START_REF] Jovel | Recovery of Nicotiana benthamiana plants from a necrotic response induced by a Nepovirus is associated with RNA silencing but not with reduced virus titer[END_REF]) since a temperature-dependent enhancement of recovery was correlated with a requirement for AGO1 and reduced translation of viral proteins despite the presence of enhanced levels of viral RNA and siRNAs [START_REF] Ghoshal | Temperature-dependent symptom recovery in Nicotiana benthamiana plants infected with Tomato ringspot virus is associated with reduced translation of viral RNA2 and requires ARGONAUTE 1[END_REF]. Thus, recovery may involve a mechanism that weakens VSR activity without necessarily causing an effect on vRNA.

A potential role of antiviral meristem resistance in recovery

Since leaves emerge from the shoot apical meristem (SAM), the mechanism leading to the emergence of a healthy leaf rather than a diseased leaf on a systemically infected and diseased plant must be localized to the SAM. Interestingly, some viruses are unable to infect the meristem. The underlying mechanism of meristem resistance in these cases may be related to the mechanism of recovery in cases allowing virus entry. The failure of Potato virus X (PVX) to infect the N. benthamiana meristem was correlated with RDR6 activity, as shown with silenced RDR6 RNAi plants [START_REF] Schwach | An RNA-dependent RNA polymerase prevents meristem invasion by Potato virus X and is required for the activity but not the production of a systemic silencing signal[END_REF]). Since RDR6 is required for secondary siRNA production and the amplification of antiviral RNA silencing [START_REF] Himber | Transitivity-dependent andindependent cell-to-cell movement of RNA Silencing[END_REF][START_REF] Vazquez | Arabidopsis endogenous small RNAs: highways and byways[END_REF], it was proposed that meristem resistance against the virus is due to secondary virusderived siRNAs that spread systemically and immunize the meristem ahead of the virus [START_REF] Schwach | An RNA-dependent RNA polymerase prevents meristem invasion by Potato virus X and is required for the activity but not the production of a systemic silencing signal[END_REF]). An RDR polymerase activity was also invoked to explain the resistance of the tobacco apical meristem against invasion by CMV (Mochizuki and Ohki 2004).

Interestingly, using immunohistochemical staining and in situ hybridization, it was shown that CMV was not excluded from the SAM. Rather, this virus was initially present at 7 days postinoculation (dpi) and only later cleared (at 14 dpi). Consistent with this clearance, CMVderived siRNAs were present in the SAM up to 24 dpi. Based on these observations, the authors concluded that the SAM in tobacco can clear viral infection by RNA silencing. This case is one example showing that infected plants can undergo symptom recovery initiated in the SAM even if the infecting virus initially entered the SAM (Ghoshal and Sanfaçon 2015). In these cases, symptoms recovery may be due to a weak VSR or recovery from VSR activity (as described further above) rather than by recovery from the virus. For example, TRV expresses a weak VSR called 16K. This virus is able to infect and systemically spread into the SAM of N. benthamiana plants whereas a mutant TRV with a inactivated VSR (TRV:stop) fails to reach the SAM [START_REF] Martin-Hernandez | Tobacco rattle virus 16-kilodalton protein encodes a suppressor of RNA silencing that allows transient viral entry in meristems[END_REF]. Interestingly, neither wild type TRV nor TRV:stop trigger symptoms or recovery. Based on these observations, it was proposed that viruses expressing only a weak VSRs are nevertheless able to enter the meristem and induce the accumulation of vRNA similar to viruses with a strong VSR. However, as compared to viruses with a strong VSR, viruses like TRV accumulate only transiently and to a lower level, which consequently will trigger weaker antiviral silencing responses and less damage, thus allowing recovery [START_REF] Martin-Hernandez | Tobacco rattle virus 16-kilodalton protein encodes a suppressor of RNA silencing that allows transient viral entry in meristems[END_REF]Ghoshal and Sanfaçon 2015).

The role of PTGS and TGS in recovery

A decrease in vRNA concentration in recovered tissues (which is not seen in all cases of recovery) and the described role of RDR6, secondary siRNAs, and VSRs in recovery indicates that recovery can involve the degradation of the viral genome by antiviral PTGS. Antiviral RNA silencing acts through DCL and AGO-RISC mediated cleavage [START_REF] Szittya | Short defective interfering RNAs of tombusviruses are not targeted but trigger post-transcriptional gene silencing against their helper virus[END_REF]. A role of RISC-mediated cleavage of viral RNA in symptoms recovery has been indicated by the analysis of infection of N. benthamiana plants with Cymbidium ringspot tombusvirus (CymRSV). A VSRdefective CymRSV mutant (CymRSV19stop), which is unable to express the VSR p19, was shown to allow symptoms recovery. The recovered leaves showed an accumulation of 21-to 25-nt long vsiRNAs indicating a role of vsiRNAs in recovery. Moreover, evidence was presented indicating that these vsiRNAs are used as guides for the cleavage of co-replicating defective interfering (DI) RNAs in trans thus suggesting their incorporation into RISC [START_REF] Szittya | Short defective interfering RNAs of tombusviruses are not targeted but trigger post-transcriptional gene silencing against their helper virus[END_REF]. Pantaleo et al. (2007), used the expression of a sensor construct consisting of a GFP-encoding RNA fused to viral RNA in recovered leaves of an CymRSV19stop-infected plant to demonstrate that the virus-derived siRNAs target the sensor construct by RISC-mediated RNA cleavage. Using size fractionation, vsiRNAs and miRNAs were found to be bound by the same protein complex consistent with the size of the RISC complex. Based on these observations, the authors concluded that PTGS employing RISC-mediated cleavage of vRNA was responsible for symptoms recovery in leaves. The correlation of vRNA cleavage with recovered tissues was corroborated with other plant-virus systems [START_REF] Omarov | RNAi-associated ssRNA-specific ribonucleases in tombusvirus P19 mutant-infected plants and evidence for a discrete siRNA-containing effector complex[END_REF][START_REF] Scholthof | Identification of an ARGONAUTE for antiviral RNA silencing in Nicotiana benthamiana[END_REF].

In some cases, symptom recovery in plants infected with RNA viruses has been associated

with RISC-mediated translational repression rather with cleavage of the vRNA. For example, recovery in N. benthamiana plant infected with Tomato ringspot virus (ToRSV) involved the translational inhibition of ToRSV-encoded CP and MP genes (Ghoshal and Sanfaçon 2014).

Consistent with a role of AGO1 in antiviral RISC (Carbonell and Carrington 2015;Garcia-Ruiz et al. 2015;Morel et al. 2002), symptom recovery was blocked in N. benthamiana in which AGO1 was silenced by RNAi.

There is experimental evidence indicating that plant recovery from symptoms of infection by DNA viruses is caused by viral silencing involving components of the TGS pathway. Direct evidence of a role of TGS in recovery came from observations with a VSR-deficient Beet curly top virus (BCTV L2 -) in Arabidopsis [START_REF] Raja | Viral genome methylation as an epigenetic defense against geminiviruses[END_REF]. Using BCTV infection and chromatin immunoprecipitation (ChIP), the authors showed that Arabidopsis plants impaired in DNA methylation, exhibited reduced viral methylation and increased susceptibility to the virus. In contrast, BCTV L2 -infection led to the development of recovered leaves and these leaves contained hypermethylated viral DNA. Furthermore, symptom recovery was blocked in plants mutant for AGO4, a central component of the RdDM pathway [START_REF] Zheng | Role of Arabidopsis AGO6 in siRNA accumulation, DNA methylation and transcriptional gene silencing[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][START_REF] Gao | An RNA polymerase II-and AGO4-associated protein acts in RNA-directed DNA methylation[END_REF][START_REF] Blevins | Identification of Pol IV and RDR2-dependent precursors of 24 nt siRNAs guiding de novo DNA methylation in Arabidopsis[END_REF]. Using the same ChIP procedure, the authors demonstrated that viral DNA methylation was abolished in these plants. These observations demonstrated the role of TGS in viral DNA methylation, which reduced the virulence of the virus and resulted in recovery of infected plants from disease symptoms.

Other studies revealed that antiviral defense and symptoms recovery in plants infected with DNA viruses also involves PTGS in addition to TGS [START_REF] Rodriguez-Negrete | RNA silencing against geminivirus: complementary action of posttranscriptional gene silencing and transcriptional gene silencing in host recovery[END_REF][START_REF] Pooggin | How can plant DNA viruses evade siRNA-directed DNA methylation and silencing?[END_REF]. Initial findings showed that infection of Arabidopsis with the geminivirus Cabbage leaf curl virus (CalCuV) triggered symptoms recovery and that 21-, 22-, and 24-nt long siRNAs accumulated in these symptom-free leaves [START_REF] Blevins | Four plant dicers mediate viral small RNA biogenesis and DNA virus induced silencing[END_REF]). The 21-nt and 22-nt long siRNAs and the 24 -nt long siRNAs represent central components of PTGS and TGS pathways, respectively. Moreover, recovery was inhibited in the PTGS mutants dcl4, rdr6, sgs3 and hen1 [START_REF] Muangsan | Geminivirus VIGS of endogenous genes requires SGS2/SDE1 and SGS3 and defines a new branch in the genetic pathway for silencing in plants[END_REF][START_REF] Blevins | Four plant dicers mediate viral small RNA biogenesis and DNA virus induced silencing[END_REF]. Small RNAs of the 21nt and 22nt sizes classes as well as of the 24 nt size category were also present in the recovered leaves of pepper plants infected with the geminivirus Pepper golden mosaic virus (PepGMV) [START_REF] Rodriguez-Negrete | RNA silencing against geminivirus: complementary action of posttranscriptional gene silencing and transcriptional gene silencing in host recovery[END_REF]). Many of these siRNAs were derived from the virus and could be mapped all along the viral genome. It is interesting that the 21-22 nt vsiRNAs mapped to the coding genes of the virus, whereas the 24 nt siRNAs were derived from a strongly methylated viral intergenic region. The methylation level of this intergenic region was lower in the symptomatic leaves as compared to recovered leaves, which suggested a role of viral DNA methylation in recovery. Using bisulfite sequencing for the profiling of BCTV L2 -DNA methylation in systemically infected Arabidopsis wildtype plants and mutants affected in RdDM such as drb3, dcl3, and ago4 demonstrated that these mutants failed to show symptom recovery and also were impaired in inducing strong cytosine methylation of the viral DNA genome [START_REF] Raja | Arabidopsis double-stranded RNA binding protein DRB3 participates in methylation-mediated defense against geminiviruses[END_REF]. Consistent with a role of DCL3 and AGO4 in RdDM [START_REF] Raja | Viral genome methylation as an epigenetic defense against geminiviruses[END_REF][START_REF] Blevins | Massive production of small RNAs from a non-coding region of Cauliflower mosaic virus in plant defense and viral counter-defense[END_REF],

CoIP and biomolecular fluorescence complementation (BiFC) experiments demonstrated a direct interaction of DRB3 with DCL3 and AGO4 [START_REF] Raja | Arabidopsis double-stranded RNA binding protein DRB3 participates in methylation-mediated defense against geminiviruses[END_REF]).

Disease symptoms recovery in ORMV-infected Arabidopsis plants

Although the role of PTGS in symptoms recovery in plants infected with RNA viruses and the role of both PTGS and TGS in symptoms recovery in plants infected with DNA viruses has been established, the full network of RNA-silencing based interactions between viruses and their plant hosts remains unclear. The publication of [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF] to which I have contributed and which is attached herein, describes the interaction between Arabidopsis plants and the tobamovirus ORMV and provides deep insights into the mechanisms and genetic requirements involved in disease symptom formation and symptoms recovery.

ORMV belongs to the same virus family as the well-known TMV, but unlike TMV, ORMV produces strong disease symptoms in Arabidopsis. Importantly, we found that ORMV first induces symptoms and later allows symptoms recovery [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF]; Fig. 1a-b; Fig. S1), which opened the way for genetic analysis of this phenomenon. Infected plants show severe disease symptoms at 14 dpi and start to develop recovered leaves at 23-25 dpi. As shown in Fig. 1b of [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF], the leaves of the infected plants were categorized at 28 dpi according to their symptom types to facilitate their analysis. The oldest leaves at the bottom of the plant were already present before inoculation and remained non-symptomatic but showed signs of necrosis presumably due to age (symptom type 1, ST1). Leaves that were still young and physiological sinks at the time of inoculation were symptomatic. The lower, older leaves in this category showed different degrees of curling (symptom type 2, ST2), whereas the younger, more upper leaves showed stronger symptoms with strongly serrated margins (symptom type 3, ST3). Interestingly, several of the ST3 leaves showed a transition between leaf areas with symptoms restricted the tip and symptom-free areas at the leaf base. This transition occurred along a very distinct line at which a decision between disease and recovery apparently was made. Finally, the youngest leaves at the top of the plant were fully recovered and completely free of disease symptoms (symptom type 4, ST4). The transition between the diseased and healthy areas in ST3 "transition leaves" and the observation that symptoms in these leaves were limited to the leaf base suggested that the transition to recovery occurred along the border between source and sink tissues. This hypothesis was corroborated by infection of AtSUC:GFP plants as a source/sink marker [START_REF] Imlau | Cell-to-cell and long-distance trafficking of the green fluorescent protein in the phloem and symplastic unloading of the protein into sink tissues[END_REF], which demonstrated that recovery indeed occurs in sink leaves and that leaves showing both diseases and recovered areas undergo the sink-to-source transition (Supplementary Fig. 14).

To determine whether symptom recovery was correlated with a decrease in the level of viral RNA, the different symptom types were probed by in situ hybridization [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF]Fig. 1c) and northern blotting [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF]; Fig. 1d) using probes against the virus.

Interestingly, the results showed that the recovered leaves contained viral RNA to the same level as the symptomatic leaves. The northern blot analysis also demonstrated that the RNA was full-length and, furthermore, that both strands of the viral RNA were present, thus indicating that the virus was actively replicating in recovered leaves as well as in symptomatic leaves.

I already mentioned evidence indicating a role of the VSR in the formation of disease symptoms and that recovery may occur in the presence of a weak or weakened VSR (see paragraph 1.2). To determine whether disease symptoms and disease recovery in ORMVinfected Arabidopsis plants correlate with VSR activity, we infected plants of Arabidopsis line 8z2, which expresses a continuously silenced, double 35S promoter-driven GFP transgene [START_REF] Glazov | A gene encoding an RNase D exonuclease-like protein is required for post-transcriptional silencing in Arabidopsis[END_REF]. Using this approach we could show that ORMV infection restores GFP expression form this gene [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF]Fig. 1 e-g), thus indicating that the VSR activity, which is known to reside in the small replicase subunit [125k protein of ORMV (Hu et al. 2011;[START_REF] Malpica-López | Revisiting the roles of tobamovirus replicase complex proteins in viral replication and silencing suppression[END_REF]; 126k protein of TMV (Vogler et al. 2007); 122k protein of crTMV [START_REF] Csorba | The p122 subunit of Tobacco mosaic virus replicase is a potent silencing suppressor and compromises both small interfering RNA-and microRNA-mediated pathways[END_REF])], suppresses PTGS activity. Importantly, green fluorescence coincided with symptomatic tissues but was absent in recovered tissues demonstrating that that VSR activity is active in the symptomatic leaves and suppressed in the recovered leaves. RT-qPCR measurements were used to confirm that GFP mRNA levels were high in symptomatic leaves and low in the recovered leaves [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF]; Fig. S2a). The correlation between symptom phenotypes and VSR activity was investigated by specific detection of viral and endogenous sRNAs. As shown previously (Hu et al. 2011), miR398 accumulated in ORMVinfected tissues. However, accumulation of this miRNA was restricted to symptomatic tissues with VSR activity, whereas recovered tissues with low or absent VSR activity also showed low levels of this miRNA. Also, ORMV-derived siRNAs accumulated to higher levels in symptomatic tissue and showed lower levels in recovered tissues [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF]; Fig. S2). These findings are consistent with previous described correlations between tobamoviral VSR activity and specific sRNA accumulation [START_REF] Blevins | Four plant dicers mediate viral small RNA biogenesis and DNA virus induced silencing[END_REF][START_REF] Csorba | The p122 subunit of Tobacco mosaic virus replicase is a potent silencing suppressor and compromises both small interfering RNA-and microRNA-mediated pathways[END_REF]Hu et al. 2011). The correlation between symptoms and VSR activity were further demonstrated by infecting the A. thaliana suc:sul line [START_REF] Himber | Transitivity-dependent andindependent cell-to-cell movement of RNA Silencing[END_REF], whose vein-centered chlorosis phenotype disappeared in the symptomatic leaves thus indicating the presence of VSR activity (ST2-ST3), but was distinctly visible along the veins in the recovered ST4 leaves, thus indicating the absence of VSR activity [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF]; Fig. S3).

The analysis to this point demonstrated that recovery from symptoms in ORMV-infected plants occurs in sink tissues and is associated with the loss or strong reduction in VSR activity.

However, given that the recovered leaves contained normal levels of replicating viral RNA, recovery was not caused by antiviral RNA silencing, but rather due to the silencing of VSR activity. Western blot assays using antibodies against the 125k-VSR protein demonstrated that the VSR was present in recovered leaves [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF]; Fig. S13). Thus, recovery could not be correlated with translational repression of VSR expression. Rather, recovery was indeed due to the inhibition of the functional activity of the expressed protein. Based on the finding that symptoms recovery is restricted to sink tissues, we proposed that the suppression of VSR activity occurs in sink tissues.

The pathway leading to VSR inactivation in sink tissues was finally highlighted by genetic analysis using a library of known mutants affected in PTGS and TGS pathways [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF]; Table 1, Table 2, Table S1, Table S2).

Infection of these mutants with ORMV was used to identify mutants showing impaired or enhanced symptoms recovery. In essence, the results of this analysis demonstrated that the occurrence of symptoms recovery depends on the DCL4/RDR6/SGS3 pathway, which produces primary and secondary endogenous and viral siRNAs (Bologna and Voinnet, 2014).

Moreover, mutants accumulating higher levels of secondary vsiRNAs (dcl3-1 and xrn4/ein5) recovered earlier, thus indicating that recovery is the more likely the more vsiRNAs are produced. The analysis also showed that recovery in our system is independent of TGS pathway components, except for Pol IV and RDR2. Interestingly, these two proteins have been implicated to play a role in the spread or reception of systemic silencing signals [START_REF] Dunoyer | Intra-and intercellular RNA interference in Arabidopsis thaliana requires components of the microRNA and heterochromatic silencing pathways[END_REF][START_REF] Brosnan | Nuclear gene silencing directs reception of long-distance mRNA silencing in Arabidopsis[END_REF][START_REF] Smith | An SNF2 protein associated with nuclear RNA silencing and the spread of a silencing signal between cells in Arabidopsis[END_REF][START_REF] Eamens | NRPD1a and NRPD1b are required to maintain post-transcriptional RNA silencing and RNA-directed DNA methylation in Arabidopsis[END_REF]. Based on our findings, we proposed that the mechanism that leads to VSR inactivation and symptoms recovery involves the trafficking of mobile vsiRNAs from source to sink and that the vsiRNAs that accumulate in sink tissues saturate the VSR so that its ability to sequester and interfere with the activity of other sRNAs, such as the GFP-mRNA derived siRNAs in the z82 line or miRNAs involved in the regulation of plant development, is suppressed [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF]Fig. 3).

Because the virus remains mostly unaffected by these mechanisms leading to symptoms recovery and continues to propagate, our study clearly demonstrated that plants can use sRNAs and intercellular communication to overcome an established disease and achieve a tolerant state in which both virus and host can coexist.

My contributing role to the publication by Kørner et al. (2018)

In the context of this work, I conducted experiments of ORMV infection in several A. thaliana PTGS and TGS mutants, analyzed the symptom phenotypes and performed molecular characterization by northern and western blot analysis (Figure 1d; Figure S12, and Figure S13),

which aimed to answer several main questions in the understanding of the recovery phenomenon (see APPENDIX 2 for Supplementary Figures and Tables of [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF].

Figure 1d shows a northern blot analysis of recovered leaves (except second lane from the left, symptomatic leaves) of wildtype plants and of single (dcl3, ein5, rdr2, rdr6) Figure S12 shows a small RNA northern blot in which I confirmed the expected effects of specific RNA pathway mutations on the synthesis and accumulation of specific sRNAs. The same small RNA blot was probed several times with different radiolabeled oligonucleotide probes to detect different sRNA species in the same samples. Probing siRNAs derived from the 5S repeat (ra-si1003) reports on the functionality of the TGS pathway, whereas probing tasiRNA255, miRNA160, and ORMV vsiRNA, reports on the functionality of PTGS pathways involved in tasiRNA, miRNA, and vsiRNA synthesis. As expected and previously shown [START_REF] Blevins | Four plant dicers mediate viral small RNA biogenesis and DNA virus induced silencing[END_REF][START_REF] Blevins | Identification of Pol IV and RDR2-dependent precursors of 24 nt siRNAs guiding de novo DNA methylation in Arabidopsis[END_REF], dcl3 and rdr2 mutants are defective in the production of 24 nt siRNAs and repeat-associated siRNAs associated with TGS but do not affect any of the sRNA species associated with PTGS. In contrast the other mutants tested do not affect 24 nt species involved in TGS but specific classes of 21-22 nt sRNA involved in PTGS. Thus, rdr6, ein5-rdr6, as well as dcl2-dcl4 were defective in the production of 21nt trans-acting siRNAs, as expected.

Moreover, dcl2-dcl4 affected the production of vsiRNAs. As expected, mutant ein5 showed a strong increase in the level of vsiRNAs as expected. ein5 plants are defective in exonuclease 4 (XRN4) activity [START_REF] Olmedo | ETHYLENE-INSENSITIVE5 encodes a 5'-->3' exoribonuclease required for regulation of the EIN3-targeting F-Box proteins EBF1/2[END_REF][START_REF] Potuschak | The exoribonuclease XRN4 is a component of the ethylene response pathway in Arabidopsis[END_REF][START_REF] De | Making sense of hormone-mediated defense networking: from Rice to Arabidopsis[END_REF] involved in RNA decay and thus provide increased levels of RNA template for secondary vsiRNA production. These increase levels of secondary vsiRNAs are consistent with enhanced recovery in the ein5 plants (Kørner et al. 2018, Fig S8). sRNA species in recovered ST4 (Col-0, dcl3, ein5) and corresponding non-recovered leaves of mutants (rdr6, rdr2, ein5 rdr6, dcl2 dcl4), in which recovery is absent, were analyzed. The analysis was performed with the same RNA samples also used for viral RNA analysis (Fig. 1d). The mutants affected the accumulation of specific sRNA species as expected. None of the mutants affected the accumulation of miR160. The accumulation of 5S rDNA repeatderived ra-siR1003 was affected in dcl3 and rdr2 mutants but not in rdr6 mutants, whereas the production of tasiR255 was affected in rdr6, ein5 rdr6, and dcl2 dcl4 mutants but not in rdr2 or dcl3 mutants. As is also expected, production of vsiRNAs was abolished in dcl2 dcl4, as is consistent with the lack of recovery in this double mutant. Relative to Col-0 wild type, the vsiRNA levels were higher in mutants showing enhanced recovery (ein 5, dcl3) and reduced in rdr6, which interferes with the formation of secondary siRNAs and does not support recovery.

Figure S13 represents a western blot analysis to detect the 125k-VSR in samples taken from recovered leaves of wild type and mutant plants infected with ORMV. The results show that the VSR is expressed in infected tissues irrespective of recovery, thus demonstrating that the absence of VSR activity in recovered leaves cannot be ascribed to translational suppression of the protein. The 125k-VSR is expressed in infected tissues irrespective of recovery. The amount of the VSR in recovered leaves is lower in mutants undergoing early recovery (ein5, dcl3) and higher in the upper leaves of rdr6 mutants in which recovery is inhibited. L8z2 plants, which contain a continuously active silencing system, produce relatively high levels of the VSR whereas dcl2 dcl4 plants, in which siRNA synthesis is inhibited, contain relatively low levels of the VSR. UGPase, UDP-glucose pyrophosphorylase.

In addition to these northern blots and western blots, I also performed experiments demonstrating the inhibition of symptoms recovery in transgenic plants expressing the VSR from a closterovirus (P21) or the VSR from a tombusvirus (P19) [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF]; Fig. S4). 

Conclusion

In this paper, the phenomenon of symptoms recovery in Arabidopsis was studied. This led to the identification of RNA silencing pathway genes that are involved and also unraveled the importance of an interesting interplay between a virus-encoded VSR and small RNAs in the determination of health versus disease.

The results demonstrate that symptoms recovery can occur in leaves undergoing normal virus replication and accumulation. Thus, plants have the capacity to achieve a state of tolerance and recover from an established disease despite the presence of an ongoing virus replication.

Moreover, recovery can occur simply through inhibition of VSR activity. This may imply that plants could be protected against disease through strategies aiming at the inhibition of the VSR. Based on our observations and genetic requirements for recovery, we propose that the VSR is inhibited by mobile vsiRNAs that accumulate by systemic transport from source to sink.

The sharp border between recovered and non-recovered tissues occurs along the sink-tosource transition suggests that the symptom-free sink-tissues will undergo disease as soon as these tissues mature and undergo the transition from sink to source. This may imply that the tolerance of plants for viruses could be supported by strengthening vsiRNA production (as shown in dcl3 and ein5/xrn4 mutants for ORMV) and by choosing growth conditions that support sink strength and a prolongation of juvenile growth.

General conclusion

The major goal of this thesis was to gain new insights into plant-virus interactions by elucidating the role of virus-and host-derived small RNAs in the regulation of gene expression during the local spread of virus infection in leaves and also in mechanisms determining plant disease and recovery. As part of my thesis I also contributed to a review article discussing current models of virus movement through PD [START_REF] Pitzalis | The roles of membranes and associated cytoskeleton in plant virus replication and cell-to-cell movement[END_REF].

The role of virus-and host-derived small RNAs in plant-virus interactions

The cellular events involved in local viral replication and cell-to-cell-movement have been intensely studied in recent years. However, we still know very little about plant:virus interactions playing a role in orchestrating these processes at the level of gene expression.

Thus, as described in Chapter II of this thesis, different deep sequencing approaches (RNAseq, sRNAseq, PAREseq) were used to investigate the virus-induced changes in the host transcriptome and the regulation of genes and of the virus by virus-and host-encoded sRNAs.

Using bioinformatic analysis of the sequencing data, the focus was laid on the identification of host-or virus-derived sRNAs that target host mRNA transcripts or viral RNA by RISCmediated cleavage. The work was applied to TuMV infection in rapeseed (B. napus), which represents an economically important crop-pathosystem. To gain information related to the process of ongoing virus replication and spread, we used a GFP-tagged version of the virus, which allowed us to isolate RNA samples from local sites of spreading infection in the inoculated leaves. Reliable data and conclusions were achieved through the analysis of samples from three independent biological experiments. Moreover, the use of samples from two different cultivars allowed us to interpret the results in relation to the cultivar-specific susceptibility for the virus. Importantly, the different NGS approaches (RNAseq, sRNAseq, PAREseq) were always applied to the same individual RNA samples, so that the different levels of analysis and respective results for a given sample could be combined, mutually correlated and interpreted.

Genome-wide mRNAseq analysis revealed numerous genes showing differences in the accumulation of their transcripts between mock-treated and virus-treated samples. Among these, numerous virus-induced genes were significantly up or down-regulated either in both cultivars or in a cultivar-specific manner. Some of the differentially expressed transcripts are predicted to encode proteins that are known to play important roles in pathogen defense.

One example is CALMODULIN-BINDING PROTEIN 60G (CB60G), which is induced in both cultivars and known to act as a master immune regulator that promotes the expression of key genes involved in salicylic acid (SA) biosynthesis and in regulating PAMP-PTI, ETI and systemic acquired resistance (SAR) (Sun et al. 2015). Viral susceptibility in the cultivar Drakkar correlated, for example, with a strong induction of expression of the coatomer alpha-2 subunit of the COPI coatomer complex (Ahn et al. 2015), which may play a role in the formation of vesicles involved in TuMV replication and movement (Wei and Wang 2008) (see Chapter I). On the other hand, the more resistant phenotype of the cultivar Tanto was correlated, for example, with the specific induction of transcripts encoding TARGET OF AVRB OPERATION1 (TAO1), a TIR-NB-LRR receptor-like protein (Eitas et al. 2008). The general validity of our mRNAseq data was confirmed by testing the expression of several genes by RT-qPCR analysis, in which both the original RNA that was analyzed by NGS-mRNAseq as well as novel RNA samples from four new and independent infection experiments were used. This part of the work provided lists of genes with induced or suppressed transcript levels in local TuMV-GFP infection sites formed in two different cultivars differing in virus susceptibility, and these lists are ranked according to the strength of the observed changes.

To reveal mRNAs that might be targeted by virus-induced host-or-virus-derived sRNA, the sRNA reads were first counted and aligned to both the viral genome and the Tanto and Drakkar transcriptomes and annotated. As has been noted by previous studies (e.g. Hu et al. 2011;Tagami et al. 2007;Vogler et al. 2007), virus infection triggered drastic changes in the sRNA length profile. Whereas the sRNAs from Tanto and Drakkar mock samples showed identical and typical profiles of predominantly 21 nt -24 nt long sRNAs, the profiles were greatly dominated by virus-derived 21 nt and 22 nt siRNAs upon infection (vsiRNAs). These profiles as well as the profiles of vsiRNAs aligned to the TuMV genome were almost identical between both B. napus cultivars, indicating that the differences in susceptibility for the virus cannot be explained by obvious differences in sRNA processing. By mapping the host-derived sRNAs to Brassicacea miRNAs in the miRbase database (Kozomara and Griffiths-Jones 2014), several of the reads could be annotated to known miRNAs. Moreover, by using Shortstack software (Axtell 2013), numerous previously unknown miRNAs were identified.

The sRNA and mRNA data were finally combined with the results of PAREseq analysis to reveal sRNAs that align to cleaved mRNA 5' ends and satisfy the conditions of RISC pairing using PAREsnip software [START_REF] Folkes | PAREsnip: a tool for rapid genome-wide discovery of small RNA/target interactions evidenced through degradome sequencing[END_REF]). The analysis revealed already known miRNAs:mRNA target pairs, such as miRNAs targeting the mRNAs for specific Squamosa promoter-bindinglike (SPL) proteins, Auxin response factors (ARFs), Scarecrow-like (SCL) proteins, Ethyleneresponsive transcription factors (RAP2-7, AP2), Auxin signaling F-box proteins (AFB2, AFB3), and Superoxide dismutase proteins (Llave et al. 2002 ;Rhoades et al. 2002 ;[START_REF] Allen | microRNA-directed phasing during trans-acting siRNA biogenesis in plants[END_REF]Wang et al. 2005a ;Wang et al. 2005b ;[START_REF] Kim | Phylogeny and domain evolution in the APETALA2-like gene family[END_REF][START_REF] Gandikota | The miRNA156/157 recognition element in the UTR of the Arabidopsis SBP box gene SPL3 prevents early flowering by translational inhibition in seedlings[END_REF]Vidal et al. 2010;Si-Ammour et al. 2011;[START_REF] Yu | Gibberellin regulates the Arabidopsis floral transition through miR156-targeted SQUAMOSA promoter binding-like transcription factors[END_REF]Lu et al. 2013;[START_REF] Ma | Arabidopsis miR171-targeted SCARECROW-LIKE (SCL) proteins bind to GT cis-elements and mediate gibberellin-regulated chlorophyll biosynthesis under light conditions[END_REF][START_REF] Jung | The miR172 target TOE3 represses AGAMOUS expression during Arabidopsis floral patterning[END_REF]Xu et al. 2016) and thereby confirmed the accuracy of PARE analysis. In addition, the analysis led to the identification of new miRNA:mRNA target pair candidates, such as miR1885b:BLOS2

or miRC23a:COX19. The cleavage activity of some of the known and predicted miRNA:mRNA target pairs was confirmed by gene-specific 5' RACE assays using repetitive, newly created biological samples.

One of the important aims was to determine whether the infecting virus may use vsiRNAs processed from its genome as RNA effectors for the RISC-mediated targeting of host genes.

The analysis indeed revealed the presence of vsiRNAs in predicted vsiRNA:mRNA target pairs which appeared only after infection. A predominant vsiRNA was found in predicted vsiRNA:mRNA target pairs involving transcripts of ERF genes that are also targeted by miR172.

This specific vsiRNA was found similar in sequence to miR172 and to engage in predicted cleavage of exactly the same site in the target mRNA. This suggests that viruses may encode vsiRNAs evolved to mimic the activity of host miRNAs and, thereby, to control the specific miRNA target genes during infection.

The mapping of sRNAs to the two cultivar transcriptomes and the analysis of the alignment with the ShortStack program (Axtell 2013) led to the identification of numerous PHAS loci that produce phased, secondary, small interfering RNAs (phasiRNAs). PhasiRNAs are produced by conversion of a transcript into dsRNA by RDR6 or RDR1 and subsequently processing of the dsRNA into phased siRNAs by DCL4 (Fei et al. 2013). The production of phasiRNAs is thought to represent a mechanism to down-regulate the specific transcript from which they are derived as well as to produce siRNAs able to target homologous sequences in trans (Fei et al. 2013). Thus, unlike the non-coding TAS genes in Arabidopsis, which were among the first loci known to produce phased tasiRNAs (Vazquez et al. 2004), PHAS loci refer to coding genes, many of which are NB-LRR family genes involved in pathogen defense, as well as genes of the PPR and MYB families, as shown in Arabidopsis, Medicago, and peach (Fei et al. 2013;[START_REF] Zhai | MicroRNAs as master regulators of the plant NB-LRR defense gene family via the production of phased, transacting siRNAs[END_REF]. The analysis of PHAS loci in mock-treated and TuMV-infected B. napus plants revealed that certain PHAS loci produce phasiRNAs only after infection. The production of virus-associated secondary siRNAs (vasiRNAs) from coding genes upon virus infection has been previously noted in Arabidopsis and found to require RDR1 for vasiRNA synthesis and AGO2 for mRNA target cleavage (Cao et al. 2014a). Thus, the vaPHAS loci identified in our analysis may represent vasiRNA-producing loci. However, because the pathway for the synthesis of the phasiRNAs in B. napus is not clarified, it is preferable to distinguish them as va-phasiRNAs. Our study indicates that virus infection in rapeseed stimulates the production of phasiRNAs at numerous defense-related coding genes (e.g. TAO1, AGO2, NBR1 homolog).

Among these genes we found family members of three small gene families (encoding Chlorophyll a-b binding protein 1, NBR1 homolog, and TAR1) that produce va-phasiRNAs associated with cleavage of their own transcript or of transcripts of homologous genes in the same gene family. This suggests that the process of va-phasiRNA production may represent a mechanism to dampen the effects of infection on transcript homeostasis. Interestingly, members of the NBR1 and TAR1 family also produce va-phasiRNAs with potential to target mRNA transcripts of other genes. The data suggest that particularly NBR1 may represent a virus-induced hub for siRNA synthesis and the virus-induced targeting of a whole network of other genes.

The results of PAREsnip analysis indicate that also the viral genome can be cleaved by virusand host-derived siRNAs (siRNAs, hsRNA). The large majority of the cleavage events were associated with unique hsRNAs derived from genes annotated as disease resistance genes TAO1 and RPP5, both encoding TIR-NB-LRR receptor-like proteins. The cleavage of the vRNA though vsiRNAs or hsRNAs may contribute to cultivar-specific susceptibility for the virus, as some cleavage sites are predicted in a cultivar-specific manner. Interestingly, some of the predicted hsRNA:vRNA target pairs include trans-acting va-phasiRNAs derived from NBR1 and TAR1 genes, which may support the hypothesis that the evolution of NBR1 genes as virusinducible hubs for secondary tasiRNA production may have occurred on the precondition that the va-phasiRNAs derived from the same hub will, in turn, also control the virus. It is intriguing also that the B. napus NBR1 genes are highly homologous to the selective autophagy receptor protein AT4G24690/NBR1 gene in Arabidopsis (81-84% identity), which has been implicated in antiviral defenses involving the degradation of viral proteins and particles by autophagy (Hafren et al. 2017;Hafren and Hofius 2017). This protein was shown to suppress TuMV infection in Arabidopsis by targeting the VSR of the virus (HcPro) (Hafren et al. 2018). Thus, by inducing the conversion of NBR1 mRNA into secondary siRNAs the virus may have gained the possibility to achieve widespread control over host gene expression and at the same time also to suppresses NBR1 mRNA levels and thereby control the antiviral functions of the NBR1 protein.

In conclusion, this study involved NGS analysis and in vivo experiments performed in B. napus, the most widely produced oilseed crop in the European Union. The results highlight differential expressed genes and virus-or host-derived sRNAs correlated with cleaved mRNA 5' ends indicating their role in RISC-mediated cleavage. Collectively, the data suggest that B.

napus uses endogenous siRNAs derived from resistance genes to target the virus, whereas the virus, in turn, uses its own vsiRNAs to target the host. Moreover, by inducing the production of secondary siRNAs from coding genes, the virus appears to gain the possibility to target other genes. The virus-responsive genes and particularly the genes predicted as targets of vsiRNAs or va-phasiRNAs may play an important role during virus infection in B.

napus and could represent important new candidate loci for crop improvement. However, it is important to note that the identified sRNA:RNA target pairs are predicted and that additional experiments are needed to prove that these target pairs are indeed functional in RISC-mediated RNA cleavage. One approach to gain supporting evidence could be by using AGO-immunoprecipitation for determining whether specific sRNAs in question are indeed present in AGO-RISC complexes. RISC-mediated cleavage of an mRNA target is usually confirmed by expression of a reporter construct in which the sRNA target sequence (and in a control construct, a mutant target sequence) is fused to a reporter, for example a transcript for GFP, and by comparing reporter expression (which is reduced by reporter RNA cleavage) between infected and control tissues. However, this approach may require the production of transgenic plants, since B. napus is not suitable for transient expression assays based on agroinfiltration. Given that the DNA genomes of Drakkar and Tanto were sequenced as part of this project, it may be possible to identify cultivar-specific SNPs that map to cultivar-specific sRNA:mRNA target pairs and use these SNPs in genetic crosses to correlate the SNPs and specific mRNA cleavage by gene-specific 5'RACE experiments. The role of genes during virus infection should be tested using gene-specific mutants. However, given that B. napus is an allotetraploid species with an highly amplified genome (Chalhoub et al. 2014), it is almost impossible to create recessive mutants in which a given function is no longer expressed. The functional analysis of genes rather depends on dominant approaches such as VIGS, RNAi or CRISPR/CAS9, all of which have the potential to affect the expression of all members of a given gene family.

Nevertheless, the findings obtained in this study have revealed a complex network of potential sRNA-mediated interactions between B. napus and invading virus and led to the identification of important new gene targets for crop improvement.

Processes that lead to viral symptom recovery and promote plant health

Viruses are obligate intracellular parasites, and most studies of viruses have focused on describing their association with diseases. However, viral infection does not always trigger diseases. Although virus diversity surveys demonstrated that viruses were present in thousands of plants, no disease symptoms were seen that could be correlated with the presence of virus, even if the plants contained viruses related to important crop pathogens (Roossinck 2012;[START_REF] Roossinck | Symbiosis: viruses as intimate partners[END_REF]Roossinck and García-Arenal 2015). Thus, most plants in the wild appear to be tolerant to viruses and pathology from virus infection can be seen as an exception, rather than the rule. Given that viruses produce diseases and important yield losses in crops, it is very important to gain an understanding of the processes by which plants can promote their health in the presence of viruses. To gain such insight, the phenomenon of "symptoms recovery", thus the ability of plants to recover from disease, was studied. Using ORMV infection in Arabidopsis as a model, it was found that recovery occurred in the presence of replicating virus thus indicating that recovered leaves had gained a state of tolerance. By further analysis we showed that disease symptoms correlated with VSR activity and that the plant achieved tolerance through the ability to gain control over this activity. By screening Arabidopsis mutants affected in varies defense-and hormone-related pathways the underlying mechanism was found to involve post-transcriptional RNA silencing pathway genes that are required for the synthesis of primary and secondary siRNAs as well as transcriptional silencing pathway genes previously implied in systemic RNA silencing signaling. Moreover, mutants that support enhanced siRNA production also showed enhanced recovery. Together with the additional finding that recovery was restricted to sink tissues, this led us to the model that recovery occurs upon transport of virus-derived siRNAs (vsiRNAs) from source to sink and that the vsiRNAs that accumulate in sink tissues finally cause saturation and inhibition of the VSR activity responsible for disease.

Overall, this study demonstrates that plants can use RNA silencing coupled to intercellular communication and systemic regulation to (gain) control (over) VSR activity in the distant, young tissues and thereby control (overcome an established) disease. This conclusion implies that plant health can be promoted by sink strength and by controlling the activity of genes that act against efficient vsiRNA production (e.g. EIN5/XRN4). The results are consistent with previous reports indicating the importance of RNA silencing and of a "weak" VSR in recovery.

However, unlike in these previous reports, our findings argue against a requirement of viral inhibition or clearance as a precondition for recovery; we rather show that the virus itself is not affected during this process. Thus, recovery does not depend on the "killing of the pathogen" but rather on the ability of the infected plants to properly "deal" with the virus.

This ability of plants to remain healthy despite the ubiquitous presence of viruses in the environment should indeed be expected as a result of virus-host co-evolution. To support propagation, a virus should not kill its host but rather promote its fitness. The occurrence of serious viral diseases in cultivated plants may be the result of extensive crop breeding that may have led to the loss of important mechanisms evolved during co-evolution. 

Materials and methods

I. Materials

pCB-TuMV-GFP

The binary plasmid pCB-TuMV-GFP (Lellis et al. 2002;Dunoyer et al. 2004; GenBank:

EF028235.1) encodes the UK1 strain of TuMV modified by a Green Fluorescent Protein (GFP) cistron cloned between the P1 and HCpro sequences of the polyprotein (Fig. X). The binary plasmid is based on a pGREEN II backbone providing resistance to kanamycin and gives rise to infectious RNA upon transcription from an upstream 35S promoter in plant cells. The TuMV-GFP coding sequence was verified by DNA sequencing before use.

ORMV virions

ORMV virions were purified from systemically infected Nicotiana benthamiana leaves that were mechanically inoculated with infectious RNA produced by in vitro transcription of viral described in previous publications of the team (Hu et al. 2011;Kørner et al. 2013;[START_REF] Niehl | Comparison of the Oilseed rape mosaic virus and Tobacco mosaic virus movement proteins (MP) reveals common and dissimilar MP functions for tobamovirus spread[END_REF]).

Antibodies

Primers

Tables 3: Primers for nested PCR during 5'RACE II. Methods

Plant culture

Seeds were sown on soil. 5 to 7 days after germination, B. napus seedlings were transplanted into 13 cm pots; Arabidopsis seedlings were transplanted at 15 days after germination into 7 cm pots. Before using them for experiments (i.e. infection with virus), the plants were further grown for 4-5 weeks in a growth chamber with a 16h photoperiod at 24 o C and 70% humidity.

Inoculation of plants with virus

Four weeks old Brassica napus plants were mechanically inoculated with TuMV using crude extract (sap) of previously infected plants and rubbing 2 leaves per plant with a gloved finger covered with sap in the presence of an abrasive (Celite®545). The sap was created from leaves that were previously harvested (at 20 days post inoculation, dpi) from systemically infected tumefaciens strain GV3101 transformed with plasmid pCB-TuMV-GFP as described in Dunoyer et al. (2004) paragraph "Virus and plant material" in Materials and Methods. For agroinfiltration, the agrobacteria were grown over night and pressure-injected into leaves at an OD600nm of 0.5 using a syringe without needle.

Three weeks old Arabidopsis plants were inoculated with ORMV by rubbing three leaves (prepowdered with Celite®545) with a cotton tip in the presence of 150 ng purified ORMV virions per leaf [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF].

3. Measurement of specific RNA levels by reverse transcription followed by quantitative Polymerase Chain Reaction analysis (RT-qPCR)

Total RNA extraction and cDNA synthesis

TuMV-GFP infection sites developed in the inoculated leaves of B. napus plants were revealed by monitoring GFP fluorescence with a handheld UV lamp (UVP Blak-Ray B-100). At 12 dpi, fluorescent foci were carefully isolated by cutting leaf discs with a 0.5 cm micropunch and immediately frozen in liquid nitrogen. Leaf discs were also harvested from control plants treated with buffer without virus.

Total RNA was isolated from ca 150 leaf disk samples of infection sites or of mock (buffer)treated, non-infected control tissues, each pooled from ten plants, respectively. After grinding in N2, 0.1 g fine powder was homogenized and extracted with 1.4 ml Trizol reagent (Invitrogen, USA) until defrosting. After addition of chloroform to 20% (volume to volume) (300 µl), the sample was strongly vortexed for 40 sec. Following centrifugation at 9000 g for 15 min, the upper aqueous phase was transferred to a new tube and after mixing with an equal volume of cold pure isopropanol stored for 30 min at -20°C. After centrifugation at 10150 g (4°C) the lower aqueous phase was kept and supplemented with 1.4 ml cold 70% ethanol. This was followed by centrifugation at 9000 g for 5 min, after which the supernatant was discarded and the pellet dried for 15-20 min at room temperature. Finally, the RNA in the pellet was resolubilized in 50 µl RNAse-free water heated to 60°C. 

5'RACE (Rapid Analysis of cDNA Ends)

Non-capped mRNA 5'ends that occur upon RISC-mediated RNA cleavage were analyzed by 5'RACE as described previously (Llave et al. 2002;Llave et al. 2011). RLM (RNA Ligase-Mediated)-RACE kits are usually optimized for the cloning of cDNA of capped full-length mRNA molecules. In this procedure, the RNA is treated with calf intestinal phosphatase (CIP)

to avoid the cloning of non-capped molecules carrying a 5' monophosphate (degraded mRNA, rRNA, tRNA and DNA) and with tobacco acid pyrophosphatase (TAP) to remove the cap structure on the full-length mRNA. Sine we aimed to apply 5'RACE for the cloning and identification of mRNA molecules that are non-capped and 5' monophosphorylated due to RISC-mediated cleavage, these two enzymatic steps were avoided. Instead, poly-adenylated RNA was used to ligate the 5'RACE RNA adapter to available mono-phosphorylated 5' RNA ends. As shown in figure 7, the ligation product was then reverse transcribed into cDNA using an oligo dT primer. The cDNA was then amplified with nested RACE adapter-specific and genespecific primers to create gene-specific cDNA fragments that were further analyzed by electrophoresis through an 1% agarose gel in 1x TBE [(90 mM Tris-base, 90 mM Boric acid, 2 mM EDTA (Ethylene Diamine Tetraacetic Acid) pH 8.3] at constant voltage (100 V) and sequenced the IBMP platform with gene-specific primers and the ABI3130xl sequencer (Applied Life Technologies).

Total RNA extraction

Total RNA was extracted as described under paragraph 3.1

Purification of mRNA from total RNA

Polyadenylated mRNA was purified from 1-5 µg total RNA by binding to oligo d(T)25 -coupled paramagnetic beads and separation with a magnetic isolation module [NEBNext® Poly(A) RNA Magnetic Isolation Module (E7490L), BioLabs] according to the manufacturer's instructions.

Each purified mRNA sample was quantified and the quality was measured according to the RNA Integrity Number (RIN) and 18S/28S ribosomal ratio using the Agilent RNA 6000 Pico Chip kit and by running the electrophoretic assays with the 2100 Bioanalyzer system (Agilent Technologies).

Adapter ligation

Ligation of the GeneRacer RNA oligo 5'RACE adapter (Invitrogen; see Table 2) to mRNA molecules carrying a monophosphate at the 5' end was performed as described in Llave et al.

2011 and following the manufacturer's instructions of T4 RNA ligase (New England BioLabs). In a sterile Eppendorf tube were mixed 2 ng of RNA oligonucleotide adapter and 1 ng Poly(A) purified RNA, incubated for 5 min at 65°C to relax secondary structures. After incubation, the mixture was supplemented with 1 µl 10X ligation buffer, 1 µl RNAseOUT (40 U/µl), 1 µl T4 RNA ligase, 1 µl ATP (10 mM) and filled up with sterilized miliQ water to 10 µl final volume.

After incubation at 37°C for 1h, the ligation products were separated from non-incorporated adapter molecules using an Illustra Microspin S-300 Sephacryl size filtration column (GE Healthcare) and centrifugation for 1 min at 735 g.

Reverse transcription

Eight µl of the RACE adapter-ligated RNA were used for cDNA synthesis as described in paragraph 3.1 with the exception that the reaction with SuperScript IV reverse transcriptase was done for 20 min at 60°C.

cDNA fragment amplification by PCR (nested PCR)

Sample preparation and conditions used for 5'RACE nested PCR amplification are detailed in table 5 and represent the same conditions used in Llave et al. 2011 and follows the manufacturer's instructions of the GoTaq® G2 Hot Start Polymerase (Promega). The sample preparation has been performed on ice and directly placed in 94°C pre-heated PCR block for amplification. Nested PCR requires two independent amplifications starting first with a genespecific outer primer amplification followed by a second gene-specific inner primer amplification as shown in figure 7. 

DNA isolation

DNA was isolated by aScidea Computational Biology Solutions (http://www.ascidea.com/) from 1.9 g fast-frozen leaf tissue of B. napus cv Drakkar and B. napus cv Tanto plants.

Sequencing and quality control

The sequencing was performed with 800 bp insert PCR-free libraries and subsequent paired- A Phred score of 30 reflects a base call accuracy of 99,9%.

Alignment of DNA reads to the Brassica napus reference genome

The 123 Mio clean reads obtained for each cultivar were mapped to the genome of European there is a wrongly sequenced nucleotide in these reads, the error is multiplied. Picard-tools identify and remove these reads derived from PCR duplicates to increase sequencing quality and to increase the reliability of the given sequence data and SNP calling). 

SNP calling and cultivar-specific transcriptome construction

SNPs

RNA sequencing

Total RNA isolation and quality control

For deep sequencing profiling of RNA, total RNA of each sample was extracted as described in paragraph 3.1, except that ca. 200 dissected leaf-disks were harvested at 12 dpi. Two grams (2 g) of these leaf disks were ground in liquid nitrogen and RNA was purified using the RNAeasy Mini Kit (Qiagen). The quality of each RNA sample was verified by gel electrophoresis and BioAnalyzer (Agilent technologies) techniques as described (paragraph 4.2). Each individual total RNA sample was divided into three aliquots, each used for further analysis by mRNAseq (transcriptome profiling), sRNAseq (small RNA profiling), and PAREseq (mRNA degradome profiling using Parallel Analysis of RNA ends (PARE)).

mRNA sequencing and quality control

The total RNA preparations were used for mRNA isolation, the construction of mRNAseq paired-end libraries (2*100bp) and Illumina HiSeq2000 sequencing by the company "aScidea Computational Biology Solutions" (http://www.ascidea.com/; Barcelona, Spain). The mRNAseq raw reads libraries were quality-checked with FastQC (RRID:SCR_014583) version v0.11.2 and cleaned with cutadapt (RRID:SCR_011841) version v1.8.1 for adapter removal, "N" base removal, and quality filtering. Reads longer than 60 bp and with a Phred score greater than 30 where kept.

Alignment and annotation of mRNAseq reads

Tanto and Drakkar clean mRNAseq reads were aligned to the reconstructed Tanto and Drakkar transcriptome, respectively, using Tophat2 (Kim et al. 2013, https://ccb.jhu.edu/software/tophat/index.shtml) version v2.0.13. The Bowtie2 aligner was chosen allowing one mismatch (Langmead and Salzberg 2012, http://bowtiebio.sourceforge.net/bowtie2/index.shtml). Genes were annotated using blastx on the Arabidopsis thaliana genome with default parameters. The Arabidopsis TAIR10 gene identifiers were used to retrieve the gene ontology (GO) annotations from the UniProtKB database.

Differential expression analysis

After mapping to the transcriptome the unique mapped RNAseq reads were counted using the SAMtools (Li et al. 2009 (http://www.ascidea.com/, Barcelona, Spain). The sRNAseq raw read libraries were quality checked and remaining reads were filtered like the mRNAseq read libraries. Clean reads that were 18 nt to 30 nt in length and that had a Phred score higher than 30 were kept.

vsiRNA alignment

Virus-derived siRNAs were identified by mapping the clean sRNAseq reads to the TuMV-GFP genome (described in paragraph 2.1 pCB-TuMV-GFP) with Bowtie2 (Langmead and Salzberg 2012) version v2.2.9 using the following options "-t -N 0 --end-to-end --very-sensitive --scoremin C,0,0" with no mismatch for virus-derived sRNAs. These reads have been re-mapped to the cultivar-specific transcriptomes to verify the absence of homology in the plants.

Identification of miRNAs

Reads were mapped to miRNAs of B. napus, B. oleracea, B. rapa, A. thaliana and A. lyrata annotated in miRbase21 as well as to new Brassica miRNAs described in three publications (Xu et al. 2012;Lukasik et al. 2013;Jiang et al. 2014).

De novo miRNA and va-phasiRNA detection

To identify B. napus miRNAs that are still unknown, we analyzed the reads with ShortStack We focused our analysis of sequenced sRNAs also on the identification of siRNAs that are particularly induced upon virus infection. Similar to virus-associated, RDR1-dependent siRNAs (vasiRNAs) reported for Arabidopsis (Cao et al. 2014a), we found siRNAs that derive from coding genes that convert their transcripts into dsRNA followed by phased DCL-mediated cleavage and which we named "virus-associated phased siRNAs (va-phasiRNAs)". The unique va-phasiRNAs in our database were predominantly 21 nt in length, represented by at least 100 reads in the samples from virus-infected tissues, and exceeded their normalized abundance in virus-treated tissues over their abundance in non-infected control tissues (mock) by at least a factor of 2 (rpm infected / rpm mock >2) (read per million (rpm); number of reads are multiplied by 10 6 and divided by the total number of cleavage events in the corresponding sequenced library). Moreover, the corresponding va-phasiRNA-producing genes showed a PhaseScore (the quality of the phasing register) higher than 30 (determined by Shortstack). The virus-induced and phased production of the va-phasiRNAs was verified by visualization of the gene-specific siRNA pattern with the Integrated Genome Viewer tool IGV 2.3 (Thorvaldsdóttir et al. 2013).

Short read abundance and differential expression (DE) analysis

The abundance of our known and predicted miRNAs and va-phasiRNAs was estimated after mapping using idxstats command of SAMtools v1.1 (Li et al. 2009) (RRID:SCR_002105). The differential expression analysis for miRNAs was performed with DESeq2 (Love et al. 2014), RRID:SCR_015687) version v1.10.0.

mRNA degradome sequencing

The construction of PARE libraries was performed according to the protocol of German et al. Thus, the procedure started by ligating 1 ug of purified mRNA to a 5' RNA adapter. After a new purification step of mRNA again using oligo dT-coupled Dynabeads, cDNA synthesis, short PCR amplification and MmeI digestion were performed as described (German et al. 2009). Digested fragments of ≈20 nt were then purified by PAGE, and 3' ligated to a dsDNA adapter. The ligation products were further purified by PAGE and amplified using Illumina primers. The final amplicons of approximately 125 bp were again purified by PAGE. To allow sample multiplexing in the sequencing reaction, different indexed primers were used in the amplification step (Illumina primers RPI1 to RPI4). The amplicon structure was then checked by cloning into TOPO vector and low-scale sequencing of individual clones. All clones analyzed contained inserts according to the predicted structure when libraries prepared from Drakkar were tested.

Sequencing of PAREseq libraries and quality control

The PAREseq libraries were sequenced (1x 50 bp) on an Illumina HiSeq2000 platform by aScidea Computational Biology Solutions (http://www.ascidea.com/). The sequenced PAREseq read libraries were cleaned with cutadapt (RRID:SCR_011841) version v1.8.1 for adapter removal, 'removal of reads with "N" bases, and quality filtering.

Association of cleaved mRNA 5'ends with RISC-mediated mRNA cleavage

To determine whether the cleaved 5' mRNA ends identified by PAREseq analysis could be caused by RISC-mediated RNA cleavage, the sample-specific PAREseq library was aligned to the cultivar-specific transcriptome and correlated with sRNAs (determined by sRNAseq) from the same original total RNA sample with PAREsnip software [START_REF] Folkes | PAREsnip: a tool for rapid genome-wide discovery of small RNA/target interactions evidenced through degradome sequencing[END_REF]) implemented in the UEA sRNA Workbench version v4.2.1a (Stocks et al. 2018). The default parameters were used except for the "min read abundance" option set to 100. The analysis with this software allows the identification of potential mRNA:sRNA target pairs involved in sRNA-mediated RNA cleavage. Since the RNA genome of TuMV is polyadenylated, the PARE analysis included the analysis of 5' ends of viral RNA.

To compare predicted cleavage events between samples, the specific PAREseq reads associated with RISC-mediated mRNA cleavage events were normalized as reads per million.

The sums of normalized cleavage events that occurred in the three biological replicates per condition (specific B. napus cultivar/specific treatment) were used to compare the occurrence and abundance of specific cleavage events between conditions. The gene or viral origins of sRNAs associated with specific mRNA or vRNA cleavage were identified by extracting the sRNA associated with a specific cleavage event from the PAREsnip analysis and by aligning its sequence to the transcriptome or viral genome without mismatch.

RNA analysis using the northern blotting technique

Total RNA extraction and size fractionation

RNA extraction from Arabidopsis plants was performed essentially as described under paragraph 3.1 for RNA from B. napus leaves. Here, total RNA was extracted by homogenizing 0.7 g Arabidopsis leaf material derived from the pools of several ORMV-infected (35 dpi) or non-infected Arabidopsis leaves, into fine powder in liquid N2. In contrast to the protocol described in paragraph 3.1, the volumes of chemicals were adapted to the weight of Arabidopsis grinded tissues. Thus, 10 ml of TRI REAGENT® (MRC) were add to the crude extract and supplemented with 2 ml Chloroform in the suspension followed by strong vortexing to create a homogenous mixture. After centrifugation and precipitation, the pellet was washed with 10 ml of 70% EtOH and after discarding of the supernatant, the pellet was dried for 15-20 min at room temperature and finally resuspended in 150 µL RNAse-free water heated to 60°C. The RNA in the resuspended pellet was quantified with a NanoDrop microvolume spectrophotometer at 260 nm absorbance.

To separate high molecular weight (HMW) RNA (e.g. mRNA) from low molecular weight (LMW) RNA (e.g. small RNAs), the isolated total RNA was size-fractionated with the RNAeasy Mini Kit® (QIAGEN) by applying the RNA cleanup protocol with some modifications, as described by Blevins (2017). For instance, the RTL buffer was supplemented with 10 μl bmercaptoethanol (b-ME) per ml nd the sample was adjusted to 90 μg total RNA. Moreover, all the flow-through was kept for collecting the LMW RNA.

Eluted HMW and LMW RNA fractions were precipitated by addition of an equal volume of isopropanol, overnight incubation at -20°C and centrifugation at 14 000 g in the cold (4°C).

The precipitated RNA was resuspended in RNAse-free water and the concentration was determined with a NanoDrop microvolume spectrophotometer at 260 nm.

RNA blotting

The procedure of Northern blotting for the detection of specific HMW and LMW RNA molecules is mentioned in [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF] and followed exactly the steps described in J.

Sambrook, D. William Russell CSHL Press, 2006 (Volume 1, Chapter 7, Protocol 6 and 7) for HMW RNA and the procedures described by [START_REF] Akbergenov | Molecular characterization of geminivirus-derived small RNAs in different plant species[END_REF] and Blevins (2017) for LMW RNA.

For the specific probing of HMW RNA, 8 µg of HMW RNA where used for electrophoresis through the formaldehyde agarose gel. The RNA was then transferred and fixed onto nitrocellulose membrane as described in J. Sambrook, D. William Russell CSHL Press, 2006

( Volume 1, Chapter 7, Protocol 6 and7). The RNA was crosslinked to the membrane by UV irradiation (1400 x 100 µJ/cm 2 ). For detection of abundant, HMW, positive sense, genomic viral RNA, the RNA on the blot was probed by hybridization with a sequence-specific mix of oligonucleotide probes (with sequences complementary to the viral RNA) that were endlabelled with γ[ 32 P]-dATP. The probes were prepared in 20 µl reactions containing 1 µl T4

Polynucleotide-Kinase (Thermo Scientific), 0.3 µl 100 µM oligo-nucleotides, 2 µl 10X PNK buffer A, 4.5 µl γ[ 32 P]-dATP (~ 50 µCi) and 12 µl H20 that were incubated for 30 min at 37°C.

For detection of rare molecules such as negative strand viral RNA, a 200 bp long RNA probe generated by T7 promoter-driven in vitro transcription in the presence of α[ 32 P]-dUTP was used. The short oligonucleotide probes were purified through illustra MicroSpin G-25

Columns (GE Healthcare Life Sciences) and centrifugation at 735g for 1 min, whereas the longer probe was cleaned by phenol/chloroform extraction and 100% ethanol precipitation.

The probes were applied to a nitrocellulose membrane (N+, Amersham) previously prehybridized for 4 hours in 10 ml PerfectHyb TM Plus buffer (Sigma). The specific probes were then added and the membrane followed by incubation in this solution overnight at 37°C for detection of abundant viral positive RNA strand and 70°C for detection of the less abundant negative strand. The membranes probed with oligonucleotide or in vitro transcript probes were washed in 2x SSC (300mM NaCl, 30mM Na-Citrate, pH 7) containing 2% SDS (Sodium Dodecyl Sulphate) at 50°C for 5 min or 10 min at 60°C, respectively. To visualize the hybridized probes on the membrane, the membranes were exposed to a storage phosphor screen (for 1h to visualize the viral genomic RNA; for one week to visualize the viral negative strand RNA).

The storage phosphor screen was then imaged with a Typhoon FLA-7000 laser scanner (GE Healthcare).

For probing of LMW RNA, 5 µg of the LMW RNAs were separated by electrophoresis through a 16 % polyacrylamide urea gel [12.0 ml 30% acrylamide bisacrylamide (19:1), 18 ml urea solution (11.1 g urea, 6.0 ml 5x TBE (54 g Tris-base, 27.5 g boric acid, 20 ml 0.5 M EDTA pH 8.0 in 1 L miliQ water)) supplemented with 30 µl of TEMED (N,N,N',N'-TEtraMEthyl-1-,2-Diaminométhane), 300 µl APS (ammonium persulfate) (10%)]. The polyacrylamide gel was pre-run in 1x TBE for 20 min at 15W before loading of the sample and the wells were washed using a syringae to remove any excess of urea. The samples were dried for 40 min at room temperature by sublimation in a SpeedVac Concentrator (Thermo Scientific) and resuspended in 8 µl RNA loading buffer (95% formamide, 0.025% bromophenol blue, 0.025% xylene cyanol FF, 5 mM EDTA, 0.025% SDS, pH 8.5). Before loading, the samples were heated to 95°C for 3 min and cooled on ice. The electrophoresis was run for 1h30 at 15W in 1X TBE. After electrophoresis, the RNA in the gel was stained for 8 min in Ethidium bromide (EtBr) solution (400 ml 1X TBE, 20 µl EtBr (from a 10 mg/ml stock) photographed (GelDoc 2000, Bio-Rad),

and washed for 20 min in 1X TBE.

Next, the gel was blotted overnight onto a Hybond N+ membrane (GE Healthcare, UK) by capillarity blotting in 0.5X TBE buffer followed by crosslinking the RNA to the membrane by UV (140 mJ/cm 2 ). Oligonucleotide probes were prepared and purified as described for HMW probes. The membrane was pre-hybridized for 4 hours in 10 ml Perfect-Hyb buffer (Sigma, USA) at 40°C, followed by the overnight hybridization in the same buffer with the specific probes at 37 o C. Blots were washed three to five times in 0.5% SDS; 2x SSC at 37 °C. For detection of different sRNAs in the same RNA extract, the blots were stripped by three consecutive washes with boiling 0.5% SDS each for 20 min before re-probing. The membrane was exposed two-to seven-days to a storage phosphor screen, which was then imaged with a Typhoon FLA-7000 laser scanner (GE Healthcare).

Protein analysis using the western blot technique 10.1. Total protein extraction and quantification

As described in [START_REF] Kørner | Crosstalk between PTGS and TGS pathways in natural antiviral immunity and disease recovery[END_REF], 0.1g Arabidopsis leaf tissues were homogenized to fine powder in liquid N2. After addition of 400-600 µl extraction buffer (10% glycerol, 5% β-ME, 75 mM Tris-HCl pH 6.8) and homogenization with the help of a Silimat® shaking machine, the sample was heated at 95°C with 2% SDS for 5 min and centrifuged at 14 000 g for 10 min. The aqueous phase was extracted, boiled 10 min at 95°C for their denaturation and quantified using the Bradford protein assay (Bio-Rad). The protein extract was then mixed to 1x with Laemmli buffer (62,5 mM Tris-HCl pH 6.8, 3% SDS, 10% glycerol, 0.1% bromophenol blue, 5% β-ME), boiled again 5 min at 95°C before loading into a polyacrylamide gel.

SDS-PAGE

Proteins were separated by PAGE under denaturing conditions in the presence of SDS using Bio-Rad electrophoresis equipment. The acrylamide gel was polymerized in the presence of APS as a radical initiator and TEMED as catalyst. The acrylamide/bisacrylamide percentage in the separation gel was chosen according to the size of the proteins to be analyzed (generally between 8 % and 15%).

Protein samples were heated in Laemmli buffer for 10 min at 95 °C, mixed and cleared by centrifugation at 14,000 g for 10 min. 

Protein transfer and luminescent detection

The protein gel was rinsed in transfer buffer (25 mM Tris-base, pH 8.3; glycine 250 mM) to partially remove the remaining SDS. Immobilon-P (Millipore) membrane was cut to the size of the gel, activated in 96% ethanol for 15 sec and briefly rinsed in transfer buffer. The gel and the membrane were placed in a transfer system (Mini Trans-Blot Cell, Bio-Rad) between

Whatmann papers and sponges. The transfer was carried out at 90V for 130 min. The membrane was then rinsed for 10 min in TBS-T buffer (1x TBS and 0.1% Tween20®) and preincubated in TBS-T / 5% milk powder for 60 min at room temperature to saturate the unspecific sites. After addition of primary antibodies and further incubation at 10 rpm shaking on a Duomax 1030 (Heidolph) apparatus overnight at 4 °C (for dilutions see Material paragraph 4), the membrane was washed 3 times in TBS-T / 5% milk buffer for 10 min. The membrane was then incubated for 1h in the same buffer and in the presence of horseradish peroxidase-coupled secondary antibodies (see Material paragraph 4) at room temperature and again washed for 3 times in TBS-T buffer for 10 min. The location of the antibody-labeled proteins on the membrane was revealed by chemiluminescent detection using "Lumi-Light PLUS Western Blotting Substrate" (Roche Diagnostics) according to the manufacturer's recommendations (volume to volume black and white solution, 1 min contact with the membrane) and documented by imaging with a FUSION FX western blot and chemiluminescence imaging system (VIlber Lourmat, France). The membrane was stained with Coomassie blue (50% ethanol, 10% acetic acid, 0.25% Coomassie R250 blue) to visualize the amount of transferred protein. Table S7: Genes that are more strongly and significantly regulated within sites of local TuMV infection in Drakkar leaves than in Tanto leaves. These genes respond to TuMV infection more strongly in Drakkar than in Tanto. The fold-change values (log2) represent significant differences between transcript levels within infection sites and transcript levels in mock-treated tissue samples (p-value: <0.05). These values are based on three independent infection experiments (biological replicates) for both Drakkar and Tanto. In each experiment, transcripts were detected with at least 150 mean reads. The table is based on genes with strongest fold-changes in Tanto ([log2] ³ +4 / -4). L'analyse du RNAseq à l'échelle du génome a révélé de nombreux gènes montrant des différences dans l'accumulation de leurs transcrits entre les échantillons contrôles traités par simulation et ceux traités par le virus. Parmi ceux-ci, de nombreux gènes induits par le virus étaient significativement positivement ou négativement régulés, soit chez les deux cultivars, soit de manière spécifique à un cultivar. Certains des transcrits différentiellement exprimés ont été prédit pour coder des protéines connues pour jouer des rôles importants dans la défense des agents pathogènes. Un exemple est la CALMODULIN-BINDING PROTEIN 60G (CB60G), induite chez les deux cultivars et connue pour agir en tant que régulateur immunitaire favorisant l'expression des gènes clés impliqués dans la biosynthèse de l'acide salicylique et régulant les méchanismes de "pathogen-associated molecular pattern (PAMP)triggered immunity (PTI)", "effector-triggered immunity (ETI) et la "résistance systémique acquise" (SAR) (Sun et al. 2015). La susceptibilité virale chez le cultivar Drakkar a été corrélée, entre autres, à une forte induction de l'expression de la sous-unité alpha-2 du complexe coatomer COP I (Ahn et al. 2015), qui pourrait jouer un rôle dans la formation de vésicules de réplication et dans leur mouvement (Wei and Wang 2008) (voir chapitre I). Par ailleurs, le phénotype plus résistant du cultivar Tanto pourrait être corrélé, à l'induction spécifique de transcrits codant pour TARGET OF AVRB OPERATION1 (TAO1), une protéine similaire au récepteur TIR-NB-LRR (Eitas et al. 2008), cible activée lors d'une attaque pathogène. La validité générale de nos données mRNAseq a été confirmée en testant l'expression de plusieurs gènes par analyse RT-qPCR. L'ARN original analysé par NGS-mRNAseq a été comparé avec ceux de nouveaux échantillons provenant de quatre autres expériences d'infection indépendantes. Cette partie du travail a fourni des listes de gènes classés selon le degré d'induction ou de répression de la transcription dans les sites d'infection locale de TuMV-GFP. Deux cultivars différents présentant des susceptibilités virales différentes ont été analysés.

Pour révéler les mRNA qui pourraient être ciblés par les sRNAs dérivé de l'hôte ou du virus et induit par le virus, de petits fragments d'ARN (appelés "reads") ont d'abord été comptés et alignés sur le transcriptome du génome viral et celui de Tanto et Drakkar avant de réaliser les annotations. Comme découvert par des études antérieures (par exemple Tagami et al. 2007;Vogler et al. 2007, Hu et al. 2011), l'infection virale a provoqué des changements radicaux dans le profil de taille des sRNAs. Alors que les sRNAs des échantillons de Tanto et de Drakkar présentaient des profils identiques et typiques de sRNAs de 21 nt à 24 nt de long, les profils étaient fortement dominés par les ARN interférent (siRNA) de 21 nt et 22 nt dérivés du virus lors de l'infection (vsiRNA). Ces profils, ainsi que les profils de vsiRNAs alignés sur le génome du TuMV, étaient presque identiques entre les deux cultivars de B. napus, ce qui indique que les différences de sensibilité au virus ne peuvent être expliquées par des différences évidentes dans le traitement (processing) des sRNAs. En mappant les sRNA dérivés de l'hôte sur les micro ARN (miRNA) des Brassicacea dans la base de données miRbase (Kozomara and Griffiths-Jones 2014), plusieurs petits fragments de sRNAs correspondaient à des miRNAs connus. De plus, en utilisant le logiciel Shortstack (Axtell, 2013), de nombreux miRNAs inconnus auparavant ont été identifiés. Les données sur les sRNAs et les mRNAs ont finalement été combinées aux résultats de l'analyse PAREseq pour révéler les sRNAs alignés sur les extrémités 5' clivées des mRNAs et sont compatibles avec les conditions de jumelage RISC d'après le logiciel PAREsnip [START_REF] Folkes | PAREsnip: a tool for rapid genome-wide discovery of small RNA/target interactions evidenced through degradome sequencing[END_REF]. L'analyse a révélé des paires miRNAs:mRNA cibles déjà connues, telles que les miRNAs ciblant les mRNAs codant pour des protéines spécifiques de liaison au promoteur Squamosa (SPL), des facteurs de réponse aux auxines (ARF), des protéines Scarecrow-like (SCL), des facteurs de transcription sensibles à l'éthylène (ERF-RAP2-7, AP2), les protéines Fbox de signalisation auxines (AFB2, AFB3) et les protéines Superoxyde dismutases (Llave et al. 2002;Rhoades et al. 2002;[START_REF] Allen | microRNA-directed phasing during trans-acting siRNA biogenesis in plants[END_REF]Wang et al. 2005a;Wang et al. 2005b, Kim et al. 2006;[START_REF] Gandikota | The miRNA156/157 recognition element in the UTR of the Arabidopsis SBP box gene SPL3 prevents early flowering by translational inhibition in seedlings[END_REF]Vidal et al. 2010;Si Ammour et al. 2011;[START_REF] Yu | Gibberellin regulates the Arabidopsis floral transition through miR156-targeted SQUAMOSA promoter binding-like transcription factors[END_REF]Lu et al. 2013;[START_REF] Ma | Arabidopsis miR171-targeted SCARECROW-LIKE (SCL) proteins bind to GT cis-elements and mediate gibberellin-regulated chlorophyll biosynthesis under light conditions[END_REF][START_REF] Jung | The miR172 target TOE3 represses AGAMOUS expression during Arabidopsis floral patterning[END_REF]Xu et al. 2016), confirmant ainsi l'analyse PARE. De plus, ce travail a permis d'identifier de nouveaux candidats pour les paires de miRNA:mRNA, tels que miR1885b:BLOS2 ou miRC23a:COX19. L'activité de clivage de certaines paires miRNA:mRNA cibles, connues et prédites, a été confirmée par des tests 5'RACE (Rapid Amplification of cDNA Ends) spécifiques. Basé sur les résultats obtenus par le logiciel PAREsnip, ces expériences ont permis, en utilisant des échantillons biologiques indépendants, de confirmer certains sites de clivages, au sein de cibles mRNAs prédits. L'un des objectifs importants était de déterminer si le virus infectieux pouvait utiliser, les siRNAs produits à partir de son génome, en tant qu'effecteurs d'ARN pour le ciblage par le complexe RISC des gènes de l'hôte. L'analyse a en effet révélé la présence de vsiRNAs dans les paires cibles vsiRNA:mRNA qui n'apparaissaient qu'après infection. Un vsiRNA prédominant a été trouvé dans les paires cibles vsiRNA:mRNA et implique des transcrits de gènes ERF également ciblés par miR172. Ce vsiRNA a été trouvé similaire à la séquence miR172 et de plus, est prédit être responsable du clivage exactement sur le même locus dans le transcrit cible. Cela suggère que les virus peuvent coder pour des vsiRNAs évolués pour imiter l'activité des miRNAs hôtes et, par conséquent, pour contrôler les gènes cibles spécifiques des miRNAs pendant l'infection. La cartographie des sRNAs sur deux transcriptomes de cultivars différents et l'analyse de l'alignement avec le programme ShortStack (Axtell, 2013) ont conduit à l'identification de nombreux loci phasés (PHAS) qui produisent de petits ARN interférents secondaires (phasiRNA) en phase. Les phasiRNAs sont produits par la conversion d'un transcrit en ARN double brin (ARNdb) par des ARN polymérases dépendant de l'ARN (RDR6 ou RDR1). Ils sont traités ensuite de l'ARNdb en siRNAs phasés par DCL4 (Fei et al. 2013). Ceci est en faveur de l'hypothèse où la production de phasiRNAs représente un mécanisme permettant de réguler à la baisse le transcrit spécifique dont ces siRNAs sont issus et de produire des siRNAs capables IV de cibler des séquences homologues en trans (Fei et al. 2013). Ainsi, à la différence des gènes TAS non-codants d'Arabidopsis, connus parmi les premiers loci permettant la production de siRNAs agissant en trans (tasiRNAs) (Vazquez et al. 2004), les loci PHAS se réfèrent à des gènes codants, dont font parties les gènes de la famille des LRR impliqués dans la défense contre des agents pathogènes, ainsi que les gènes des familles PPR et MYB, comme illustré chez Arabidopsis thaliana, Medicago truncatula et Prunus persica (Fei et al. 2013;[START_REF] Zhai | MicroRNAs as master regulators of the plant NB-LRR defense gene family via the production of phased, transacting siRNAs[END_REF]. L'analyse des loci PHAS chez des plants de B. napus contrôles ou infectés par TuMV, a révélé que certains loci PHAS produisent des siRNAs phasiques seulement après l'infection. La production de siRNAs secondaires associés au virus (vasiRNA) à partir de gènes codants lors d'une infection virale, a été découverte chez Arabidopsis et nécessite RDR1 pour leurs synthèse et Argonaute (AGO) 2 pour le clivage de transcrits cibles (Cao et al. 2014). Ainsi, les loci induisant la production de siRNAs phasiques identifiés dans notre analyse, peuvent représenter des loci produisant des vasiRNAs. Cependant, comme la voie de synthèse des phasiRNAs dans B. napus n'est pas connu, il est préférable de les distinguer en tant que va-phasiRNAs et non vasiRNAs. Notre étude indique que l'infection virale chez le colza stimule la production de phasiRNAs sur de nombreux gènes codants qui sont liés à la défense (par exemple, homologue TAO1, AGO2, NBR1). Parmi ces gènes, nous avons trouvé des membres de trois petites familles de gènes (codant pour la protéine Chlorophyll a-b binding protein 1, NBR1 homolog, et TAR1) qui produisent des va-phasiRNAs associés au clivage de leurs propres transcrits ou de transcrits de gènes homologues. Cela suggère que le processus de production de va-phasiRNA pourrait représenter un mécanisme pour atténuer les effets de l'infection sur l'homéostasie transcriptionnelle. Il est intéressant de noter que les membres de la famille NBR1 et TAR1 produisent également des va-phasiRNAs avec le potentiel de cibler les transcrits d'autres gènes. Les données suggèrent que particulièrement NBR1 peut organiser des centres inductibles ("hub") par le virus pour la synthèse de siRNAs et le ciblage induit du virus par tout un réseau d'autres gènes.

Les résultats de l'analyse PAREsnip indiquent que le génome viral peut également être clivé par des siRNAs dérivés du virus et de l'hôte (vsiRNA, hsRNA). La grande majorité des événements de clivage était associée à des hsRNAs uniques, dérivés de gènes annotés comme étant des gènes de résistance aux maladies (TAO1 et RPP5), tous deux codant pour des protéines de type récepteur TIR-NB-LRR. Le clivage de l'ARN viral (vRNA) par le biais des vsiRNAs ou hsRNAs peut contribuer à la sensibilité spécifique du cultivar pour le virus, car certains sites de clivage sont prédits de manière spécifique à un cultivar. Il est intéressant de noter que certaines des paires cibles d'hsRNA:vRNA incluent des va-phasiRNAs actifs en trans et sont dérivés des gènes NBR1 et TAR1. Ce résultat pourrait corroborer l'hypothèse de l'évolution des gènes NBR1 en tant qu'hub induit par le virus induisant la production de siRNAs secondaires. Celui-ci pourrait avoir évolué, à condition, que les va-phasiRNAs dérivés du même hub soient capables de contrôler à leur tour le virus. Il est également intéressant de noter que les gènes NBR1 de B. napus sont hautement homologues du gène codant pour la protéine AT4G24690/NBR1 de l'autophagie chez Arabidopsis (identité de 81 à 84%), impliquée V dans les défenses antivirales impliquant la dégradation des protéines et des particules virales par autophagie (Hafren et al. 2017;Hafren and Hofius 2017). Il a été montré que cette protéine supprime l'infection du TuMV chez Arabidopsis en ciblant le VSR du virus (HcPro) (Hafren et al. 2018). Ainsi, en induisant la conversion de transcrit NBR1 en siRNAs secondaires, le virus peut avoir eu la possibilité d'obtenir un contrôle généralisé de l'expression du gène hôte, en supprimant les taux de transcrit NBR1 et en contrôlant les fonctions antivirales de la protéine NBR1.

En conclusion, cette étude a impliqué une analyse NGS et des expériences in vivo réalisées sur B. napus, la culture d'oléagineux la plus largement produite dans l'Union Européenne. Les résultats mettent en évidence des gènes exprimés différentiellement et des sRNAs dérivés du virus ou de l'hôte en corrélation avec les extrémités 5' des mRNAs clivés, indiquant leur rôle dans le clivage par RISC. Collectivement, les données suggèrent que B. napus utilise des siRNAs endogènes dérivés de gènes de résistance, pour cibler le virus, alors que le virus, à son tour, utilise ses propres siRNAs pour cibler l'hôte. De plus, en induisant la production de siRNAs secondaires à partir de gènes codants, le virus semble avoir la possibilité de cibler d'autres gènes. Les gènes sensibles au virus, et en particulier les gènes prédits comme cibles des siRNAs ou des va-phasiRNAs, peuvent avoir un rôle important dans l'infection virale chez B. napus et pourraient représenter d'importants nouveaux loci, candidats pour l'amélioration des cultures. Cependant, il est important de noter que les paires cibles de sRNA:RNA identifiées sont prédites et que des expériences supplémentaires sont nécessaires pour démontrer si ces paires de cibles sont effectivement fonctionnelles dans le clivage de l'ARN par RISC. Une approche pour obtenir des preuves à l'appui de cette hypothèse pourrait être d'utiliser l'immunoprécipitation de la protéine AGO pour déterminer si des sRNAs candidats, sont effectivement présents dans les complexes AGO-RISC. Le clivage par RISC d'une cible de mRNA est généralement éprouvé par l'utilisation d'une construction test et d'une construction témoin d'une séquence cible mutée dans laquelle la séquence mRNA cible de siRNA, est fusionnée à un rapporteur, par exemple le transcrit GFP. La fluorescence, réduite s'il y a clivage de l'ARN rapporteur, sera comparée entre les tissus infectés et les tissus témoins. Cependant, cette approche peut nécessiter la production de plantes transgéniques, étant donné que B. napus ne convient pas aux tests d'expression transitoire basés sur l'agroinfiltration. Comme les génomes d'ADN de Drakkar et Tanto ont été séquencés dans le cadre de ce projet, il pourrait être possible d'identifier des polymorphismes nucléotidiques (Single Nucleotide Polymorphisms, SNPs) spécifiques à des cultivars, qui correspondent aux paires cibles sRNA:mRNA, eux même présent dans un seul cultivar, et utiliser ces SNPs dans des croisements génétiques afin de corréler les SNPs spécifiques au clivage de transcrit par des expériences 5'RACE d'un gène. Le rôle des gènes au cours de l'infection virale doit être testé à l'aide de mutants spécifiques de ces gènes. Cependant, étant donné que B. napus est une espèce allotétraploïde avec un génome fortement amplifié (Chalhoub et al. 2014), il est presque impossible de créer des mutants récessifs dans lesquels une fonction donnée est abolie. L'analyse fonctionnelle des gènes dépend plutôt d'approches dominantes telles que VI l'ARN interférence (RNAi) ou le CRISPR/CAS9, qui peuvent affecter l'expression de tous les membres d'une famille de gènes donnée. Néanmoins, les résultats obtenus dans cette étude ont révélé un réseau complexe d'interactions potentielles médiées par les sRNAs entre B. napus et le virus et ont permis d'identifier de nouvelles cibles génétiques importantes pour l'amélioration des cultures.

Processus conduisant à la guérison des symptômes viraux et favorisant la santé des plantes

Les virus sont des parasites intracellulaires obligatoires et la plupart des études sur les virus se sont concentrés sur la symptomatologie des maladies virales. Cependant, l'infection virale ne déclenche pas toujours des maladies. Bien que des études sur la diversité virale aient démontré la présence de virus dans des milliers de plantes, souvent aucun symptôme de maladie pouvant être corrélé à la présence du virus n'a été observé, même si les plantes contenaient des virus liés à d'importants agents pathogènes (Roossinck 2012;[START_REF] Roossinck | Symbiosis: viruses as intimate partners[END_REF]. Roossinck and García-Arenal 2015). Ainsi, la plupart des plantes à l'état sauvage, semblent tolérer les virus et la pathologie de l'infection virale peut être considérée comme une exception plutôt que comme une règle. Étant donné que les virus produisent des maladies et des pertes de rendement importantes dans les cultures, il est nécessaire de comprendre les processus par lesquels les plantes peuvent promouvoir leur santé en présence de virus. Pour obtenir une telle information, le phénomène d'"auto-guérison des symptômes", donc la capacité des plantes à se remettre de la maladie, a été étudié. En utilisant l'infection par ORMV chez Arabidopsis comme modèle, il a été constaté que la guérison se produisait en présence de virus répliquant, indiquant ainsi que les feuilles guéries avaient acquis un état de tolérance. Par une analyse plus poussée, nous avons montré que les symptômes de la maladie étaient corrélés à l'activité du suppresseur de silencing (VSR) et que la plante était capable de maîtriser cette activité. En examinant les mutants d'Arabidopsis affectés dans diverses voies liées à la défense et aux hormones, nous avons constaté que le mécanisme sous-jacent impliquait des gènes de voie de RNA silencing post-transcriptionnel (PTGS) nécessaires à la synthèse de siRNAs primaires et secondaires ainsi que des gènes de signalisation du RNA silencing. De plus, les mutants de gènes requis pour la production de siRNAs primaires et secondaires ont également montré une guérison plus rapide. Avec la découverte supplémentaire que la guérison était limitée aux tissus de destination (tissus "puits", les parties des feuilles importatrices de sucres), cela nous a conduit au modèle selon lequel la guérison se produit lors du transport des siRNAs dérivés du virus (vsiRNA) depuis leur source de production jusqu'à leurs tissus puits, et que les vsiRNAs qui s'accumulent dans ces tissus son responsables de la saturation et de l'inactivation du VSR responsable de la maladie. Globalement, cette étude démontre que les plantes peuvent utiliser le RNA silencing couplé à une communication intercellulaire et à la régulation systémique pour prendre le contrôle de l'activité VSR dans les jeunes tissus éloignés du site d'infection pour contrôler (surmonter) la maladie établie. Cette conclusion implique que la santé des plantes peut être favorisée par la force d'importation des tissus puits et par le contrôle de l'activité des gènes qui agissent contre la production efficace de vsiRNAs (par exemple EIN5/XRN4). Les résultats sont VII cohérents avec les rapports précédents indiquant l'importance du RNA silencing et d'un VSR "faible" dans la guérison des symptômes. Cependant, contrairement à ces rapports antérieurs, nos résultats plaident contre une exigence d'inhibition ou de suppression virale comme condition préalable à la guérison ; nous montrons plutôt que le virus lui-même n'est pas affecté pendant ce processus. Ainsi, l'auto-guérison des symptômes ne dépend pas de la "destruction" de l'agent pathogène mais plutôt de la capacité des plantes infectées à "gérer" correctement le virus. Cette capacité des plantes à rester en bonne santé malgré l'omniprésence du virus dans l'environnement, devrait en effet être attendue de par une coévolution virus-hôtes. Pour soutenir la propagation, un virus ne devrait pas tuer son hôte mais plutôt promouvoir son développement (sa santé). L'apparition de maladies virales graves chez les plantes cultivées peut être le résultat d'une surexploitation des croisements qui peut avoir entraîné la perte d'importants mécanismes mis en place au cours de la coévolution.

Finally, work described

  in Chapter III revealed the genetic and functional basis of disease symptoms and symptoms recovery observed in Arabidopsis plants infected with ORMV. Symptoms recovery relates to the ability of plants to recover from an established viral disease. Understanding this phenomenon is a key to important mechanisms that support plant health and the survival of plants in natural environments full of viruses. The results of this study were published in the journal Nature

Figure 1 :

 1 Figure 1: Schematic illustration of plasmodesmata (PD)Ultrastructure and cell-to-cell trafficking of diffusible signalling molecules (modified from[START_REF] Lee | Plasmodesmata: the battleground against intruders[END_REF]. The SEL of PD is regulated primarily by the degree of callose deposition in the cell wall near the PD neck regions. In addition, the SEL may also be regulated by proteins that tether the ER to the plasma membrane (orange-yellow spheres and short rods) and may regulate the size of the cytoplasmic sleeve between these membranes.

Figure 2 :

 2 Figure 2: The RNA genome of TMV and encoded proteinsThe RNA genome of TMV is caped at its 5' end and forms a tRNA-like structure at the 3' end. The RNA encodes four proteins, the large 183 kDa (183k-RdRp) and small 126 kDa (126k-VSR) subunits of the replicase, the 30 kDa movement protein (MP), and the 17.5 kDa coat protein (CP). The large 183 kDa replicase subunit is produced by read-through of an amber stop codon that terminates the translation of the short subunit. The two replicase subunits interact in vivo. Whereas the large subunit contains an RNA-dependent RNA polymerase domain and is sufficient for replication of viral RNA, the small subunit has Viral Suppressor of RNA silencing (VSR) activity and increases viral replication efficiency.

  into immature xylem vessels and replicate in the cytoplasm and then move upward in the plant before programmed cell death occurs and the xylem becomes a hollow vessel. It would be interesting to see by which mechanism the vesicles can enter and exit the xylem. It has been observed that membrane-impermeant fluorophores such as carboxyfluorescein-diacetate (CFDA) and also much larger Texas Red-labeled dextran (10 kD) molecules unload from xylem via the xylem

Figure 3 :

 3 Figure 3: Potyvirus infectionThe filamentous particle is uncoated, and the viral RNA is translated and replicated. Viral replication and production of viral replication complexes (VRCs) take place close to the ER at ER-exit sites (ERES). VRC-containing vesicles move along actin microfilaments to chloroplasts and also to pinwheel structures formed at PD for cell-to-cell movement.

Figure 4 :

 4 Figure 4: Conserved domain organization of RNA silencing pathway proteins (modified from Bologna and Voinnet 2014).

Figure 5 :

 5 Figure 5: Biogenesis of sRNAs and RNA silencing pathways a. PolIV transcripts derived from transposable elements and repeats are converted to dsRNA by RDR2 and then cleaved by DCL3 into rasi/hcRNAs. b. After transcription of pri-miRNA from a MIR gene by RNA polymerase II (Pol ll) the doublestranded foldback structure is cleaved by DCL1 into a 20-22 nt long miRNA duplex. c. PhasiRNAs (which include tasiRNAs) are transcribed from coding genes or non-coding genes (e.g. TAS genes in Arabidopsis) by Pol II and converted into dsRNA by the RDR6 protein. The dsRNA is then processed by DCL4 into phased 21 nt siRNAs. d. Viral RNA replication by the viral RNA dependent RNA polymerase (vRdRp) leads to the formation of double-stranded RNA (dsRNA) which is cleaved by DCL2 and DCL4 into 21-22 nt long siRNA duplexes. e. rasi/hcRNA, miRNA, phasi/tasiRNA, and vsiRNA are methylated by HEN1 and loaded into the AGO-RISC complex for DNA methylation and chromatin formation/maintenance (TGS) or direct cleavage or translational repression of target RNA (PTGS).

  ), P1 (SPMMV) AGO inactivation Inibition of vRNA cleavage and vsiRNA production Inhibition of vsiRNA activity Inactivation of RISC complex activity (vRNA or host mRNA PTGS and TGS inhibition) Inhibition of secondary siRNAs processivity

  generation RNA profiling technologies and specific gene analysis to address the function of sRNAs accumulating during early Turnip mosaic virus (TuMV) infection in leaves of oilseed rape (Brassica napus). sRNA:RNA target pairs correlated with specific host mRNA and viral RNA cleavage events during infection were identified. Moreover, our analysis revealed the targeting of specific host genes by virus-encoded siRNAs. The results also suggest the existence of specific host genes that function as virus-induced hubs for secondary siRNA synthesis and the regulation of downstream secondary gene target networks. We also show that the virus itself is targeted for RISC-mediated cleavage by sRNAs encoded by the host. This finding indicates that the network of sRNA-mediated interactions between the virus and its host includes the activity of plant-encoded sRNAs with homology to viral genomes and that are part of the arms arsenal available to plants to control their viruses.Collectively, the observations indicate that viruses and their hosts cells form tightly organized niches in which both sides exchange multiple sRNA signals for mutual control and regulation. B. napus is a global economically important crop grown for its oil-rich seeds and vulnerable to a number of widespread viruses including TuMV. By focusing the analysis on dissected local sites of infection in leaves, we identified regulatory hubs and sRNA target genes that control plant-virus interactions during the onset of virus infection before disease symptoms arise. The identified genes and mechanisms are potential targets for crop breeding aiming to interfere with the onset of infection already during early stages.

  identify mRNAs targeted for cleavage by miRNAs and other sRNAs expressed in the mock-and virus-treated plants the replicate DM, DT, TM and TT samples were also used for the sequencing of the mRNA degradome by PAREseq. The PAREseq reads consist of 20 nt signatures derived from mono-phosphorylated, non-capped 5' ends of the 3' fragments of mRNAs following cleavage by RISC, Dicer, or other degradation processes. By applying the combination of PAREseq, mRNAseq, and sRNAseq reads for degradome analysis with PAREsnip software (Folkes et al. 2012), we identified sRNA:mRNA pairs that are functional in sRNA-mediated RNA cleavage events. Our degradome and sRNA data sets derived from leaf samples of twelve independent replicate biological experiments with non-infected mock and TuMV-infected Drakkar and Tanto plants were consistent with the activity of numerous B. napus miRNAs involved in the RISC-mediated cleavage of mRNA targets known already in Arabidopsis and other species. The analysis agreed the activity of previously known B. napus members (annotated in miRbase) of miRNA families targeting the mRNA transcripts for SQUAMOSA PROMOTER-BINDING-LIKE (SPL) proteins (bna-miR156), Auxin response factors (ARFs) (bna-miR160), SCARECROW-LIKE (SCL) proteins (bna-miR171), Ethylene-responsive transcription factor (ERF) RELATED TO APETALA 2 (RAP2), TARGET OF EAT 2 (TOE2), and APETALA 2 (bna-miR172), Auxin signaling F-box (TIR1/AFB2/AFB3) proteins (bna-miR393), CHLOROPLASTIC SUPEROXIDE DISMUTASE (bna-miR398), and ARGONAUTE 2 (bna-miR403) (Table

  materials, plant growth conditions, virus inoculation, and RNA extraction Brassica napus cv. Drakkar and Brassica napus cv. Tanto plants grown for 4-5 weeks in a growth chamber at 24 o C with a 16h photoperiod were mechanically inoculated with freshly prepared crude extract (sap) of donor B. napus cv Drakkar plants systemically infected with TuMV-GFP. The donor plants were mechanically inoculated with sap from systemically infected Nicotiana benthamiana plants. Sap was always created by grinding infected leaves in 75 mM potassium phosphate buffer pH 7.5 in a cooled mortar. To create the original N. benthamiana donor plants, five weeks old N.

  Inoculated leaves were monitored with a handheld UV lamp (UVP Blak-Ray B-100) to reveal GFP fluorescent infection sites. TuMV-GFP infection sites in the inoculated leaves of B. napus cv Drakkar and B. napus cv Tanto plants were carefully isolated at 12 dpi with a 0.5 cm micropunch and immediately frozen in liquid nitrogen. Leaf disks of mock treated B. napus cv Drakkar (sample DM) and mock-treated B. napus cv Tanto plants (sample TM) as well as infection sites on virus-treated B. napus cv Drakkar (sample DT) and infection sites on virus-treated B. napus cv Tanto plants (sample TT) were dissected from three independent inoculation experiments. Thus, three samples each of DM, DT, TM, and TT, were created.

  The 20 nt DNA fragments resulting from MmeI digestion were purified by polyacrylamide gel electrophoresis (PAGE) and 3' ligated to a dsDNA adapter. The ligation products were further purified by PAGE and amplified by PCR using indexed Illumina primers (Illumina primers RPI1 to RPI4) to allow multiplexing during sequencing. The final libraries consisting of amplicons of approximately 125 bp were again purified by PAGE. The suitability of our libraries for highthroughput sequencing was tested by cloning them into TOPO vector and low-scale sequencing of individual clones. After quantification using Nanodrop, the degradome libraries were sequenced (1x 50 bp) on an Illumina HiSeq2000 platform by aScidea. Whole genome re-sequencing DNA isolated from 1.9 g fast-frozen leaf tissue of B. napus cv Drakkar and B. napus cv Tanto plants was used for creation of 800 bp insert PCR-free libraries and subsequent paired-end sequencing (2*150 bp) on an Illumina HiSeq 4000 platform (BGI Tech Solutions, Hongkong). The 123 Mio clean reads obtained for each cultivar were mapped to the B.napus "Darmor-bzh" reference genome sequence (Genoscope v4.1; (Chalhoub et al. 2014)) with the Burrows-Wheeler Aligner BWA-MEM algorithm ((Li and Durbin 2009); RRID:SCR_010910) version v0.7.15-r1142, using default parameters. Duplicated reads were marked with Picard-tools (RRID:SCR_006525; http://broadinstitute.github.io/picard/) version v1.140 and SNPs calling was performed with GATK HaplotypeCaller ((McKenna et al. 2010), RRID:SCR_001876) version v3.3-0. Only high-quality homozygous SNPs were kept using the filters: QD < 2.0 || FS > 60.0 || MQ < 40.0 || MQRankSum < -12.5 || ReadPosRankSum < -8.0 || DP < 4. Representative genomes for Drakkar and Tanto cultivars were constructed by inferring these cultivar-specific high confidence SNPs into the software.broadinstitute.org/gatk/documentation/tooldocs/3.8-0/org_broadinstitute_gatk_tools_walkers_fasta_FastaAlternateReferenceMaker.php). The reconstructed Drakkar and Tanto genomes were used for the rest of the analysis.
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 1 Fig. 1. TuMV-GFP infection in B. napus. a-d, local (6 dpi; a, b) and systemic (14 dpi; c, d) TuMV-GFP infection in Drakkar (a, c) and Tanto (b, d). Local infection foci in leaves have a disk-shaped appearance in Drakkar (a) and halo-shaped appearance in Tanto (b). TuMV exhibits efficient systemic spread in Drakkar (c) but not in Tanto (d). e, number of TuMV-GFP genome copies within expanded local infection foci at 12 dpi determined by RT-qPCR. Genome copies present in 30 ng total RNA were calculated using a RT-qPCR standard curve obtained for samples with known concentrations of in vitro-transcribed TuMV RNA. f, number of up-and down-regulated genes within infection foci of infected Drakkar and Tanto plants. The number of differentially expressed genes differs according to the applied fold change (FC) threshold (log2 values). Considered mRNAs were represented by at least 150 mean reads (treatment and control) in each replicate experiment and showing statistically significant changes (p-value < 0.05) in expression between control and treatment conditions.
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 235 Fig. 2. vsiRNA profile and trans-acting vsiRNAs that target host genes. a, vsiRNAs found in Drakkar and Tanto aligned along the viral genome. vsiRNAs derived from the positive and negative strand of viral dsRNA are shown in black and red respectively. Untranslated regions (UTR) and proteins
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 6 Fig. 6. Model of multiple virus:host interactions involving sRNAs. Virus infection causes changes in expression of coding and non-coding genes. Resulting changes in the levels of mRNA transcripts can lead to changes in the levels of encoded proteins that may play an important role in the determination of host susceptibility and resistance. Changes in the expression of non-coding genes leads to changes in the levels of miRNAs, which, in turn, control the levels of their mRNA targets by miRNA guided, RISC-mediated mRNA cleavage.

  -mediated cleavage. However, DCL cleavage, again in turn, allows the virus to use its own vsiRNAs for RISC-mediated cleavage of host mRNA transcripts. The virusinduced RISC-mediated cleavage of host transcripts by va-phasiRNAs and vsiRNAs is, once again in turn, balanced by the ability of the host to also use vsiRNAs and va-phasiRNAs to target the viral RNA.
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 78 Fig. 7. NBR1 is a regulatory hub for plant:virus interactions. The NBR1 protein controls virus infection by targeting viral effector proteins (e.g. the VSR of TuMV) and viral particles for degradation by autophagy. The virus, in turn, triggers conversion of NBR1 mRNA into transacting va-phasiRNAs to induce widespread control over NBR1 and other gene targets.However, NBR1 va-phasi-RNAs also target the virus. Thus, the evolution of NBR1 as a virusinducible hub for transacting siRNA production may be counterbalanced by an ability of the host to use the same locus to target the virus.
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 6 Figure 6: Recovery: occurrence of healthy leaves on symptomatic plants. Symptoms recovery in tobacco plants infected with Tobacco ringspot virus. Recovered leaves are immune to a second infection with the same type of virus. Crude extract preparation of these leaves is infectious to other plants (From Baulcombe 2004).
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 S12 Figure S12: sRNA analysis of infected Col-0 wild type plants and silencing pathway mutants.sRNA species in recovered ST4 (Col-0, dcl3, ein5) and corresponding non-recovered leaves of mutants (rdr6, rdr2, ein5 rdr6, dcl2 dcl4), in which recovery is absent, were analyzed. The analysis was performed with the same RNA samples also used for viral RNA analysis (Fig.1d). The mutants affected the accumulation of specific sRNA species as expected. None of the mutants affected the accumulation of miR160. The accumulation of 5S rDNA repeatderived ra-siR1003 was affected in dcl3 and rdr2 mutants but not in rdr6 mutants, whereas the production of tasiR255 was affected in rdr6, ein5 rdr6, and dcl2 dcl4 mutants but not in rdr2 or dcl3 mutants. As is also expected, production of vsiRNAs was abolished in dcl2 dcl4, as is consistent with the lack of recovery in this double mutant. Relative to Col-0 wild type, the vsiRNA levels were higher in mutants showing enhanced recovery (ein 5, dcl3) and reduced in rdr6, which interferes with the formation of secondary siRNAs and does not support recovery.

Figure S13 :

 S13 Figure S13: VSR expression in recovered leaves of infected Col-0 wild type plants and silencing pathway mutants.The 125k-VSR is expressed in infected tissues irrespective of recovery. The amount of the VSR in recovered leaves is lower in mutants undergoing early recovery (ein5, dcl3) and higher in the upper leaves of rdr6 mutants in which recovery is inhibited. L8z2 plants, which contain a continuously active silencing system, produce relatively high levels of the VSR whereas dcl2 dcl4 plants, in which siRNA synthesis is inhibited, contain relatively low levels of the VSR. UGPase, UDP-glucose pyrophosphorylase.

Figure S4 :

 S4 Figure S4: Suppression of recovery in VSR-expressing transgenic plants. Mock-and ORMV-infected plants expressing either closterovirus P21-VSR or the tombusvirus P19-VSR. Plant areas within the dashed rectangles are shown enlarged. Neither P21 nor P19 plants allow disease recovery.

Figure 1 : 5 '

 15 Figure 1 : 5'RACE analysis of mRNA molecules with monophosphorylated, non-capped 5' ends.

Figure 7 : 5 '

 75 Figure 7: 5'RACE analysis of mRNA molecules with monophosphorylated, non-capped 5' ends.

  The genomes of the B. napus cultivars Drakkar and Tanto were analyzed by paired-end (2x 100 bp) sequencing and the reads were aligned to the published transcriptome of B. napus cultivar "Darmor-bzh"(Chalhoub et al. 2014; Genoscope v4.1, http://www.genoscope.cns.fr/ brassicanapus/). Identified SNPs were inferred into the Darmor transcriptome to create the cultivar-specific transcriptomes that were used for the cultivar specific mapping of the mRNAseq, sRNAseq, and PAREseq reads.

end sequencing ( 2 *

 2 100 bp) on an Illumina HiSeq 4000 platform (BGI Tech Solutions, Hongkong). Raw libraries were quality checked with FastQC (RRID:SCR_014583) version v0.11.2 and cleaned with cutadapt (RRID:SCR_011841) version v1.8.1 to remove adapters, ambiguous bases, and low-quality reads. Reads longer than 60 bp and with a Phred score greater than 30 were kept. The Phred quality scores reflect the nucleotide error probabilities.

  winter oilseed B. napus Darmor-bzh using the Burrows-Wheeler Aligner (Li and Durbin 2009); RRID:SCR_010910) version v0.7.15-r1142. The BWA-MEM algorithm was used with default parameters. Duplicated reads where marked and removed with Picard-tools (RRID:SCR_006525; http://broadinstitute.github.io/picard/) version v1.140 (Illumina sequencing involves several PCR amplification steps that may produce duplicated reads. If

  present in the DNA of Drakkar and Tanto in comparison to the DNA of Darmor-bzh were identified using GATK HaplotypeCaller (McKenna et al. 2010), RRID:SCR_001876) version v3.3-0. Only high-quality homozygous SNPs were kept using the following filters: QD < 2.0 || FS > 60.0 || MQ < 40.0 || MQRankSum < -12.5 || ReadPosRankSum < -8.0 || DP < 4. Representative transcriptome genomes of Drakkar and Tanto cultivars were constructed by inferring each cultivar-specific high confidence SNPs into the Darmor-bzh reference genome using GATK FastaAlternateReferenceMaker (RRID:SCR_001876) https://software.broadinstitute.org/gatk/documentation/tooldocs/3.8-0/org_broadinstitute_gatk_tools_walkers_fasta_FastaAlternateReferenceMaker.php).

  , RRID:SCR_002105) idxstats tool version v1.1. The counts of mapped reads were then used for differential expression analysis with DESeq2 (Love et al. 2014), RRID:SCR_015687) version v1.10.0. 7. sRNA sequencing sRNAseq paired-end libraries (1*50 bp) were constructed and sequenced on an

(

  Axtell 2013) (v3.4, RRID:SCR_010834) in de novo mode. ShortStack annotates miRNAs on the basis of specific criteria, including a requirement of the corresponding star sequence present in the sRNA data and its mapping near the candidate miRNA sequence within the same gene.The list of predicted miRNAs was filtered to keep only candidates (clusters) with: DicerCall 21, 22, 24nt, and MIRNAs step Y_N15. The DicerCall reflects the predominant RNA size observed in the locus (not necessarily the majority). The N15 step is the last step in the analysis. By choosing the option Y-N15, only the sRNA reads that have passed all selective steps of miRNA identification, including the sequencing of the exact miRNA star sequences, are selected and identified as miRNAs.

( 2009 )

 2009 with modifications, which concerned particularly the purification of each intermediate reaction product during the procedure. This part of the work was done by Khalid Amari (former Post-doc) in collaboration with Livia Donaire and César Llave in the CIB-CSIC Institute, Madrid (Spain). Similar to 5'RACE, the construction of PARE libraries involves mRNA purification (affinity binding to oligo dT-coated beads), 5'RNA adapter ligation, reverse transcription, an additional MmeI enzyme treatment causing cleavage of the cDNAs at a position 20 bp downstream of the original 5' end of the mRNA, subsequent 3'RNA adapter ligation to the new cDNA3' ends, PCR amplification, and high-throughput sequencing.

  Between 5 and 25 μL (≈ 20 µg) of protein solution were loaded per well. Protein size markers (PageRuler™ 10-170 kDa, Thermo Scientific, 7 μL) were loaded in parallel. The electrophoresis was performed in 1x Tris-Glycine-SDS buffer (25 mM Tris-base, pH 8.3, 192 mM Glycine) at constant voltage (90 V).

  Ferralli, J.,Ashby, J., Fasler, M., Boyko, V., Heinlein, M., 2006. Disruption of microtubule organization and centrosome function by expression of Tobacco mosaic virus movement protein. J Virol 80, 5807-21. Folkes, L., Moxon, S., Woolfenden, H.C., Stocks, M.B., Szittya, G., Dalmay, T., Moulton, V., 2012. PAREsnip: a tool for rapid genome-wide discovery of small RNA/target interactions evidenced through degradome sequencing. Nucleic Acids Res 40, e103.

Fig. S2 .

 S2 Fig. S2. Confirmation of RNAseq-based DEseq data by q-RT-PCR. Relative expression levels in local sites of virus-infected leaves in comparison to expression levels in mock-control tissues (set to 1) are shown. qRT-PCR assays were performed with original polyA RNA used for RNAseq (Rep1) as well as with polyA RNA isolated from new biological samples derived from four new independent experiments (Rep2-Rep5). a, RNAseq-based DEseq data indicated that a transcript for AGO2 (BnaA05g14760D) is induced by TuMV infection in both Drakkar (fold change [log2]: 2.6) and Tanto (fold change [log2]: 3.1). This upregulation in both cultivars is confirmed by qRT-PCR using independent RNA samples derived from the five independent experiments Rep1-Rep5. b, RNAseqbased DEseq data indicated that a transcript for DCL2 (BnaC05g47910D) is induced by TuMV

Fig. S3 .

 S3 Fig. S3. Small RNA size distribution before and after TuMV infection in Drakkar and Tanto. Sizes of sRNAs within local infection sites in leaves and mock-treated control samples. The sRNA size distribution is very similar between Drakkar and Tanto. Panels at the top show the distribution of sRNAs in mock-treated control samples. The panels in the middle and at the bottom show the distribution of sRNAs within local infection sites. The panels in the middle show the sRNA size distribution only for host sRNAs, whereas the panels at the bottom show the size distribution for both host and viral sRNA. In comparison to the panels at the top, the panels in the middle illustrate the impact of virus infection on the host sRNA profile.

Fig. S7 .

 S7 Fig. S7. Targeting of AGO2 mRNA by bna-miR403. a, Targeting of AGO2 mRNA by bna-miR403 produced a highly defined PAREseq degradome signature (arrow) in mock (DM, TM) as well as infected Tanto (TT) samples. The T-plots generated by PAREsnip show the total number of degradome fragments (y axis) found for AGO2 mRNA in the three replicate samples per condition analyzed by PAREseq and their mapping along the length of the AGO2 mRNA (z-axis). b, Alignment of bna-miR403 to the AGO2 mRNA by PAREsnip. The specific cleavage site within the miR403:AGO2mRNA pair behind nucleotide positions 3378 of the mRNA is indicated by a red line. c, 5' RACE analysis of independent biological samples confirmed the exact cleavage sites at this position of the transcript. The cleavage sites shown in red is the most dominant category 0 cleavage event indicated by the red dots and arrow in (a). The electrophoresis gel shows the RACE DNA fragment of corresponding size (arrow). PAREsnip analysis indicates a second cleavage site at position 3165 of the Ago2 mRNA. d, The specific cleavage site at position 3378 was confirmed by DNA sequencing of the RACE DNA fragment.

Fig. S10 .

 S10 Fig. S10. Targeting of ERF RAP2-7 mRNA by bna-miR172a, bna-miR172b, and TuMV vsRNA. Cleavage of RAP2-7 mRNA produced a highly defined PAREseq degradome signature (arrow) in the seven PARE analysis replicates (DM2, DM3, DT2, DT3, TM2, TM3, TT3). The T-plots generated by PAREsnip show the total number of degradome fragments (y axis) found for RAP2-7 mRNA in these samples in alignment along the length of the RAP2-7 mRNA (z-axis). b, RAP2-7 mRNA cleavage by bna-miR172a, bna-miR172b and a specific TuMV vsiRNA. The alignment of bna-miR172a, bna-miR172b and the vsiRNA to the RAP2-7 mRNA as identified by PAREsnip analysis in the respective PARE analysis sample shown. As expected, the vsiRNA:RAP2-7 mRNA target pair occurred only in the infected samples (DT2, DT3, TT3). The specific cleavage site in the mRNA is indicated by a red line c, location of the specific cleavage site at nucleotide positions 2414. d, Levels of bna-miR172a
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  PTGS AND TGS PATHWAYS IN NATURAL ANTIVIRAL IMMUNITY AND DISEASE RECOVERY" KØRNER ET AL. 2018nous a permis d'interpréter les résultats en fonction de la sensibilité spécifique du cultivar face au virus. Fait important, les différentes approches NGS (RNAseq, sRNAseq, PAREseq) ont toujours été appliquées aux mêmes échantillons d'ARN individuels, de sorte que les différents niveaux d'analyse et les résultats respectifs pour un échantillon donné pouvaient être combinés, mutuellement corrélés et interprétés.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 :

 1 Examples of identified VSRs and their activity

	Viruses

VSR function Inhibited RNA silencing pathway step

  

  The results were filtered for expressed transcripts with at least 150 mean reads and showing statistically significant changes (p-value < 0.05) in expression between conditions. sRNAseq raw read libraries were quality checked and reads were filtered like the mRNAseq read libraries. Clean reads that were 18 nt to 30 nt in length and that had a Phred score higher than 30 were kept and then annotated by mapping them with no mismatches to TuMV-GFP and to miRNAs

	applying	Bowtie2	((Langmead	and	Salzberg	2012),	http://bowtie-
	bio.sourceforge.net/bowtie2/index.shtml) as its read-alignment engine. Genes were re-annotated
	with blastx against the Arabidopsis thaliana genome (with default parameters) and the Arabidopsis
	gene identifiers were used receive the gene ontology (GO) annotations from the protein

Bioinformatic analysis of mRNA, sRNA, and degradome profiles mRNAseq raw reads libraries were quality checked with FastQC (RRID:SCR_014583) version v0.11.2 and cleaned with cutadapt (RRID:SCR_011841) version v1.8.1 for adapter removal, N removal and quality filtering. Reads longer than 60 bp and with a Phred score greater than 30 where kept. The clean RNAseq reads from the Tanto and Drakkar samples were then aligned to the reconstructed Tanto and Drakkar genomes, respectively, using Tophat2 ((Kim et al. 2013), https://ccb.jhu.edu/software/tophat/index.shtml) version v2.0.13, allowing one mismatch and knowledgebase (UniProtKB). For differential expression analysis the mapped reads were counted using the SAMtools (Li et al. 2009) (RRID:SCR_002105) idxstats tool version v1.1, and analyzed using Bioconductor -DESeq2 (Love et al. 2014)(RRID:SCR_015687) version v1.10.0. of Brassicacea (B. napus, B. oleracea, B. rapa, A. thaliana, A. lyrate) compiled from miRbase (Kozomara and Griffiths-Jones 2014) using Bowtie2 (Langmead and Salzberg 2012) version v2.2.9

Supplementary Figures and Tables are shown in APPENDIX 1.

  

	No infection		virus	
	miR172 (21nt)	HcPro	miR172 (21nt)	vsiRNA (19 nt)
	ERF mRNA			ERF mRNA
	AGO-RISC		AGO-RISC	
	To keep ERF expression low, TuMV encodes a vsiRNA that mimics miR172. Because this
	vsiRNA is only 19 nt in length it escapes sequestration by HcPro and therefore remains active
	in the presence of the VSR.			

Chapter III: Plant-virus infection and disease symptoms 1. Introduction

  

	Viral accumulation as well as the viral recruitment of host factors and membranes, and the
	interference of viral proteins with normal host cell processes can lead to various effects on
	plant growth and physiology. However, while certain plant:virus combinations lead to
	disease, other plant:virus interactions remain free of symptoms and undergo tolerance, a
	state in which the plant and the virus can coexist (Roossinck and Bazán 2017). Diseases caused
	by viruses and other pathogens in cultivated crop plants and associated losses in yield
	represent a global threat for food security

1. Plant species 1.1. Brassica napus

  

	In this work, two different B. napus cultivars were used. Both cultivars are spring rapeseed
	varieties stemming from french breeding programs and developed by the company SERASEM
	(France). The cultivar 'Drakkar' is a 'double low' cultivar (low for toxic glucosinolates and
	erucic acid) approved for research in France in 1986. It has been used as an experimental host
	for genetic transformation (for example, Han et al. 2001) and the profiling of phloem sap
	contents (Buhtz et al. 2008; Hanhart et al. 2017). Seeds for this cultivar were provided by
	Michael Wassenegger (RLP AgroScience GmbH, AlPLanta -Institute for Plant Research,
	Neustadt an der Weinstrasse, Germany). The cultivar 'Tanto' has been approved in 1990 for
	research and used by INRA for the development of a B. napus Tilling platform using a
	collection of collection of 8500 EMS mutant lines. Seeds of this cultivar were provided by the
	company ANOVA + (Evry, France).

1.2. Arabidopsis thaliana 1.2.1. T-DNA mutants

  

	Tables 2: T-DNA mutants
	2
	T-DNA mutants mentioned in the publication by Kørner et al. (2018) were provided by Franck
	Vazquez (University of Basel, Switzerland). Tables 2 provide all recovery T-DNA mutants used
	for my contribution in Kørner et al. (2018).

. Viral strain and constructs

  

Primary antibody Name Nucleic acid sequences (5' -3') Gene annotations

  

	B. napus cv Drakkar plants and by grinding them in 10 mM K2HPO4 buffer pH 7.5 (using 3 ml
	buffer per gram leaf material). These TuMV donor plants were initially mechanically
	inoculated with sap from systemically infected Nicotiana benthamiana plants. To create the
	original N. benthamiana donor plants, five weeks old N. benthamiana plants grown at 25 o C
	Antibody with a 16h photoperiod were inoculated by agroinfiltration of two leaves per plant with A. Name Detection Oirign Host / Clonality Use
		UGPase	Anti-UDP glucose pyrophosphorylase	Agrisera (Vännäs, Sweden) Rabbit / Polyclonal 1:5000 TBS-T 0.5% milk
		125k	125k ORMV replicase	Malpica-Lopez et al., 2018 Rabbit / Polyclonal 1:3500 TBS-T 5% milk
	Secondary antibody	GAR	Goat Anti Rabbit antibody conjugated to HoRseradish Peroxidase (HRP)	Invitrogen	Goat / Polyclonal 1:10000 TBS-T 5% milk
	5' RACE adapter	5'RACE Adapter	GCUGAUGGCGAUGAAUGAACACUGCGUUUGCUGGCUUUGAUGAAA	-
	5' RACE adapter primers 5'RACE outer primer GCTGATGGCGATGAATGAACACTG		-
		5'RACE inner primer CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG		
	Gene-specific primers	BnaA07g13830D-1 TTTCTCCTCCTTCTCCGC	Auxin response factor 10
		BnaA07g13830D-2 CTTTCTCCTCCTTCTCCGCCTC		
		BnaAnng18540D-1 GGGAGAAGCGAAGACAGT	Scarecrow-like protein 6
		BnaAnng18540D-2 GTCGGGAGAAGCGAAGACAGTG		
		BnaCnng68320D-1 CACCATAAGTAGTCTCCGCTC	Protein argonaute 2
		BnaA05g14760D-1 CCATTACATAATGCAGTCTCTGCTCC	Protein argonaute 2
		BnaA09g14980D-1 GACCAACCTCTTCCCTG	Disease resistance protein TAO1 {ECO:0000305}
		BnaA09g14980D-2 CACACAGGTTTCATCAAAGG		
		BnaCnng44780D-1 GTTTGGTTCAGACACAATGAAACG	Biogenesis of lysosome-related organelles complex 1 subunit 2
		BnaCnng44780D-2 CGATGTTGATGATGACGACACTCAG		
		BnaA01g34730D-1 CATGAGAGAAGGTTGGAAGC	Floral homeotic protein APETALA 2

3.2. cDNA quantification by RT-qPCR

  

	The concentration of the
	isolated RNA was quantified by spectrophotometric measurement at 260 nm absorbance
	using Nanodrop equipment (Thermo Scientific, USA) (Purity: A260/A280 > 1.8, A260/A230 > 2.0)
	and stored at -20°C. For cDNA synthesis, the quality of the RNA sample was verified by an 1%
	agarose gel electrophoresis in 1x TBE [(90 mM Tris-base, 90 mM Boric acid, 2 mM EDTA
	(Ethylene Diamine Tetraacetic Acid, pH 8.3)] at constant voltage (100 V). 1-2 µg of the RNA
	was reverse-transcribed in the presence of an oligo(dT)20 primer and the SuperScript IV
	reverse transcriptase (200 U/µl) following the manufacturer's instructions (Invitrogen).
	PCR is an in vitro polymerase chain reaction technique that allows the exponential
	amplification of a DNA sequence by a thermostable DNA polymerase. It requires a pair of
	oligonucleotide primers hybridizing to flanking regions of the sequence selected for
	amplification, a complementary DNA strand as template and deoxynucleotide triphosphates
	(dGTPs, dCTPs, dATPs and dTTPs) for primer extension DNA synthesis. The abundance of
	specific transcript was measured by probing 1 µl cDNA by quantitative real-time PCR using 5
	µl SYBR-green master mix (Roche) and 2 µl of 2.5 µM allele-specific oligonucleotide primers
	(12.5 µl forward and reverse primer in 475 µl water; see Table 3 for a list of primers used) in
	a Lightcycler 480 (Roche). The PCR program used for cDNA amplification and measurement is
	shown in table 4.

Table 4 : qRT-PCR amplification conditions Steps Temp (°C) Time Cycles

 4 

	Initiale denaturation 95	5 min	1
	Denaturation	95	10 s	
	Hybridization	60	15 s	45
	Elongation	72	15 s	
		95	5 s	
	Final cycle	55	1 min	1
		95	Continuous	
	Cooling	40	30 s	1

T-test to calculate the probability of difference between populations and, thus, to determine whether mRNA abundances between control and treated samples were significantly different (p<0.05 = *; p<0.01=**; p<0.001 = ***).

Table 5 :

 5 Sample preparation and nested PCR conditions for 5'RACE.

	Nested PCR amplification	Volumes	Steps	Temp (°C) Time Cycles
	Colorless GoTaq®Flexi Buffer PCR buffer (5x)	10 µl	Initiale denaturation 94	5 min 1
	MgCl2 (25 mM)	3 µl	Denaturation	94	30 s
	dNTP mix (10 mM each)	1 µl	Hybridization	70	1 min
	GSP (10 mM)	1 µl	Denaturation	94	30 s
	5'RACE Outer Primer (10 mM)	1 µl	Hybridization	65	1 min
	5'END cDNA	1 -2 µl	Denaturation	94	30 s
	Taq DNA polymerase (5 U/ml)	0.5 µl	Hybridization	60	30 s
	Final volume	50 µl	Elongation		

Table S1 . RNAseq, sRNAseq, and PAREseq read and mapping statistics

 S1 

	RNAseq				Tophat 0mm
	sample	raw read pairs read pairs after filtering mapped to Drakkar transcriptome (%) mapped to Tanto transcriptome (%) mapped to virus (%)
	DM1	43 453	41058168 (93.5%)	83.5%	
	DM2	72 780	63849830 (88.6%)	84.9%	
	DM3	77 467	69053540 (89.6%)	85.2%	
	DT1	56 395	52684838 (93.5%)	82.7%	1.00%
	DT2	79 678	71436541 (89.3%)	84.2%	0.90%
	DT3	81 545	72219626 (89.1%)	83.4%	1.10%
	TM1	52 664	49215556 (93.7%)	84.5%	
	TM2	78 932	70708215 (89.7%)	85.1%	
	TM3	80 384	72703910 (89.9%)	86.1%	
	TT1	37 785	35427931 (93.6%)	83.3%	0.90%
	TT2	74 253	66737776 (89.1%)	84.3%	0.80%
	TT3	70 740	61864732 (88.2%)	84.3%	0.80%
	sRNAseq				
	sample	raw reads	reads after filtering	mapped to Drakkar transcriptome (%) mapped to Tanto transcriptome (%) mapped to virus (%)
	DM1	56 255	27037795 (48.3%)	48.59%	0.01%
	DM2	48 781	29994399 (62.1%)	41.92%	0.02%
	DM3	66 262	49791620 (74.5%)	47.64%	0.06%
	DT1	53 478	51503121 (96.0%)	13.38%	68.23%
	DT2	50 688	42003172 (83.8%)	15.25%	64.56%
	DT3	54 789	49288670 (91.0%)	14.30%	65.28%
	TM1	56 412	40102411 (71.1%)	48.74%	0.01%
	TM2	53 994	37955105 (71.3%)	44.33%	0.02%
	TM3	56 524	36275037 (64.2%)	45.62%	0.06%
	TT1	54 539	51476472 (95.3%)	21.27%	54.24%
	TT2	40 100	34302205 (85.5%)	21.85%	52.24%
	TT3	57 907	52282103 (91.1%)	21.99%	50.91%
	PAREseq				
	sample	raw reads	reads after filtering	mapped to Drakkar transcriptome (%) mapped to Tanto transcriptome (%) mapped to virus (%)
	DM1	39 296	33032811 (83.9%)	15.76%	0.56%
	DM2	10 179	7596192 (73.5%)	66.07%	0.00%
	DM3	19 097	15995324 (82.9%)	72.80%	0.03%
	DT1	31 488	26715785 (85.8%)	25.05%	2.36%
	DT2	14 860	11254877 (75.4%)	57.97%	9.13%
	DT3	27 001	22031176 (80.5%)	68.46%	8.23%
	TM1	36 520	30524077 (83.1%)	66.68%	3.94%
	TM2	8 138	6283685 (77.2%)	69.28%	0.00%
	TM3	20 721	16981513 (84.1%)	74.20%	0.02%
	TT1	37 376	33071083 (88.0%)	64.50%	0.89%
	TT2	10 194	7663383 (75.3%)	61.07%	4.36%
	TT3	25 645	21606965 (85.9%)	60.70%	6.62%

Table S2 . DNA resequencing statistics Table S3. Genes that are most strongly and significantly regulated within sites of local TuMV infection in both Drakkar and Tanto leaves.

 S2 

	Variant calling Sequencing Mapping to Darmor	read length (bases) clean reads mapped reads % mapped properly paired reads % properly mapped heterozygous SNPs Raw Indels Good Indels Raw SNPs Good SNPs Homozygous SNPs	Drakkar 3 452 779 1 782 576 (1.5 np/kb) 1 670 203 767 119 714 714 150 122 831 012 120 977 458 98.49 107 240 576 87.31 3 716 045	Tanto (1.5 snp/kb) 97.27 86.88	% identity Foldchange (log 2 )	These genes respond significantly to TuMV infection Drakkar Tanto UniProt Drakkar Tanto Annotation	BnaA02g31430D in both Drakkar and Tanto. The fold-change values BnaA02g26270D 6.53 8.18 CB60G_ARATH 71.73 71.20 Calmodulin-binding protein 60 G 5.97 7.49 PP2B1_ARATH 56.73 56.74 F-box protein PP2-B1	BnaA02g12230D (log2) represent significant differences between BnaA02g04960D 5.89 7.41 unknown ---5.52 7.28 GL33_ARATH 92.89 92.89 Germin-like protein subfamily 3 member 3	BnaA02g06790D transcript levels within infection sites and transcript BnaA01g35960D 5.40 6.78 ZAT12_ARATH 84.76 85.37 Zinc finger protein ZAT12 4.90 6.42 DF206_ARATH 62.50 62.50 Defensin-like protein 206	BnaA01g35950D levels in mock-treated tissue samples (p-value: <0.05). 4.86 6.16 DF207_ARATH 62.50 62.50 Defensin-like protein 207	BnaA01g34060D 4.81 6.00 BGL25_ARATH 91.76 91.77 Probable inactive beta-glucosidase 25	BnaA01g31270D These values are based on three independent 4.74 5.79 RLP12_ARATH 43.27 43.05 Receptor-like protein 12	BnaA01g34050D 4.61 5.57 BGL25_ARATH 67.34 67.34 Probable inactive beta-glucosidase 25	BnaA01g14050D infection experiments (biological replicates) for both 4.52 5.51 NBR1_ARATH 74.29 74.29 Protein NBR1 homolog	BnaA01g15320D Drakkar and Tanto. In each experiment, transcripts BnaA01g05320D 4.28 5.19 unknown #N/A #N/A Unknown 4.14 4.82 RD19A_ARATH 93.75 93.75 Cysteine proteinase RD19a	BnaA01g26340D were detected with at least 150 mean reads. Only BnaA01g14380D 4.03 4.64 MHCKB_DICDI 27.08 27.91 Myosin heavy chain kinase B -5.45 -4.64 unknown ---	BnaA01g11840D +4 / -4) are BnaA01g12340D genes with strongest fold-changes ([log2] ³ -5.39 -4.64 APR3_ARATH 92.60 92.60 5'-adenylylsulfate reductase 3, chloroplastic -5.34 -4.56 SAU36_ARATH 40.51 40.51 Auxin-responsive protein SAUR36	BnaA01g11780D shown. BnaA01g13280D -5.06 -4.47 unknown #N/A #N/A Unknown -4.62 -4.41 CORI3_ARATH 83.48 84.35 Cystine lyase CORI3	BnaA01g10740D -4.39 -4.35 CASL1_CANSA 43.27 43.28 Cannabidiolic acid synthase-like 1	BnaA01g06540D -4.33 -4.32 GGP1_ARATH 84.55 84.55 Gamma-glutamyl peptidase 1	BnaA01g05120D -4.33 -4.30 IGMT4_ARATH 50.96 50.96 Indole glucosinolate O-methyltransferase 4	BnaA01g05540D -4.31 -4.23 SK2_ARATH 50.96 50.96 Shikimate kinase 2, chloroplastic	BnaA01g05060D -4.18 -4.18 WRK18_ARATH 73.10 73.10 WRKY transcription factor 18

Table S4 : Genes that are most strongly and significantly regulated within sites of local TuMV infection in Tanto leaves but not in Drakkar leaves.

 S4 These genes respond significantly to TuMV infection in Tanto but not in Drakkar. The fold-change values (log2) represent significant differences between transcript levels within infection sites and transcript levels in mock-treated tissue samples (p-value: <0.05). These values are based on three independent infection experiments (biological replicates) for both Drakkar and Tanto. In each experiment, transcripts were detected with at least 150 mean reads. Only genes with strongest fold-changes ([log2] ³ +4 / -4) are shown.

		Foldchange (log 2 )	UniProt	% identity Annotation
	BnaA01g00520D	8.30	C81F1_ARATH	83.63 Cytochrome P450 81F1
	BnaA01g05280D	8.28	DTX47_ARATH 61.157 Protein DETOXIFICATION 47, chloroplastic
	BnaA01g13360D	7.73	CHX17_ARATH	76.2	Cation/H(+) antiporter 17
	BnaA01g15420D	7.40	PFKA3_ARATH 66.667 ATP-dependent 6-phosphofructokinase 3
	BnaA01g33750D	6.52	TAO1_ARATH	58.311 Disease resistance protein TAO1
	BnaA02g01560D	5.73	GH312_ARATH 87.547 4-substituted benzoates-glutamate ligase GH3.12
	BnaA02g04040D	5.58	NC100_ARATH 83.696 NAC domain-containing protein 100
	BnaA02g05170D	5.57	ALDO1_ARATH 78.508 Indole-3-acetaldehyde oxidase
	BnaA02g05340D	5.52	CKX7_ARATH	89.024 Cytokinin dehydrogenase 7
	BnaA02g09030D	5.50	unknown	-	-
	BnaA02g10950D	5.38	ADF12_ARATH 94.253 Actin-depolymerizing factor 12
	BnaA02g11760D	5.26	NRT31_ARATH	76.22 High-affinity nitrate transporter 3.1
	BnaA02g13260D	5.11	YUID_BACSU	35	Uncharacterized membrane protein YuiD
	BnaA02g15280D	5.09	DNJB6_XENTR 57.143 DnaJ homolog subfamily B member 6
	BnaA02g17240D	5.08	C96AF_ARATH 54.237 Alkane hydroxylase MAH1
	BnaA02g19960D	5.00	unknown	-	-
	BnaA02g19970D	4.98	unknown	-	-
	BnaA02g25150D	4.92	NIMI2_ARATH 76.147 Protein NIM1-INTERACTING 2
	BnaA02g25550D	4.91	TDT_ARATH	89.46 Tonoplast dicarboxylate transporter
	BnaA02g27620D	4.77	unknown	-	-
	BnaA02g29990D	4.69	NSP5_ARATH	85.256 Nitrile-specifier protein 5
	BnaA02g30040D	4.68	COL10_ARATH 68.584 Zinc finger protein CONSTANS-LIKE 10
	BnaA02g31620D	4.51	PWD_ARATH	93.069 Phosphoglucan, water dikinase, chloroplastic
	BnaA02g34380D	4.39	RGF9_ARATH	64.815 Root meristem growth factor 9
	BnaA03g00550D	4.38	unknown	-	-
	BnaA03g03700D	4.35	unknown	-	-
	BnaA03g03710D	4.33	unknown	-	-
	BnaA03g03740D	4.31	HS176_ARATH 89.677 17.6 kDa class II heat shock protein
	BnaA03g05550D	4.30	FB244_ARATH 65.394 F-box protein At4g22390
	BnaA03g12520D	4.23	unknown	-	-
	BnaA03g13610D	4.16	PHF5B_ARATH 98.182 PHD finger-like domain-containing protein 5B
	BnaA03g18980D	4.12	T5AT_TAXWC	31.735 Taxadien-5-alpha-ol O-acetyltransferase
	BnaA03g19850D	4.10	SD16_ARATH	71.392 Receptor-like serine/threonine-protein kinase SD1-6
	BnaA03g20310D	4.10	CHI4_BRANA	91.156 Basic endochitinase CHB4
	BnaA01g00310D	-5.88	unknown	-	-
	BnaA01g00740D	-5.11	YODA_ARATH 38.636 Mitogen-activated protein kinase kinase kinase YODA
	BnaA01g10690D	-4.42	CML42_ARATH 81.579 Calcium-binding protein CML42
	BnaA01g12860D	-4.25	PR1B1_ARATH 86.047 PRA1 family protein B1
	BnaA01g12870D	-4.25	unknown	-	-
	BnaA01g15080D	-4.12	AAPC_CENCI	38.415 Putative glucose-6-phosphate 1-epimerase
	BnaA01g15130D	-4.04	AB10B_ARATH 65.835 ABC transporter B family member 10

Table S5 : Genes that are most strongly and significantly regulated within sites of local TuMV infection in Drakkar leaves but not in Tanto leaves.

 S5 These genes respond significantly to TuMV infection in Drakkar but not in Tanto. The fold-change values (log2) represent significant differences between transcript levels within infection sites and transcript levels in mock-treated tissue samples (p-value: <0.05). These values are based on three independent infection experiments (biological replicates) for both Drakkar and Tanto. In each experiment, transcripts were detected with at least 150 mean reads. Only genes with strongest fold-changes ([log2] ³ +4 / -4) are shown.

		Foldchange (log 2 )	UniProt	% identity Annotation
	BnaA01g01570D	7.17	TLP1_PRUPE	54.24	Thaumatin-like protein 1
	BnaA01g01780D	6.85	DIN1_RAPSA	54.24	Senescence-associated protein DIN1
	BnaA01g05610D	6.48	COPA2_ARATH	92.27	Coatomer subunit alpha-2
	BnaA01g21570D	5.64	PATL1_DANRE	26.57	Protein PAT1 homolog 1
	BnaA01g30530D	5.50	AGL97_ARATH	29.37	Agamous-like MADS-box protein AGL97
	BnaA01g33090D	5.33	NAC60_ARATH	73.02	NAC domain-containing protein 60
	BnaA01g33110D	5.30	NAC60_ARATH	70.15	NAC domain-containing protein 60
	BnaA01g33140D	5.21	RPK2_ARATH	88.27	LRR receptor-like serine/threonine-protein kinase RPK2
	BnaA01g35500D	4.84	GRXS4_ARATH	98.04	Monothiol glutaredoxin-S4
	BnaA01g36060D	4.74	VIP5_ARATH	86.68	Protein RTF1 homolog
	BnaA01g37020D	4.72	TPR2_ARATH	82.12	Topless-related protein 2
	BnaA02g04780D	4.65	RFS6_ARATH	82.95	Probable galactinol--sucrose galactosyltransferase 6
	BnaA02g06780D	4.61	ZAT12_ARATH	86.25	Zinc finger protein ZAT12
	BnaA02g08420D	4.45	CKX3_ARATH	65.84	Cytokinin dehydrogenase 3
	BnaA02g09670D	4.41	unknown	-	-
	BnaA02g10970D	4.31	LTI65_ARATH	47.77	Low-temperature-induced 65 kDa protein
	BnaA02g25380D	4.16	MY1R1_SOLTU	75.95	Transcription factor MYB1R1
	BnaA02g29540D	4.08	AIG2_ARATH	55.29	Protein AIG2
	BnaA01g02570D	-6.09	BZP53_ARATH	50	bZIP transcription factor 53
	BnaA01g03580D	-5.89	DRL29_ARATH	85.17	Probable disease resistance protein At4g33300
	BnaA01g04010D	-5.66	U587_DROPS	28.91	UPF0587 protein GA18326
	BnaA01g08750D	-4.89	MYC4_ARATH	72.4	Transcription factor MYC4
	BnaA01g09070D	-4.88	E1314_ARATH	50.58	Glucan endo-1,3-beta-glucosidase 14
	BnaA01g09200D	-4.81	unknown	-	-
	BnaA01g10260D	-4.72	P2A02_ARATH	62.44	Protein PHLOEM PROTEIN 2-LIKE A2
	BnaA01g13950D	-4.28	PUMP4_ARATH	87.15	Mitochondrial uncoupling protein 4
	BnaA01g14340D	-4.21	TPD1_ARATH	85.09	Protein TAPETUM DETERMINANT 1
	BnaA01g16090D	-4.14	FAD4_ARATH	77.61	Fatty acid desaturase 4, chloroplastic }
	BnaA01g16380D	-4.06	DYL2_RAT	50	Dynein light chain 2, cytoplasmic
	BnaA01g18170D	-4.01	ERF39_ARATH	81.97	Ethylene-responsive transcription factor ERF039
	BnaA01g18680D	-4.01	BBX32_ARATH	55.36	B-box zinc finger protein 32

Table S6 : Genes that are more strongly and significantly regulated within sites of local TuMV infection in Tanto leaves than in Drakkar leaves.

 S6 These genes respond to TuMV infection more strongly in Tanto than in Drakkar. The fold-change values (log2) represent significant differences between transcript levels within infection sites and transcript levels in mock-treated tissue samples (p-value: <0.05). These values are based on three independent infection experiments (biological replicates) for both Drakkar and Tanto. In each experiment, transcripts were detected with at least 150 mean reads. The table is based on genes with strongest fold-changes in Tanto ([log2] ³ +4 / -3,8).

		Foldchange (log 2 )	% identity	
		Drakkar	Tanto UniProt	Drakkar Tanto Annotations	
	BnaA01g02270D	0.36	8.29 NFD4_ARATH	46.88 46.88 Protein NUCLEAR FUSION DEFECTIVE 4
	BnaA01g05410D	0.76	8.04 GRP10_BRANA 95.92 95.92 Glycine-rich RNA-binding protein 10
	BnaA01g08170D	1.13	7.98 YUC8_ARATH	92.2 92.20 Probable indole-3-pyruvate monooxygenase YUCCA8
	BnaA01g08550D	-1.05	7.89 unknown	-	-	-
	BnaA01g10250D	0.94	7.79 PATL6_ARATH	87.03 87.03 Patellin-6	
	BnaA01g13210D	-1.28	7.78 unknown	-	-	-
	BnaA01g13700D	1.31	7.52 VEP1_ARATH	85.98 85.98 3-oxo-Delta(4,5)-steroid 5-beta-reductase
	BnaA01g19210D	0.87	7.34 CIPK4_ARATH	78.66 78.90 CBL-interacting serine/threonine-protein kinase 4
	BnaA01g20660D	0.78	7.32 PER34_ARATH	82.57 84.23 Peroxidase 34	
	BnaA01g27800D	0.52	7.28 DPYD_ARATH	73.23 73.23 Dihydropyrimidine dehydrogenase (NADP(+)), chloroplastic
	BnaA01g27930D	1.08	7.15 CHX19_ARATH	65.52 71.68 Cation/H(+) antiporter 19	
	BnaA01g28680D	1.02	7.14 unknown	-	-	-
	BnaA01g30490D	0.91	7.08 MD37C_ARATH 96.92 96.92 Probable mediator of RNA polymerase II transcription subunit 37c
	BnaA01g31030D	0.90	7.05 RLP12_ARATH	42.26 42.15 Receptor-like protein 12	
	BnaA01g31190D	0.33	7.04 RLP12_ARATH	41.02 39.82 Receptor-like protein 12	
	BnaA01g31210D	0.90	6.91 RLP12_ARATH	40.09 40.20 Receptor-like protein 12	
	BnaA01g02860D	-0.39	-5.09 FUCO2_ARATH 85.42 86.11 Alpha-L-fucosidase 2	
	BnaA01g02460D	-0.43	-5.09 SPE2_ARATH	85.4 85.71 Arginine decarboxylase 2	
	BnaA01g03200D	-1.07	-4.77 RNHX1_ARATH 56.63 56.63 Putative ribonuclease H protein At1g65750
	BnaA01g04750D	-0.77	-4.65 unknown	-	-	-
	BnaA01g07460D	-0.80	-4.44 unknown	-	-	-
	BnaA01g14730D	0.51	-4.12 TBL18_ARATH	83.63 83.63 Protein trichome birefringence-like 18
	BnaA01g15810D	-0.68	-4.01 GPDL3_ARATH 84.95 59.06 Glycerophosphodiester phosphodiesterase GDPDL3
	BnaA01g17700D	-0.95	-3.96 GAT17_ARATH 56.91 56.91 GATA transcription factor 17	
	BnaA01g19120D	-0.79	-3.91 APS3_ARATH	70.54 70.12 ATP-sulfurylase 3, chloroplastic	

Table S8 : Known and newly identified B. napus miRNAs.

 S8 

		Foldchange (log 2 )		% identity
		Drakkar	Tanto	UniProt	Drakkar Tanto Annotation DT
	BnaA01g01000D	8.69	0.90 unknown	-	-	-
	BnaA01g01300D	7.37	-0.41 UBC17_ARATH 94.59 91.89 Probable ubiquitin-conjugating enzyme E2 17
	BnaA01g01690D	6.86	1.06 NIP1_ARATH	67.89 67.89 NEP1-interacting protein 1
	BnaA01g10420D	6.22	1.38 VSR7_ARATH	92.67 92.67 Vacuolar-sorting receptor 7
	BnaA01g13080D	6.20	1.08 unknown	-	-	-
	BnaA01g13540D	6.01	0.52 UGE2_ARATH	67.11 67.11 UDP-glucose 4-epimerase 2
	BnaA01g14240D	5.93	1.19 PPA24_ARATH 76.57 76.57 Probable inactive purple acid phosphatase 24
	BnaA01g16400D	5.81	-0.60 NAC72_ARATH	72.7 72.70 NAC domain-containing protein 72
	BnaA01g16910D	5.71	-0.54 ERF54_ARATH 69.77 69.44 Ethylene-responsive transcription factor ERF054
	BnaA01g22310D	5.62	1.49 NRX1_ARATH	86.1 86.10 Probable nucleoredoxin 1
	BnaA01g32540D	5.40	0.79 unknown	-	-	-
	BnaA01g00140D	-7.25	-1.24 CADH7_ARATH 84.04 84.04 Cinnamyl alcohol dehydrogenase 7
	BnaA01g01220D	-6.63	-1.01 unknown	-	-	-
	BnaA01g02550D	-6.24	-0.86 unknown	-	-	-
	BnaA01g02780D	-5.94	-1.48 ISPH_ARATH	50.63 50.63 4-hydroxy-3-methylbut-2-enyl diphosphate reductase, chloroplastic
	BnaA01g03830D	-5.88	1.24 GRXC6_ARATH 91.67 91.67 Glutaredoxin-C6
	BnaA01g04070D	-5.55	-0.89 LFS_ALLCE	36.15 36.15 Lachrymatory-factor synthase
	BnaA01g05720D	-5.22	-0.80 PNSL4_ARATH 85.71 85.71 Photosynthetic NDH subunit of lumenal location 4, chloroplastic
	BnaA01g06190D	-5.07	-1.25 FAD6C_BRANA 68.84 68.84 Omega-6 fatty acid desaturase, chloroplastic
	BnaA01g06600D	-5.05	-0.72 unknown	-	-	-
	BnaA01g08240D	-5.01	-0.91 TYDC2_ARATH 61.69 61.69 Probable tyrosine decarboxylase 2
	BnaA01g08260D	-4.93	-1.39 PSB28_ARATH 88.75 85.71 Photosystem II reaction center PSB28 protein, chloroplastic
	BnaA01g08510D	-4.90	0.81 CNBL1_ARATH 79.59 79.59 Calcineurin B-like protein 1
	BnaA01g09270D	-4.74	-0.84 CHLI1_ARATH	96.57 96.57 Magnesium-chelatase subunit ChlI-1, chloroplastic
	BnaA01g09550D	-4.74	-0.71 unknown	-	-	-
	BnaA01g10480D	-4.65	-0.64 C71AF_ARATH 67.57 67.57 Cytochrome P450 71A15
	BnaA01g10670D	-4.63	-0.97 YCP9_SCHPO	32.56 32.56 Uncharacterized oxidoreductase C663.09c

Table S9 : bna-miRNA:mRNA pairs in B. napus.

 S9 

Table S10 : miRNA:mRNA target pairs involving miRNAs previously unknown in B. napus and identified by Shortstack.

 S10 

Table S13 : Transcripts cleaved by a miRNA-like sRNA identified by ShortStack Table S14: New mRNA targets of known miRNAs

 S13 

Table S21 : PHAS loci that produce va-phasiRNAs in both Drakkar and Tanto PHAS locus Predicted gene function transcript length DT rpm / DM rpm PHAS Score TT rpm / TM rpm PHAS Score

 S21 

	2959 5.97 279 7.49	7201 1.42 15409 0.96	1094135 -0.31 1114135 0.27	94780 -0.96 56836 -0.91	1104783 -0.36 569076 0.15	417531 0.02 305188 0.73	128831 -0.68 56212 -0.96	
	377	386.9	224.5	47.8	207.7	93.3	44.7	
	336	412	6	11	6	5	10	
	114844 232160	106357 215003	15481 31295	6384 12905	7981 16134	9663 19534	5199 10510	13153 26589
	691	522	4944	1136	2559	3685	1029	4534
	135	102	966	222	500	720	201	886
	210.5	227.4	178.9	42.1	164.2	98.7	47.6	117
	439	395	19	63	17	12	54	21
	83110 250229	74021 222864	18293 55077	10287 30972	10046 30247	9349 28148	8934 26899	8803 26504
	570	564	2882	495	1736	2350	495	1291
	91	90	460	79	277	375	79	206
	2109	2118	804	1173	804	804	1173	753
	BnaA01g14050D NBR1 homolog	BnaC01g16550D NBR1 homolog	BnaA04g20150D Chlorophyll a-b binding protein 1, chloroplastic	BnaA04g12130D Probable fructose-bisphosphate aldolase 1, chloroplastic	BnaAnng22920D Chlorophyll a-b binding protein 1, chloroplastic	BnaC03g59520D Chlorophyll a-b binding protein 1, chloroplastic	BnaC04g33570D Probable fructose-bisphosphate aldolase 1, chloroplastic	BnaA02g05040D unknown

Table S23 : va-phasiRNAs derived from Chlorophyll a-b binding protein 1 genes and associated with mRNA target cleavage

 S23 

	Normalised reads	dsRNA strand DM DT TM TT	-7.91 20.02 9.43 14.35	-1.71 27.01 1.23 18.63	-6.20 18.94 23.54 29.15	-0.90 22.99 1.42 17.98	-4.41 7.52 15.01 15.56	-0.90 18.48 1.42 31.28	-3.55 23.32 7.18 20.89	-0.00 16.65 0.00 25.11	-3.55 16.27 0.00 24.58	-2.69 12.21 3.89 16.26	-4.36 12.13 27.25 16.82	-2.56 23.17 49.29 22.53	-4.31 16.91 30.62 15.44																
	Normalised reads	dsRNA strand DM DT TM TT va-phasiRNA	+ 9.09 79.41 19.57 51.47 ACAATGGCTTGAACAAAGAAT	+ 0.52 57.53 0.80 37.80 GTGGACCAAGCTCGGGTTGCC	+ 1.77 42.17 0.00 36.11 TCTGCGAACCGGCCTTGAACC	+ 3.72 37.53 12.61 58.49 CCATGGGCTGCCTGATGGGCC	+ 41.17 299.14 97.17 243.71 GAGGCCGAGGACTTGCTTTACC	+ 25.80 74.67 23.30 45.23 CGAACCGGCCTTGAACCAAACC	+ 0.89 46.54 0.81 36.31 ATGAGGATCACCTGAGTAGCC	+ 14.02 40.90 45.03 54.25 CGTGGACCAAGCTCGGGTTGCC	+ 1.94 15.69 5.85 31.33 TCTCGGGATCGGCTGAGAGACC	+ 0.89 38.54 0.81 63.34 TGAACAAAGAATCCAAACATA	+ 1.68 47.44 3.91 42.09 AGAAGAAACGTTCTAATGGCT	+ 0.00 35.21 0.00 50.90 AAGAAGAAACGTTCTAATGGC	+ 1.68 33.98 0.00 49.84 AGGCCGAGGACTTGCTTTACC	+ 2.66 23.48 2.41 32.46	+ 1.67 25.03 0.00 50.89	+ 1.93 33.99 12.61 30.98	-23.65 68.26 49.99 53.79	-34.34 34.76 93.41 22.97	-6.07 91.12 29.83 63.38	-3.55 32.73 21.93 14.26	-0.85 24.10 2.66 16.12	-5.25 17.98 18.23 22.86	-3.55 17.93 0.00 17.51	-1.75 22.81 10.03 32.90	-1.71 19.33 7.37 21.16	-0.85 22.99 10.41 13.88	-6.16 25.34 11.08 18.64	-3.42 19.43 18.41 16.85	-2.61 27.16 7.18 20.50
	Normalised reads	dsRNA strand DM DT TM TT va-phasiRNA	+ 20.96 133.72 46.38 88.70 TTCTGGGTCGGTAGCGAGGCC	+ 11.46 136.08 26.68 108.25 GTGGACCAAGCTCGGGTTGCC	+ 1.15 72.60 5.34 49.11 AAATGGTCGGCGAGATTCTCC	+ 18.37 72.33 46.63 46.52 TCTGCGAACCGGCCTTGAACC	+ 3.08 178.85 16.77 127.30 TCTGTGAACCAGCCTTGAACC	+ 1.68 67.65 9.91 28.85 TCCGAGAGAGTCAAGTACTTG	+ 81.76 197.98 223.18 147.39 CCATGGGCTGCCTGATGGGCC	+ 24.72 45.46 58.66 45.77 CCGAGGACTTGCTTTACCCAG	+ 2.57 45.15 7.88 49.07 GAGGCCGAGGACTTGCTTTACC	+ 13.18 44.55 29.91 43.27 CGAACCGGCCTTGAACCAAACC	+ 3.44 34.66 9.38 45.70 ATGAGGATCACCTGAGTAGCC	+ 0.00 48.61 1.61 32.52 CGTGGACCAAGCTCGGGTTGCC	+ 1.68 34.77 0.00 35.24 TCTCGGGATCGGCTGAGAGACC	+ 1.15 47.94 5.54 66.69 TGAACAAAGAATCCAAACATA	+ 0.89 40.02 7.92 39.29 CTGAAGATCTGTGAACCAGCCT	+ 17.41 302.45 36.62 219.25 AGGCCGAGGACTTGCTTTACC	+ 0.52 38.54 3.93 42.68 TAAGATGCTCTGAGCGTGGACC	+ 0.00 63.13 7.15 43.34 AATGGACCCAAGTACTTGACT	+ 8.28 38.44 30.33 53.02 AAGATGCTCTGAGCGTGGACC	+ 0.26 45.84 5.58 27.97 AATGGACCTAAGTACTTGACT	+ 3.09 50.71 4.46 37.55 AAGATGCTCTGAGCGTGAACC	+ 1.04 37.07 11.27 33.62 TTCGCTGAAGATCTGCGAACC	+ 19.16 75.82 64.40 84.07 AATGGCTAAGATGCTCTGAGC	+ 0.00 59.00 0.00 31.14 CCGGCCTTGAACCAAACCGCC	+ 7.93 33.66 9.69 25.51 GGAAGACGCAGCCTAGGGCTC	+ 1.41 54.60 3.91 41.28 AAGGTAGCTCGGTGGCTCGCC	+ 1.77 31.41 3.99 26.54 CCTAGGGCTCCGAGCATGGCC	+ 9.18 55.51 20.22 29.70 ACTCAGGTGATCCTCATGGGA	+ 4.24 40.76 4.64 29.02 CTAGGGCTCCGAGCATGGCCC
		va-phasiRNA	TGAAGATCTGTGAACCAGCCT	TAAGATGCTCTGAGCGTGGACC	CTGAAGATCTGTGAACCAGCC	AATGGACCCAAGTACTTGACT	AAGATGCTCTGAGCGTGGACC	AATGGACCTAAGTACTTGACT	CTTCCAAGGACTTCTGATGCT	CGGCCTTGAACCAAACCGCCT	TGAACCAGCCTTGAACCAAAC	ATGGACCCAAGTACTTGACCC	TTCGCTGAAGATCTGCGAACC	TGAACCAGCCTTGAACCAAACG	AATGGCTAAGATGCTCTGAGC	CCGGCCTTGAACCAAACCGCC	TGAACCAGCCTTGAACCAAACC	TTCGCTGAAGATCTGTGAACC	GGAAGACGCAGCCTAGGGCTC	ATCTGTGAACCAGCCTTGAAC	ATCTGTGAACCAGCCTTGAACC	AAGGTAGCTCGGTGGCTCGCC	CCTAGGGCTCCGAGCATGGCC	ACTCAGGTGATCCTCATGGGA	TTCTGGGTCGGTAGCGAGACC	CCTTCGCTGAAGATCTGTGAA	TCTGTGAGCCAGCCTTGAACC	CTAGGGCTCCGAGCATGGCCC	GTCGGCGAGATTCTCCAACGG	ATGGTCGGCGAGATTCTCCAA	ACAATGGCTTGAACAAAGAAT

Table S24 : va-phasiRNAs derived from TAR1 genes and associated with mRNA target cleavage

 S24 

	Normalised reads	DM DT TM TT	17.58 123.69 38.09 209.00	DM DT TM TT 13.20 Normalised reads 203.27 1363.51 538.52 2860.41 88.31 35.05 355.83 0.00 76.06 128.34 134.24 250.33 6.51 4.08 14.09 6.20 74.43 124.57 136.07 260.72 40.25 13.09 105.07 1.80 96.30 160.73 598.68 538.61 11.34 6.14 17.68 8.63 16.81 27.95 50.20 52.33 53.52 63.69 75.79 14.23 63.63 102.89 115.62 225.72 78.93 102.12 105.59 10.47 38.38 61.22 44.84 145.48 56.44 56.17 124.16 0.90 114.78 180.52 373.41 479.41 4.72 1.42 23.80 9.53 9.95 15.47 44.67 30.00 47.34 4.08 80.94 22.02 105.38 32.79 154.52 23.01 34.98 59.69 41.18 0.00 48.72 72.47 95.81 127.91 4.70 2.47 33.52 32.29 149.93 148.96 290.43 92.95 137.53 249.60 236.34 4.40 17.40 25.67 27.59 60.16 20.17 13.73 31.60 4.41 50.71 74.37 134.66 178.54 19.97 33.01 20.37 16.77 10.09 14.69 31.56 26.99 72.02 27.29 124.88 8.71 130.62 185.41 284.46 587.28 37.09 34.06 52.79 28.57 118.70 47.63 205.21 38.73 54.85 109.75 77.18 8.80 14.19 19.90 50.70 45.29 36.47 17.84 24.79 8.72 54.98 76.67 279.65 156.88 35.65 12.94 55.73 1.80 59.62 79.40 155.58 204.14 7.27 16.76 16.88 2.61 25.54 33.74 81.52 75.29 9.92 2.66 24.18 3.46 464.02 597.62 1711.42 900.63 13.07 12.09 28.36 6.07 40.25 51.83 163.42 151.43 21.39 8.16 13.25 15.90 38.14 45.73 93.98 83.38 52.44 35.10 189.02 48.88 160.72 160.84 277.69 45.58 54.35 104.25 142.83 0.85 253.07 296.40 613.72 498.18 2.64 3.70 14.08 11.32 228.08 255.20 771.91 533.14 34.87 18.63 38.80 3.50 29.79 32.74 75.04 64.03 10.58 30.53 25.16 3.55 108.00 117.16 151.96 304.33 10.61 4.08 20.18 10.47 1236.13 1339.37 2708.65 2249.48 30.82 14.37 92.73 5.34 29.10 31.37 77.89 128.69 15.67 24.55 40.98 13.16 82.26 88.01 155.41 179.30 37.29 20.43 36.11 52.80 148.67 378.81 63.63 73.01 77.99 163.72 124.07	85.30 90.44 175.86 215.73	74.64 78.81 197.83 155.07	18.51 19.51 53.80 39.41
		dsRNA strand	-	-	dsRNA strand --+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+	+	+	+
	Normalised reads	DM DT TM TT va-phasiRNA DM DT TM TT	13.93 255.39 76.00 163.78 ACCAAGATCTGCACCGACGGC 306.51 451.31 1402.23 1422.22	DM DT TM TT va-phasiRNA 0.85 Normalised reads 4.36 79.19 5.35 115.18 TTTGAGAATAGGTCGAGGACA 15.22 3.48 33.56 TACTCATCGAGGCCTGGCTCT 1.75 7.93 37.07 9.47 60.64 CAATGTCCTCGACCTATTCTC 29.80 10.03 119.14 AGCACGCAGATGCCGAGGCAC 1.80 23.46 95.40 122.66 166.83 AGGAAGCTGATTGGCTGGATC 30.06 27.28 53.97 GTCCCTCTAAGAAGCCGGCCG 0.90 11.88 45.74 20.56 90.87 TATTCAACGAGTTCACACCTTG 14.86 1.23 44.97 TAATCGACCAACACCCTTTGT 0.90 53.33 197.69 146.20 378.64 CCTCGATGAGTAGGAGGGCGC 14.50 0.00 43.83 AAAGTTTGAGAATAGGTCGAG 4.31 19.59 70.58 23.71 101.14 GTTAAAATTCCGGAACCGGGA 66.36 9.24 217.09 AACCCGACTCGTAGACAGCGC 3.46 17.03 60.41 40.25 103.44 GATCCTAAGAGTCGGGGGAAAC 52.42 26.46 89.84 ACCCGACTCGTAGACAGCGCC 0.00 12.69 45.00 122.06 75.33 AATGGATGGCGCTGAAGCGCG 15.07 0.00 71.22 TAGGTTAGCGCGCAGTTGGGCA 1.71 99.10 341.97 277.03 668.17 AGTTCTATCGGGTAAAGCCAA 25.61 2.66 162.61 GCAGACGGCGAACCACCCACG 4.27 15.20 50.45 20.51 28.58 CAAATGAGAACTTTGAAGGCA 63.16 13.74 109.62 CCAAGATCTGCACCGACGGCC 0.00 365.18 1204.80 1283.32 2941.70 CGGCCGTCGGTGCAGATCTTG 14.24 33.42 97.89 ATTCCGTGGGATGGCTCAACAA 3.50 16.64 52.81 33.77 88.65 TGAACGGCACTTGCACATGGG 47.28 8.79 35.72 TGTCGGCCAAGGTGTGAACTC 0.90 38.29 112.07 61.04 195.35 TGGTGTCCGGTGCATTCCCGG 12.10 12.72 26.69 ACTCATCGAGGCCTGGCTCTT 0.90 109.87 319.01 216.40 447.47 AACCCGTCTGATAGCGCTTATG 11.26 6.18 24.51 TAGCTCGGATTTTGGCCAACCG 5.30 22.65 64.99 48.32 119.78 GTTGAGCCATCCCACGGAATC 64.62 14.18 90.52 TTTAAAGTTTGAGAATAGGTC 1.71 15.51 43.45 32.48 63.72 CGCGAACTTCGAAAGGGGATCC 20.77 1.42 49.47 CTTAGGATCGACTAACCCATG 1.75 21.08 57.98 96.27 105.81 GCCTCGATGAGTAGGAGGGCG 21.24 2.66 71.73 GTCGCAGACGGCGAACCACCCA 14.20 166.23 38.77 336.70 GGTAACACACGGGAGATCAGCT 955.47 2530.07 3144.52 3516.77 TTAAATAGGTAGGACGGGGTGG 0.00 120.84 301.33 152.25 252.46 ATTCAACGAGTTCACACCTTG 11.46 12.09 26.52 TATTTAAAGTTTGAGAATAGG 2.61 25.95 64.56 48.99 55.05 CAGGCCTCGATGAGTAGGAGG 29.45 15.19 131.87 AGATAACTCTTTCCGGAATTC 1.80 830.30 1959.98 2077.74 3318.76 GGATAGCTGGAGCTCGGAAAC 20.05 1.23 36.26 GCCCTAGGTTTTGCAGCGACC 6.20 44.54 104.68 119.79 220.04 CCGTCTGCGACGTCGCGAGAA 68.62 11.04 358.72 TCAAGGTCGGTCGGCTGTGCA 9.70 17.62 39.44 49.46 74.32 AAGGCCGAAGAGGGGAAAGGT 106.91 27.24 232.10 GATCAGCTTCCGTCCCATATC 5.35 21.24 47.42 36.61 108.15 CGCGCTAACCTAGAACCCACA 58.26 11.87 135.48 TACTCATCGAGGCCTGGCTCTT 10.51 110.09 31.36 144.62 ATAGAACTCGTTTCCGAGCTC 39.22 85.38 102.58 130.26 GCCGTCTGCGACGTCGCGAGAA 1.75 12.79 27.32 18.88 67.41 TGCGGGATGAACCGGAAGCCG 18.31 #N/A #N/A TAGACAGCGCCTCGTGGTGCGA 0.00 151.29 318.14 405.04 555.55 AGAGCCAGGCCTCGATGAGTA 9.38 0.00 28.61 TAAAGTTTGAGAATAGGTCGA 1.80 40.26 81.04 92.73 101.54 AAGAGCCAGGCCTCGATGAGT 15.70 24.85 22.98 AAACAACCCGACTCGTAGACA 0.85 130.02 259.46 407.50 566.27 GGTTAGTCGATCCTAAGAGTCG 7.22 0.00 25.46 TTAATCGACCAACACCCTTTG 0.00 65.80 129.54 125.25 169.79 ACGGAATCGAGAGCTCCAAGT 8.18 2.06 28.99 TTGAGAATAGGTCGAGGACATT 6.92 19.86 38.79 41.58 129.90 CTTATGCGCGAACTTCGAAAGG 52.47 4.08 91.32 AATAGGTCGAGGACATTGCGT 4.40 80.35 153.36 229.65 270.06 TCGATTAAGACAGCAGGACGG 32.88 74.00 119.08 TCCGTCCCATATCCTCGAGAGG 0.00 38.83 72.55 104.51 182.04 TTCCATGTGAACGGCACTTGC 7.41 4.27 21.52 AGCTCGGATTTTGGCCAACCG 4.45 6.53 0.00 25.41 2.61 3.73 14.77 32.25 203.59 289.71 2.85 1.60 57.01 79.21 214.29 161.12 62.22 86.00 382.64 140.59 14.87 20.28 75.69 83.48 3.46 4.69 12.50 24.52 23.90 32.30 32.58 22.82 46.92 62.92 49.09 102.58 4.41 5.81 2.66 27.40 20.42 26.86 83.91 39.74 30.41 37.07 133.79 108.00 4.45 5.39 8.20 41.24 7.90 9.54 56.28 20.80 19.50 23.29 53.55 45.95 15.77 18.63 120.87 26.98 16.68 19.48 47.60 24.65 13.22 15.32 9.01 23.56 175.30 202.64 366.78 173.10 8.80 9.99 6.36 23.51 14.16 15.28 43.14 32.82 43.20 44.37 171.08 62.96 81.80 51.11 48.82 34.10 23.72 20.28 36.12 9.58 58.29 8.63 0.00 134.30 88.02 12.59 17.95 4.27 25.16 2.33 0.15 82.59 215.93 175.72 88.62 213.26 82.59 103.97 33.00 45.24 28.93 43.78 14.74 20.88 64.08 173.69 35.37 48.94 29.64 49.41 29.31 23.56	67.80 122.62 163.65 221.13 ATGAACCGGAAGCCGGGTTACG	75.35 135.48 141.44 335.15 CATCCCACGGAATCGAGAGCT	289.94 497.11 1953.41 384.34 TGCGCGCTAACCTAGAACCCA
		dsRNA strand dsRNA strand	--	--	dsRNA strand --+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -------------------------------	+	+	+
	Normalised reads	DM DT TM TT va-phasiRNA DM DT TM TT va-phasiRNA	19.17 20.14 27.45 36.82 TAGCTCGGATTTTGGCCAACC 6.07 16.29 26.01 20.45 TCTCGCGACGTCGCAGACGGCG	DM DT TM TT va-phasiRNA 42.50 Normalised reads 26.97 28.31 78.82 65.73 CCACCAAGATCTGCACCGACG 44.19 147.43 141.61 AGATCTGCACCGACGGCCGCT 103.76 106.61 157.43 81.45 TAGTCCCTCTAAGAAGCCGGCC #N/A #N/A 28.61 63.94 GTCGCTGCAAAACCTAGGGCG 13.32 1.41 105.00 6.22 132.85 ACCCGTCTGATAGCGCTTATG 13.45 31.21 35.31 AGAAGCCGGCCGTGAAGGGATG 297.22 291.49 406.86 528.42 AAGATCTGCACCGACGGCCGCT 1.41 65.82 6.96 261.61 GCACTTGCACATGGGTTAGTC 115.43 110.68 232.08 246.67 TGAGAATAGGTCGAGGACATTG 1.93 90.11 3.24 33.75 GGTTAGTCGATCCTAAGAGTC 813.37 739.76 1886.74 1963.55 TTGGCTTTACCCGATAGAACTC 9.35 297.89 32.46 563.56 AGAGGCATCGGGGACGCAATG 871.20 764.03 1259.97 1756.44 TCGACCAACACCCTTTGTGGG 5.64 174.13 0.00 0.67 CCGAAGAGGGGAAAGGTTCCA 28.49 43.26 1122.33 111.30 928.51 AGTTCACACCTTGGCCGACAG 23.41 30.16 41.57 ACCACCAAGATCTGCACCGACG 39.41 8.11 194.14 5.31 102.73 CCAAGGAAGTTTGAGGCAATA 28.06 84.22 88.50 AACTTCCTTGGCCTAAACGGCC 39.95 28.59 542.56 44.06 384.72 CGGTTGGCCAAAATCCGAGCT 27.14 61.99 68.14 GACTTCTCGCGACGTCGCAGAC 29.99 3.09 54.08 0.00 0.25 GCCGTCTGCGACGTCGCGAGA 19.33 36.02 59.45 ACAACCCGACTCGTAGACAGCG 0.00 18.42 311.96 69.83 615.48 GATCCTAAGAGTCGGGGGAAA 0.31 36.10 497.05 GTAACACACGGGAGATCAGCT 0.00 44.51 721.86 77.21 419.08 CGGCTTCTTAGAGGGACTATG 0.13 39.44 662.83 CAACGCGAGCTGATGACTCGA #N/A 177.74 2794.55 301.43 7106.17 CGTCTGCGACGTCGCGAGAAG #N/A 44.07 58.66 ACTTCGGAGGGAACCAGCTACT #N/A 4.44 56.99 0.00 0.40 CGGTCGCTGCAAAACCTAGGG #N/A 121.64 188.13 TGAGAATAGGTCGAGGACATT 0.85 2.04 24.42 6.45 13.01 ACGCAATGTCCTCGACCTATT 55.66 3.48 105.77 GTCGGCTGTGCACCCGTGAGG 1.71 10.78 120.29 7.65 112.79 CGTGGTGTCCGGTGCATTCCC 83.91 4.90 143.58 ACCAAGATCTGCACCGACGGCC 0.85 101.30 1128.77 181.66 1889.19 CGTGGGTGGTTCGCCGTCTGC 38.20 16.17 67.47 GATAGAACTCGTTTCCGAGCT 0.85 35.11 379.00 77.07 643.71 CTGATCTCCCGTGTGTTACCG 30.23 6.14 42.37 TAACGTTGCCGTCAACCGCCA 0.00 29.87 302.31 74.39 413.97 TGATCTCCCGTGTGTTACCGC 31.04 15.75 50.98 CACCAAGATCTGCACCGACGGC 0.00 37.80 377.74 93.06 415.63 CATGTGAACGGCACTTGCACA 30.35 16.42 87.19 CCTCTAATCATTGGCTTTACC 0.00 14.30 132.60 113.19 241.21 AAGGTTCCATGTGAACGGCAC 28.28 2.85 109.43 GAGAATAGGTCGAGGACATTGC 4.27 59.45 517.07 105.38 247.38 GATGGCGCTGAAGCGCGCGAC 120.42 77.86 237.77 CGACTCTTAGGATCGACTAACC 0.00 10.50 90.11 27.48 56.01 CGGAGACGTCGGCGGGAATTC 27.11 1.42 106.78 TTAGCGCGCAGTTGGGCACCG 32.30 849.78 61.44 2765.49 CATCGAGGCCTGGCTCTTGCC 18.44 154.03 50.81 109.28 AATTCCGGAAAGAGTTATCTT 0.00 107.19 863.03 259.07 2036.74 GGTCGCTGCAAAACCTAGGGC 26.30 0.00 38.80 GACGCTCCTGACGTTCTTAGC 0.00 13.90 106.85 50.09 229.85 CTGAAGCGCGCGACCTATACC 25.25 35.81 23.33 GAAGATCAAGGTCGGTCGGCTG 0.85 31.33 238.62 49.87 126.22 CTGGAGCTCGGAAACGAGTTC 18.78 3.48 37.68 ACCCGATAGAACTCGTTTCCG 0.90 74.08 532.19 0.00 0.88 TAGGCCAAGGAAGTTTGAGGCA 19.60 14.78 53.66 CGGTTCCGGAATTTTAACCGGA 1.80 11.17 79.65 38.65 149.09 GGGTGGTTCGCCGTCTGCGAC 38.19 0.00 0.12 GAGCTCTCGATTCCGTGGGATG 0.85 28.71 186.86 44.09 119.75 TGATTGGCTGGATCCCTCACG 17.89 2.66 53.35 GTCGGCCAAGGTGTGAACTCG 4.45 18.02 92.36 139.92 67.53 TCGATCCTAAGAGTCGGGGGA 87.04 5.69 123.35 ATTGCCTCAAACTTCCTTGGCC 0.85 29.72 152.11 63.89 287.58 ATGGCCGTTTAGGCCAAGGAAG 16.10 1.23 30.11 TAGGTTAGCGCGCAGTTGGGC 25.40 67.54 47.53 195.45 AAAATGGCCCACTTGGAGCTCT 0.90 2.35 1.23 15.53 TCTAATCATTGGCTTTACCCGA 8.85 23.08 11.04 36.70 TTCTTAGCTCGGATTTTGGCC 6.25 16.23 5.35 19.64 ATCGAGGCCTGGCTCTTGCCC 20.19 49.70 0.00 0.06 ATTGCCTCAAACTTCCTTGGC 0.00 2.46 1.42 21.25 TTGCCTCAAACTTCCTTGGCCT 14.15 33.08 26.30 55.27 CAGCGCCATCCATTTTCGGGGC 77.13 171.22 229.34 411.16 GAGATCAGCTTCCGTCCCATA 48.70 101.28 0.00 0.48 TACCCGATAGAACTCGTTTCC 28.22 58.56 131.51 111.70 TTTGAGAATAGGTCGAGGACAT 126.72 262.92 283.96 459.48 TAGCTCGGATTTTGGCCAACCGC 6.20 12.83 9.01 29.82 TGTCGGCCAAGGTGTGAACTCG 29.34 60.34 151.21 135.51 TCAGCGCCATCCATTTTCGGGG 47.38 95.44 350.64 151.98 CAACCCGACTCGTAGACAGCA 29.02 57.90 73.90 60.37 CCGGTTCCGGAATTTTAACCG 15.92 31.73 50.07 48.38 CTTAGCTCGGATTTTGGCCAAC 28.94 56.58 34.73 147.85 ATTTTCAAGGGCCGCCGGGAA 71.55 136.47 44.75 238.06 TCGATCGGCGGACCGGATTGC 172.94 326.00 311.97 170.30 TTAGCTCGGATTTTGGCCAACC 6.02 10.90 622.23 22.79 TCTAATCATTGGCTTTACCCG 151.56 274.16 284.93 270.58 ATCGATCGGCGGACCGGATTG 18.38 32.64 75.89 103.29 ATTCCGTGGGATGGCTCAACA 10.51 18.57 0.00 0.12 CCAAGGTGTGAACTCGTTGAA 4.36 7.22 0.00 18.55 CCGAATCGATCGGCGGACCGGA 6.20 10.18 20.50 28.76 CCACCAAGATCTGCACCGACGG 6.16 10.09 3.70 48.21 GCGGACCGGATTGCTCCGTTC 156.45 255.46 181.14 370.66 AACAACCCGACTCGTAGACAG 3.50 5.68 11.53 41.18 CGGTCCGTCGCTGAGGACGCT 46.60 75.27 379.96 39.84 ACCCGACTCGTAGACAGCGCCT 18.42 29.66 26.60 49.83 CCCGGGCTTAGGTCACCACCT 3.42 5.42 13.06 30.96 CGTAGACAGCGCCTCGTGGTGC 19.40 29.77 49.58 45.93 TCAAGACGCTCCTGACGTCCT 34.13 50.77 90.74 136.42 503.35 395.98 48.64 103.11	6.37 31.77 4.02 35.32 TTGGTCGATTAAGACAGCAGG	31.56 157.36 128.60 450.85 AAACTTTAAATAGGTAGGACG	119.99 563.81 182.12 368.24 TGCGGAAGGATCATTGTCGTA
		dsRNA strand dsRNA strand	+ -	+ -	dsRNA strand + + + + + + + + + + + + + + + + + + + + + + + + + -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ ---------------------------------	+	+	+
		va-phasiRNA va-phasiRNA	TGTTGAGCCATCCCACGGAATC ACTCTTAGGATCGACTAACCC	ACTTCGAAAGGGGATCCGGTT CCCCGAATCGATCGGCGGACC	va-phasiRNA GCTGAAGCGCGCGACCTATACC AATGAGAACTTTGAAGGCCGAAT CGAGCTAAGGACGTCAGGAGCG TTAAGGTGGTGACCTAAGCCCG CCCCATCCTCTCGAGGATATG TCCTAAGAGTCGGGGGAAACC CATCCTCTCGAGGATATGGGAC AAGAGTCGGGGGAAACCCGTC GTTGGCCAAAATCCGAGCTAA AACCCACAAAGGGTGTTGGTC TGTGTTACCGCACGCGGTTGGC CGGCCGTCGGTGCAGATCTTGG TCCGAGCTAAGAACGTCAGGA TAAAGCCAATGATTAGAGGCA TCGAGGATATGGGACGGAAGC CAATGTCCTCGACCTATTCTCA CGCACGCGGTTGGCCAAAATC GGTAAGCAGAACTGGCGATGC TCGAGGATATGGGACGGAAGCT ATTAGAGGCATCGGGGACGCAA GAACGTCAGGAGCGTCTTGACA GCTAAGGACGTCAGGAGCGTC GTTCACACCTTGGCCGACAGG AGCTAAGGACGTCAGGAGCGTC ATGGGACGGAAGCTGATCTCC TGCTCCGTTCCGCATTCGACC GTCTGCGACGTCGCGAGAAGTC CGTCCTTAGCTCGGATTTTGGC TAAGAACGTCAGGAGCGTCT GAATAGGTCGAGGACATTGCG GTTGGCCAAAATCCGAGCT CTCATCGAGGCCTGGCTCTTG TGTGTTACCGCACGCGGTTGGCC AGAATAGGTCGAGGACATTGC GTCTGCGACGTCGCGAGAAGT GACTCTTAGGATCGACTAACC TGTATTCAACGAGTTCACACC GTCCTGCTGTCTTAATCGACC GTTCGCCGTCTGCGACGTCGC GTGTGAACTCGTTGAATACATC TATGGGACGGAAGCTGATCTCC CTCATCGAGGCCTGGCTCTTGC GAACGACCTGAGAACGATGAA ACTTCCTTGGCCTAAACGGCC AGGATATGGGACGGAAGCTGA AGAATAGGTCGAGGACATTGCG CGCGGTTGGCCAAAATCCGAG CGACGTCGCAGACGGCGAACC AGCTGATCTCCCGTGTGTTAC CTGTCTTAATCGACCAACACC CGCGAACTTCGAAAGGGGATC GCATGTCAAGACGCTCCTGACG AGGCCTCGATGAGTAGGAGGG GGTATAGGTCGCGCGCTTCAGC AGCTGATCTCCCGTGTGTTACC CCGTGGGATGGCTCAACAAAGC CTAAGAACGTCAGGAGCGTCT TCTTAGCTCGGATTTTGGCCA GGCCGAAGAGGGGAAAGGTTC ACTCATCGAGGCCTGGCTCTTG GATCTCCCGTGTGTTACCGCA GAGAATAGGTCGAGGACATTG AGGAGCGTCTTGACATGCGGT CAAGATCTGCACCGACGGCCG GCGGTCGCTGCAAAACCTAGG TCGCGCCCTAGGTTTTGCAGCG CTACCTATTTAAAGTTTGAGA TTTGTGGGTTCTAGGTTAGCG GTTCTTAGCTCGGATTTTGGCC GTCGAGGACATTGCGTCCCCGA CTTTCGAAGTTCGCGCATAAG TGAACTCGTTGAATACATCAG CGCTCCTGACGTTCTTAGCTC TTTCGAAGTTCGCGCATAAGC CACCAAGATCTGCACCGACGG TCCTACTCATCGAGGCCTGGC ACAACCCGACTCGTAGACAGC CGCGACGTCGCAGACGGCG TTTAGTGGACTTCTCGCGACT TCAGCGCCATCCATTTTCGGG CGCCCCGAATCGATCGGCGGA CGATAGAACTCGTTTCCGAGC CGTCCCATATCCTCGAGAGGA CGCATGTCAAGACGCTCCT GTCCCATATCCTCGAGAGGATG CAACCCGACTCGTAGACAGCGC ACGCTCCTGACGTTCTTAGCT ATCTGCACCGACGGCCGCTCC CCTACTCATCGAGGCCTGGCTC ACGCCCCGAATCGATCGGCGGA CCGATAGAACTCGTTTCCGAG AACCCGACTCGTAGACAGCGCC AGCTCGGATTTTGGCCAACCGC CTCAAACTTCCTTGGCCTAAA TTGGTCCGTGTTACAAGACA CTGAGGACGCTTCTCCAGACT TGAACTCGTTGAATACATCAGT CAGTTGGGCACCGTAACCCGG	GTTGGCCAAAATCCGAGCTAAG	TGGCCGTTTAGGCCAAGGAAG	TATGGGACGGAAGCTGATCTC

TAAGATGCTCTGAGCGTGGACC + / - Chloro 11.46 / 23.65 136.08 / 68.26 11.87 / 2.89 26.68 / 49.99 108.25 / 53.79 4.06 / 1.08 BnaC04g10780D

  

	0.39	0.39
	0.00 16.13 0.00 32.99 524035 -0.12 299557	0.00 34.98 0.00 43.95 524035 -0.12 299557
	DT2 DT3 TT2 TT3	DT2 DT3 TT2 TT3
	TAAGATGCTCTGAGCGTGGACC ||||||||||||||||||||||	ACCGATTCTACGAGACTCGCACCTGGTTCGAG	TGAAGATCTGTGAACCAGCCT ||||||||||o||||| ||||	AGCGACTTCTAGACGCTTGGCCGGAACTTGGT
	465	406
	CABBP1	CABBP1
			BnaC04g10780D
			1.91 / -
			88.70 / -
			46.38 / -
			6.38 / -
			133.72 / -
			20.96 / -	11.46 /
			Chloro	Chloro
			+	+ / -
			TGAAGATCTGTGAACCAGCCT	TAAGATGCTCTGAGCGTGGACC

23.65 136.08 / 68.26 11.87 / 2.89 26.68 / 49.99 108.25 / 53.79 4.06 / 1.08 BnaA09g26570D

  

	0.26
	0.00 16.13 0.00 32.99 325731 -0.25 212798
	DT2 DT3 TT2 TT3
	TAAGATGCTCTGAGCGTGGACC ||||||||||||||||||||||	ACCGATTCTACGAGACTCGCACCTGGTTCGAG
	534
	CABBP1
		11.46 /
		Chloro
		+ / -
		TAAGATGCTCTGAGCGTGGACC

23.65 136.08 / 68.26 11.87 / 2.89 26.68 / 49.99 108.25 / 53.79 4.06 / 1.08 BnaA05g09410D

  

	1.16	1.16	0.73	1.16	0.39
	0.00 16.13 0.00 32.99 185278 -0.12 131779	0.00 34.98 0.00 43.95 185278 -0.12 131779	0.00 3.52 0.00 5.04 417531 0.02 305188	0.00 84.41 0.00 6.16 185278 -0.12 131779	0.00 84.41 0.00 6.16 524035 -0.12 299557
	DT2 DT3 TT2 TT3	DT2 DT3 TT2 TT3	DT1 DT3 TT3	DT1 DT3 TT3	DT1 DT3 TT3
	TAAGATGCTCTGAGCGTGGACC ||||||||||||||||||||||	ACCGATTCTACGAGACTCGCACCTGGTTCGAG	TGAAGATCTGTGAACCAGCCT ||||||||||o||||| ||||	AGCGACTTCTAGACGCTTGGCCGGAACTTGGT	CTGAAGATCTGTGAACCAGCC |||||||||||o||||| |||	AAGCGACTTCTAGACGCTTGGCCGGAACTTGG	CTGAAGATCTGTGAACCAGCC |||||||||||o||||| |||	AAGCGACTTCTAGACGCTTGGCCGGAACTTGG	CTGAAGATCTGTGAACCAGCC |||||||||||o||||| |||	AAGCGACTTCTAGACGCTTGGCCGGAACTTGG
	465	406	520	407	407
	CABBP1	CABBP1	CABBP1	CABBP1	CABBP1
			BnaA05g09410D	BnaC03g59520D	BnaA05g09410D	BnaC04g10780D
			1.91 / -	9.19 / -	9.19 / -	9.19 / -
			88.70 / -	49.11 / -	49.11 / -	49.11 / -
			46.38 / -	5.34 / -	5.34 / -	5.34 / -
			6.38 / -	63.24 / -	63.24 / -	63.24 / -	3.94 /
			20.96 / -133.72 / -	1.15 / -72.60 / -	1.15 / -72.60 / -	1.15 / -72.60 / -	18.37 / 34.34 72.33 / 34.76
			Chloro	Chloro	Chloro	Chloro	Chloro
			+	+	+	+	+ / -
			TGAAGATCTGTGAACCAGCCT	CTGAAGATCTGTGAACCAGCC	CTGAAGATCTGTGAACCAGCC	CTGAAGATCTGTGAACCAGCC	AATGGACCCAAGTACTTGACT

1.01 46.63 / 93.41 46.52 / 22.97 1.00 / 0.25 BnaA05g09410D

  

	1.16
	0.32 185278 -0.12 131779
	0.00
	2.73
	0.00
	DT2 DT3 TT3
	AATGGACCCAAGTACTTGACT |||||||||||||||||o||o	CCTCTTACCTGGGTTCATGAATTGGGACAGCC
	173
	CABBP1
		3.08 / 6
		Chloro
		+ / -
		AAGATGCTCTGAGCGTGGACC

.07 178.85 / 91.12 58.09 / 15.02 16.77 / 29.83 127.30 / 63.38 7.59 / 2.12 BnaC04g10780D

  

	0.39
	3.24 524035 -0.12 299557
	0.00 10.86 0.00
	DT2 DT3 TT3
	AAGATGCTCTGAGCGTGGACC |||||||||||||||||||||	CCGATTCTACGAGACTCGCACCTGGTTCGAGC
	464
	CABBP1
		3.94 /
		18.37 / 34.34 72.33 / 34.76
		Chloro
		+ / -
		AATGGACCCAAGTACTTGACT

1.01 46.63 / 93.41 46.52 / 22.97 1.00 / 0.25 BnaC04g10780D

  

	0.39
	0.32 524035 -0.12 299557
	0.00
	2.73
	0.00
	DT2 DT3 TT3
	AATGGACCCAAGTACTTGACT |||||||||||||||||o||o	CCTCTTACCTGGGTTCATGAATTGGGACAGCC
	173
	CABBP1
		3.08 / 6
		Chloro
		+ / -
		AAGATGCTCTGAGCGTGGACC

.07 178.85 / 91.12 58.09 / 15.02 16.77 / 29.83 127.30 / 63.38 7.59 / 2.12 BnaA05g09410D

  

	1.16
	3.24 185278 -0.12 131779
	0.00 10.86 0.00
	DT2 DT3 TT3
	AAGATGCTCTGAGCGTGGACC |||||||||||||||||||||	CCGATTCTACGAGACTCGCACCTGGTTCGAGC
	464
	CABBP1
		3.08 / 6
		Chloro
		+ / -
		AAGATGCTCTGAGCGTGGACC

.07 178.85 / 91.12 58.09 / 15.02 16.77 / 29.83 127.30 / 63.38 7.59 / 2.12 BnaA09g26570D

  

	0.26
	3.24 325731 -0.25 212798
	0.00 10.86 0.00
	DT2 DT3 TT3
	AAGATGCTCTGAGCGTGGACC |||||||||||||||||||||	CCGATTCTACGAGACTCGCACCTGGTTCGAGC
	533
	CABBP1
		1.68 / 3
		Chloro
		+ / -
		AATGGACCTAAGTACTTGACT

.55 67.65 / 32.73 40.24 / 9.21 9.91 / 21.93 28.85 / 14.26 2.91 / 0.65 BnaC04g10780D

  

	0.39
	0.00 524035 -0.12 299557
	0.00
	2.73
	0.00
	DT2 DT3
	AATGGACCTAAGTACTTGACT ||||||||o||||||||o||o	CCTCTTACCTGGGTTCATGAATTGGGACAGCC
	173
	CABBP1
		24.10 /
		-/ -
		Chloro
		-
		AAGATGCTCTGAGCGTGAACC

24.10 -/ 28.22 2.66 / 2.66 16.12 / 16.12 6.07 / 6.07 BnaC04g10780D

  

	0.39
	0.00 524035 -0.12 299557
	0.00 10.86 0.00
	DT2 DT3
	AAGATGCTCTGAGCGTGAACC ||||||||||||||||| |||	CCGATTCTACGAGACTCGCACCTGGTTCGAGC
	464
	CABBP1
		24.10 /
		-/ -
		Chloro
		-
		AAGATGCTCTGAGCGTGAACC

24.10 -/ 28.22 2.66 / 2.66 16.12 / 16.12 6.07 / 6.07 BnaA05g09410D

  

	1.16
	0.00 185278 -0.12 131779
	0.00 10.86 0.00
	DT2 DT3
	AAGATGCTCTGAGCGTGAACC ||||||||||||||||| |||	CCGATTCTACGAGACTCGCACCTGGTTCGAGC
	464
	CABBP1
		1.68 / 3
		Chloro
		+ / -
		AATGGACCTAAGTACTTGACT

.55 67.65 / 32.73 40.24 / 9.21 9.91 / 21.93 28.85 / 14.26 2.91 / 0.65 BnaA05g09410D

  

	1.16
	0.00 185278 -0.12 131779
	0.00
	2.73
	0.00
	DT2 DT3
	AATGGACCTAAGTACTTGACT ||||||||o||||||||o||o	CCTCTTACCTGGGTTCATGAATTGGGACAGCC
	173
	CABBP1
		24.10 /
		-/ -
		Chloro
		-
		AAGATGCTCTGAGCGTGAACC

24.10 -/ 28.22 2.66 / 2.66 16.12 / 16.12 6.07 / 6.07 BnaA09g26570D

  

85 45.84 / 22.99 175.72 / 26.93 5.58 / 10.41 27.97 / 13.88 5.02 / 1.33 BnaC03g59520D

  

	1.16	0.73
		0.02 305188
		0.00 417531
		0.00
		1.42
		0.00
		DT2
		AAGGTAGCTCGGTGGCTCGCC |||||||||||||||||||||	GCCATTCCATCGAGCCACCGAGCGGCCTCTTA
		311
		0.26 / 0.CABBP1	3.09 / 6
		Chloro	Chloro
		+ / -	+ / -
		AAGGTAGCTCGGTGGCTCGCC	CCTAGGGCTCCGAGCATGGCC

.16 50.71 / 25.34 16.41 / 4.11 4.46 / 11.08 37.55 / 18.64 8.43 / 1.68 BnaA05g09410D

  

	1.16	1.16	0.39
	0.00 185278 -0.12 131779	0.00 185278 -0.12 131779	0.00 524035 -0.12 299557
	0.00 3.47 0.00	0.00 1.91 0.00	0.00 23.60 0.00
	DT2	DT3	DT3
	CCTAGGGCTCCGAGCATGGCC |||||||||||o|||||||||	TGTCGGATCCCGAGGTTCGTACCGGGTAGACG	CCTTCGCTGAAGATCTGTGAA |||||||||||||||||o|||	GGGAGGAAGCGACTTCTAGACGCTTGGCCGGA	ATGGTCGGCGAGATTCTCCAA ||||||o||||||||||||||	GGTTTACCAGTCGCTCTAAGAGGTTGCCAGGG
	323	413	729
	CABBP1	CABBP1	CABBP1
			BnaA05g09410D	BnaC04g10780D
			31.14 / -	1.47 / -
			31.14 / -	29.70 / -
			0.00 / -	20.22 / -
			59.00 / -	6.04 / -
			59.00 / -	55.51 / -
			0.00 / -	9.18 / -	0.85 / 0.
			Chloro	Chloro	Chloro
			+	+	-
			CCTTCGCTGAAGATCTGTGAA	ATGGTCGGCGAGATTCTCCAA	AAGATGCTCTGAGCGTGAACC

85 24.10 / 24.10 28.22 / 28.22 2.66 / 2.66 16.12 / 16.12 6.07 / 6.07 BnaC03g59520D

  

	0.73	0.37	0.26
	0.00 417531 0.02 305188	0.00 213712 -0.76 117162	0.00 325731 -0.25 212798
	0.00 1.13 0.00	0.00 0.18 0.00	0.00 14.89 0.00
	DT3	DT3	DT3
	AAGATGCTCTGAGCGTGAACC |||||||||||||||||||||	TCGGTTCTACGAGACTCGCACTTGGTTCGATC	TTCTGGGTCGGTAGCGAGGCC o|||||||||||||| |o|||	TTCGGAGACCCAGCCATCGGTTCGGGTTACCC	AAATGGTCGGCGAGATTCTCC ||||||||o||o|| ||||||	TCGGTTTACCAGTCGTTCCAAGAGGTTGCCAG
	577	2055	800
	CABBP1	CABBP1	CABBP1
			BnaA07g07570D	BnaA09g26570D
			2.63 / -	36.11 / -
			51.47 / -	36.11 / -
			19.57 / -	0.00 / -
			8.73 / -	23.76 / -
			79.41 / -	42.17 / -
			9.09 / -	1.77 / -	4.24 / 7
			Chloro	Chloro	Chloro
			+	+	+ / -
			TTCTGGGTCGGTAGCGAGGCC	AAATGGTCGGCGAGATTCTCC	ACAATGGCTTGAACAAAGAAT

.91 40.76 / 20.02 9.62 / 2.53 4.64 / 9.43 29.02 / 14.35 6.26 / 1.52 BnaA05g09410D

  

	1.16
	0.00 185278 -0.12 131779
	0.00
	8.49
	0.00
	DT3
	ACAATGGCTTGAACAAAGAAT || |||||o|| |||||||||	TCACTGCTACCGGACATGTTTCTTAGGTTTGT
	692
	CABBP1
		0.52 / 1
		Chloro
		+ / -
		GTGGACCAAGCTCGGGTTGCC

.71 57.53 / 27.01 110.27 / 15.82 0.80 / 1.23 37.80 / 18.63 47.40 / 15.10 BnaC04g10780D

  

	0.39
	0.00 524035 -0.12 299557
	0.00
	3.31
	0.00
	DT3
	GTGGACCAAGCTCGGGTTGCC |||||||||||||||||||||	CTCGCACCTGGTTCGAGCCCAACGGGTTCATC
	450
	CABBP1
		1.68 / 3
		Chloro
		+ / -
		AATGGACCTAAGTACTTGACT

.55 67.65 / 32.73 40.24 / 9.21 9.91 / 21.93 28.85 / 14.26 2.91 / 0.65 BnaC03g59520D

  

	0.73
	0.02 305188
	0.00 417531
	0.00
	0.86
	0.00
	DT3
	AATGGACCTAAGTACTTGACT ||||| ||o||||||||||||	CCTCTTACCCGGGTTCATGAACTGAGAGAGCC
	286
	CABBP1
	1.68 / 3	
	Chloro	
	+ / -	
	AATGGACCTAAGTACTTGACT	

.55 67.65 / 32.73 40.24 / 9.21 9.91 / 21.93 28.85 / 14.26 2.91 / 0.65 BnaC03g59520D

  

	0.73	0.26	1.16	0.39	0.39
	0.00 417531 0.02 305188	0.00 325731 -0.25 212798	0.00 185278 -0.12 131779	0.00 524035 -0.12 299557	0.00 524035 -0.12 299557
	0.00 0.86 0.00	0.00 1.72 0.00	0.00 14.89 0.00	0.00 5.08 0.00	0.00 1.82 0.00
	DT3	DT3	DT3	DT3	DT3
	AATGGACCTAAGTACTTGACT ||||| ||o||||||||||||	CCTCTTACCCGGGTTCATGAACTGAGAGAGCC	TTCGCTGAAGATCTGTGAACC o||||||||||| ||||| ||	GAGGGAGCGACTTCTAAACACTCGGCCGGAAC	AAATGGTCGGCGAGATTCTCC ||||||||o||o|||||||||	TCGGTTTACCAGTCGTTCTAAGAGGTTTCCAG	CCTTCGCTGAAGATCTGTGAA |||||||||||||||||o|||	GGGAGGAAGCGACTTCTAGACGCTTGGCCGGA	GTCGGCGAGATTCTCCAACGG |||o|||||||||||||||||	TTACCAGTCGCTCTAAGAGGTTGCCAGGGAAA
	286	480	731	413	726
	CABBP1	CABBP1	CABBP1	CABBP1	CABBP1
			BnaA09g26570D	BnaA05g09410D	BnaC04g10780D	BnaC04g10780D
			5.99 / -	36.11 / -	31.14 / -	6.66 / -
			219.25 / -	36.11 / -	31.14 / -	26.54 / -
			36.62 / -	0.00 / -	0.00 / -	3.99 / -
			17.37 / -	23.76 / -	59.00 / -	17.70 / -
			302.45 / -	42.17 / -	59.00 / -	31.41 / -
			17.41 / -	1.77 / -	0.00 / -	1.77 / -	0.52 / 1
			Chloro	Chloro	Chloro	Chloro	Chloro
			+	+	+	+	+ / -
			TTCGCTGAAGATCTGTGAACC	AAATGGTCGGCGAGATTCTCC	CCTTCGCTGAAGATCTGTGAA	GTCGGCGAGATTCTCCAACGG	GTGGACCAAGCTCGGGTTGCC

.71 57.53 / 27.01 110.27 / 15.82 0.80 / 1.23 37.80 / 18.63 47.40 / 15.10 BnaA09g26570D

  

	0.26	0.39
	0.00 325731 -0.25 212798	0.00 524035 -0.12 299557
	0.00 3.31 0.00	0.00 14.89 0.00
	DT3	DT3
	GTGGACCAAGCTCGGGTTGCC |||||||||||||||||||||	CTCGCACCTGGTTCGAGCCCAACGGGTTCATC	AAATGGTCGGCGAGATTCTCC ||||||||o||||||||||||	TCGGTTTACCAGTCGCTCTAAGAGGTTGCCAG
	519	731
	CABBP1	CABBP1
			BnaC04g10780D
			36.11 / -
			36.11 / -
			0.00 / -
			23.76 / -
			42.17 / -
			1.77 / -	3.44 / 5
			Chloro	Chloro
			+	+ / -
			AAATGGTCGGCGAGATTCTCC	TTCGCTGAAGATCTGCGAACC

.25 34.66 / 17.98 10.06 / 3.42 9.38 / 18.23 45.70 / 22.86 4.87 / 1.25 BnaA09g26570D

  

	0.26
	0.00 325731 -0.25 212798
	0.00
	1.72
	0.00
	DT3
	TTCGCTGAAGATCTGCGAACC o||||||||||| || || ||	GAGGGAGCGACTTCTAAACACTCGGCCGGAAC
	480
	CABBP1
		0.52 / 1
		Chloro
		+ / -
		GTGGACCAAGCTCGGGTTGCC

.71 57.53 / 27.01 110.27 / 15.82 0.80 / 1.23 37.80 / 18.63 47.40 / 15.10 BnaA05g09410D

  

	1.16	0.73	0.26	0.37
	0.00 185278 -0.12 131779	0.00 417531 0.02 305188	0.00 325731 -0.25 212798	0.00 213712 -0.76 117162
	0.00 3.31 0.00	0.00 14.89 0.00	0.00 0.64 0.00	0.00 0.18 0.00
	DT3	DT3	DT3	DT3
	GTGGACCAAGCTCGGGTTGCC |||||||||||||||||||||	CTCGCACCTGGTTCGAGCCCAACGGGTTCATC	AAATGGTCGGCGAGATTCTCC ||||||||o||o|||||||||	TCGGTTTACCAGTCGTTCTAAGAGGTTTCCAG	ATGGACCCAAGTACTTGACCC ||||||||||||||||||| |	CTCTTACCTGGGTTCATGAACTGAGAAAGCCT	TTCTGGGTCGGTAGCGAGACC o|||||||||||||| |o ||	TTCGGAGACCCAGCCATCGGTTCGGGTTACCC
	450	844	241	2055
	CABBP1	CABBP1	CABBP1	CABBP1
			BnaC03g59520D	BnaA09g26570D	BnaA07g07570D
			36.11 / -	1.45 / -	1.31 / -
			36.11 / -	43.27 / -	84.07 / -
			0.00 / -	29.91 / -	64.40 / -
			23.76 / -	3.38 / -	3.96 / -
			42.17 / -	44.55 / -	75.82 / -
			1.77 / -	13.18 / -	19.16 / -	4.24 / 7
			Chloro	Chloro	Chloro	Chloro
			+	+	+	+ / -
			AAATGGTCGGCGAGATTCTCC	ATGGACCCAAGTACTTGACCC	TTCTGGGTCGGTAGCGAGACC	ACAATGGCTTGAACAAAGAAT

.91 40.76 / 20.02 9.62 / 2.53 4.64 / 9.43 29.02 / 14.35 6.26 / 1.52 BnaC03g59520D

  

	0.73
	0.02 305188
	0.00 417531
	0.00
	1.63
	0.00
	DT3
	ACAATGGCTTGAACAAAGAAT |||||o|||||||||||||||	TCACTGTTATCGAACTTGTTTCTTAGGTTTGT
	805
	CABBP1
		0.89 / 0.
		Chloro
		+ / -
		CCATGGGCTGCCTGATGGGCC

90 46.54 / 22.99 52.46 / 25.61 0.81 / 1.42 36.31 / 17.98 44.57 / 12.64 BnaA09g26570D

  

	0.26
	0.00 325731 -0.25 212798
	0.00
	1.77
	0.00
	DT3
	CCATGGGCTGCCTGATGGGCC |||||||||||||||||| ||	GCATGGTACCCGACGGACTACCAGGGAAACCG
	207
	CABBP1
		3.09 / 6
		Chloro
		+ / -
		CCTAGGGCTCCGAGCATGGCC

.16 50.71 / 25.34 16.41 / 4.11 4.46 / 11.08 37.55 / 18.64 8.43 / 1.68 BnaC03g59520D

  

	0.73
	0.02 305188
	0.00 417531
	0.00
	0.54
	0.00
	DT3
	CCTAGGGCTCCGAGCATGGCC |||||||||||||||||||||	CGTCGGATCCCGAGGCTCGTACCGGGTGGACG
	436
	CABBP1
		0.52 / 1
		Chloro
		+ / -
		GGAAGACGCAGCCTAGGGCTC

.71 38.54 / 19.33 73.87 / 11.32 3.93 / 7.37 42.68 / 21.16 10.86 / 2.87 BnaC04g10780D

  

	0.39
	0.28 524035 -0.12 299557
	0.00
	0.00
	0.00
	TT3
	GGAAGACGCAGCCTAGGGCTC ||||o||||| ||||||||||	AGTCCCTTTTGCGTAGGATCCCGAGGTTCGTA
	334
	CABBP1
		1.68 / 3
		Chloro
		+ / -
		AATGGCTAAGATGCTCTGAGC

.55 34.77 / 17.93 20.68 / 5.04 0.00 / 0.00 35.24 / 17.51 35.24 / 17.51 BnaA05g09410D

  

	1.16
	5.23 185278 -0.12 131779
	0.00
	0.00
	0.00
	TT3
	AATGGCTAAGATGCTCTGAGC |||||||||||||||||||||	GGGTTTACCGATTCTACGAGACTCGCACCTGG
	471
	CABBP1
		0.89 / 0.
		Chloro
		+ / -
		CGAACCGGCCTTGAACCAAACC

90 38.54 / 18.48 43.44 / 20.59 0.81 / 1.42 63.34 / 31.28 77.75 / 21.99 BnaC03g59520D

  

	0.73
	0.02 305188
	0.28 417531
	0.00
	0.00
	0.00
	TT3
	CGAACCGGCCTTGAACCAAACC ||||||||||||||||||||||	AGACGCTTGGCCGGAACTTGGTTTGGCGGAGA
	509
	CABBP1
		1.68 / 3
		Chloro
		+ / -
		ATGAGGATCACCTGAGTAGCC

.55 47.44 / 23.32 28.22 / 6.56 3.91 / 7.18 42.09 / 20.89 10.76 / 2.91 BnaA05g09410D

  

	1.16	1.16
	0.23 185278 -0.12 131779	0.83 185278 -0.12 131779
	0.00	0.00
	0.00	0.00
	0.00	0.00
	TT3	TT3
	ATGAGGATCACCTGAGTAGCC |||||o|||||||| || |||	AGGGTACTCTTAGTGGACGCAACGGGTTTACC	TTCGCTGAAGATCTGTGAACC |||||||||||||||o|||||	GAGGAAGCGACTTCTAGACGCTTGGCCGGAAC
	494	411
	CABBP1	CABBP1
			BnaA05g09410D
			5.99 / -
			219.25 / -
			36.62 / -
			17.37 / -
			302.45 / -
			17.41 / -	0.00 / 0.
			Chloro	Chloro
			+	+ / -
			TTCGCTGAAGATCTGTGAACC	CGTGGACCAAGCTCGGGTTGCC

00 35.21 / 16.65 35.21 / 16.65 0.00 / 0.00 50.90 / 25.11 50.90 / 25.11 BnaC04g10780D

  

	0.39
	0.83 524035 -0.12 299557
	0.00
	0.00
	0.00
	TT3
	CGTGGACCAAGCTCGGGTTGCC ||||||||||||||||||||||	ACTCGCACCTGGTTCGAGCCCAACGGGTTCAT
	451
	CABBP1
		0.89 / 0.
		Chloro
		+ / -
		CGAACCGGCCTTGAACCAAACC

90 38.54 / 18.48 43.44 / 20.59 0.81 / 1.42 63.34 / 31.28 77.75 / 21.99 BnaC04g10780D

  

	0.39
	0.28 524035 -0.12 299557
	0.00
	0.00
	0.00
	TT3
	CGAACCGGCCTTGAACCAAACC |||||||||||||||||||||	AGACGCTTGGCCGGAACTTGGTTTGTCGGAGA
	396
	CABBP1
		1.68 / 3
		Chloro
		+ / -
		ATGAGGATCACCTGAGTAGCC

.55 47.44 / 23.32 28.22 / 6.56 3.91 / 7.18 42.09 / 20.89 10.76 / 2.91 BnaA07g07570D

  

	0.37
	0.51 213712 -0.76 117162
	0.00
	0.00
	0.00
	TT3
	ATGAGGATCACCTGAGTAGCC || |o|||||| |||||||||	AGGGTAGTTCTAGTGAACTCATCGGGTTTATC
	1943
	CABBP1
		0.00 / 0.
		Chloro
		+ / -
		CGTGGACCAAGCTCGGGTTGCC

00 35.21 / 16.65 35.21 / 16.65 0.00 / 0.00 50.90 / 25.11 50.90 / 25.11 BnaA09g26570D

  

	0.26
	0.83 325731 -0.25 212798
	0.00
	0.00
	0.00
	TT3
	CGTGGACCAAGCTCGGGTTGCC ||||||||||||||||||||||	ACTCGCACCTGGTTCGAGCCCAACGGGTTCAT
	520
	CABBP1
		1.15 / 1
		Chloro
		+ / -
		CCGGCCTTGAACCAAACCGCC

.75 47.94 / 22.81 41.75 / 13.03 5.54 / 10.03 66.69 / 32.90 12.03 / 3.28 BnaA09g26570D

  

	0.26	1.16	0.73
	0.05 325731 -0.25 212798	6.16 185278 -0.12 131779	5.04 417531 0.02 305188
	0.00	0.00	0.00
	0.00	0.00	0.00
	0.00	0.00	0.00
	TT3	TT3	TT3
	CCGGCCTTGAACCAAACCGCC |||||||||||||||||||||	ACTCGGCCGGAACTTGGTTTGGCGGAGAGGCT	CTGAAGATCTGTGAACCAGCCT |||||||||||o||||| ||||	AAGCGACTTCTAGACGCTTGGCCGGAACTTGG	CTGAAGATCTGTGAACCAGCCT |||||||||||o||||| ||||	AAGCGACTTCTAGACGCTTGGCCGGAACTTGG
	461	407	520
	CABBP1	CABBP1	CABBP1
			BnaA05g09410D	BnaC03g59520D
			50.89 / -	50.89 / -
			50.89 / -	50.89 / -
			0.00 / -	0.00 / -
			14.99 / -	14.99 / -
			25.03 / -	25.03 / -
			1.67 / -	1.67 / -	0.89 / 0.
			Chloro	Chloro	Chloro
			+	+	+ / -
			CTGAAGATCTGTGAACCAGCCT	CTGAAGATCTGTGAACCAGCCT	CGAACCGGCCTTGAACCAAACC

90 38.54 / 18.48 43.44 / 20.59 0.81 / 1.42 63.34 / 31.28 77.75 / 21.99 BnaA05g09410D

  

	1.16
	0.28 185278 -0.12 131779
	0.00
	0.00
	0.00
	TT3
	CGAACCGGCCTTGAACCAAACC ||||||||||||||||||||||	AGACGCTTGGCCGGAACTTGGTTTGGCGAAGA
	396
	CABBP1
		1.68 / 3
		Chloro
		+ / -
		ATGAGGATCACCTGAGTAGCC

.55 47.44 / 23.32 28.22 / 6.56 3.91 / 7.18 42.09 / 20.89 10.76 / 2.91 BnaC04g10780D

  

	0.39	0.73
	2.59 524035 -0.12 299557	0.37 417531 0.02 305188
	0.00	0.00
	0.00	0.00
	0.00	0.00
	TT3	TT3
	ATGAGGATCACCTGAGTAGCC |||||||||||||||||||||	AGGGTACTCCTAGTGGACTCATCGGGTTTACC	TTCGCTGAAGATCTGTGAACC |||||||||||||||o|||||	GAGGAAGCGACTTCTAGACGCTTGGCCGGAAC
	494	524
	CABBP1	CABBP1
			BnaC03g59520D
			5.99 / -
			219.25 / -
			36.62 / -
			17.37 / -
			302.45 / -
			17.41 / -	3.44 / 5
			Chloro	Chloro
			+	+ / -
			TTCGCTGAAGATCTGTGAACC	TTCGCTGAAGATCTGCGAACC

.25 34.66 / 17.98 10.06 / 3.42 9.38 / 18.23 45.70 / 22.86 4.87 / 1.25 BnaA05g09410D

  

	1.16
	0.83 185278 -0.12 131779
	0.00
	0.00
	0.00
	TT3
	TTCGCTGAAGATCTGCGAACC |||||||||||||||||||||	GAGGAAGCGACTTCTAGACGCTTGGCCGGAAC
	411
	CABBP1
		2.66 / 2
		Chloro
		+ / -
		TGAACAAAGAATCCAAACATA

.69 23.48 / 12.21 8.82 / 4.53 2.41 / 3.89 32.46 / 16.26 13.47 / 4.18 BnaC04g10780D

  

	0.39	0.26
	0.09 524035 -0.12 299557	0.28 325731 -0.25 212798
	0.00	0.00
	0.00	0.00
	0.00	0.00
	TT3	TT3
	TGAACAAAGAATCCAAACATA ||||| ||||||||||||||	ACGGACTTGCTTCTTAGGTTTGTACCTCTTGT	CGGCCTTGAACCAAACCGCCT |||||||||||||||||||||	CTCGGCCGGAACTTGGTTTGGCGGAGAGGCTT
	683	460
	CABBP1	CABBP1
			BnaA09g26570D
			0.78 / -
			45.77 / -
			58.66 / -
			1.84 / -
			45.46 / -
			24.72 / -	2.66 / 2
			Chloro	Chloro
			+	+ / -
			CGGCCTTGAACCAAACCGCCT	TGAACAAAGAATCCAAACATA

.69 23.48 / 12.21 8.82 / 4.53 2.41 / 3.89 32.46 / 16.26 13.47 / 4.18 BnaA07g07570D

  

	0.37
	0.09 213712 -0.76 117162
	0.00
	0.00
	0.00
	TT3
	TGAACAAAGAATCCAAACATA |||||||||||||||||||||	CCGAACTTGTTTCTTAGGTTTGTATCTCTTGT
	2132
	CABBP1
		2.66 / 2
		Chloro
		+ / -
		TGAACAAAGAATCCAAACATA

.69 23.48 / 12.21 8.82 / 4.53 2.41 / 3.89 32.46 / 16.26 13.47 / 4.18 BnaA09g26570D

  

	0.26
	0.09 325731 -0.25 212798
	0.00
	0.00
	0.00
	TT3
	TGAACAAAGAATCCAAACATA |||||||||||||||||||||	CCGAACTTGTTTCTTAGGTTTGTATCTCTTGT
	752
	CABBP1
		11.46 /
		Chloro
		+ / -
		TAAGATGCTCTGAGCGTGGACC

23.65 136.08 / 68.26 11.87 / 2.89 26.68 / 49.99 108.25 / 53.79 4.06 / 1.08 BnaC03g59520D

  

	0.73
	0.02 305188
	0.79 417531
	0.00
	0.00
	0.00
	TT3
	TAAGATGCTCTGAGCGTGGACC o|||||||||||||||||o|||	ATCGGTTCTACGAGACTCGCACTTGGTTCGAT
	578
	CABBP1
	2.66 / 2	
	Chloro	
	+ / -	
	TGAACAAAGAATCCAAACATA	

.69 23.48 / 12.21 8.82 / 4.53 2.41 / 3.89 32.46 / 16.26 13.47 / 4.18 BnaA05g09410D

  

	1.16
	1.80 185278 -0.12 131779
	0.00
	0.00
	0.00
	TT3
	TGAACAAAGAATCCAAACATA || |||||||||||||||||	CCGGACATGTTTCTTAGGTTTGTACCTCTTGT
	683
	CABBP1
		1.41 / 2
		Chloro
		+ / -
		CTAGGGCTCCGAGCATGGCCC

.61 54.60 / 27.16 38.76 / 10.42 3.91 / 7.18 41.28 / 20.50 10.55 / 2.85 BnaA05g09410D

  

	1.16
	0.23 185278 -0.12 131779
	0.00
	0.00
	0.00
	TT3
	CTAGGGCTCCGAGCATGGCCC ||||||||||o||||||||||	GTCGGATCCCGAGGTTCGTACCGGGTAGACGT
	322
	CABBP1
		1.68 / 3
		Chloro
		+ / -
		TCTCGGGATCGGCTGAGAGACC

.55 33.98 / 16.27 20.21 / 4.58 0.00 / 0.00 49.84 / 24.58 49.84 / 24.58 BnaC03g59520D

  

	0.73	0.39
	0.60 417531 0.02 305188	6.16 524035 -0.12 299557
	0.00	0.00
	0.00	0.00
	0.00	0.00
	TT3	TT3
	TCTCGGGATCGGCTGAGAGACC ||||||||||||||||||||||	TTGCAGAGCCCTAGCCGACTCTCTGGACGCCA	CTGAAGATCTGTGAACCAGCCT |||||||||||o||||| ||||	AAGCGACTTCTAGACGCTTGGCCGGAACTTGG
	372	407
	CABBP1	CABBP1
			BnaC04g10780D
			50.89 / -
			50.89 / -
			0.00 / -
			14.99 / -
			25.03 / -
			1.67 / -	1.68 / 3
			Chloro	Chloro
			+	+ / -
			CTGAAGATCTGTGAACCAGCCT	ATGAGGATCACCTGAGTAGCC

.55 47.44 / 23.32 28.22 / 6.56 3.91 / 7.18 42.09 / 20.89 10.76 / 2.91 BnaC03g59520D

  

	0.73
	0.02 305188
	0.51 417531
	0.00
	0.00
	0.00
	TT3
	ATGAGGATCACCTGAGTAGCC || |o|||||| |||||||||	AGGGTAGTTCTAGTGAACTCATCGGGTTTATC
	607
	CABBP1
		0.00 / 0.
		Chloro
		+ / -
		CGTGGACCAAGCTCGGGTTGCC

00 35.21 / 16.65 35.21 / 16.65 0.00 / 0.00 50.90 / 25.11 50.90 / 25.11 BnaA05g09410D

  

	1.16
	0.83 185278 -0.12 131779
	0.00
	0.00
	0.00
	TT3
	CGTGGACCAAGCTCGGGTTGCC ||||||||||||||||||||||	ACTCGCACCTGGTTCGAGCCCAACGGGTTCAT
	451
	CABBP1
		1.41 / 2
		Chloro
		+ / -
		CTAGGGCTCCGAGCATGGCCC

.61 54.60 / 27.16 38.76 / 10.42 3.91 / 7.18 41.28 / 20.50 10.55 / 2.85 BnaC03g59520D

  

	0.73
	0.02 305188
	0.05 417531
	0.00
	0.00
	0.00
	TT3
	CTAGGGCTCCGAGCATGGCCC |||||||||||||||||||||	GTCGGATCCCGAGGCTCGTACCGGGTGGACGT
	435
	CABBP1
		1.68 / 3
		Chloro
		+ / -
		AATGGCTAAGATGCTCTGAGC

.55 34.77 / 17.93 20.68 / 5.04 0.00 / 0.00 35.24 / 17.51 35.24 / 17.51 BnaC03g59520D

  

00 19.11 19.11 BnaC07g36330D Leucine-rich repeat receptor-like serine/threonine-protein kinase BAM3 2673

  

	0.00 0.00 0.00 0.05 482 0.12 654 0.38	0.00 0.00 0.00 0.14 30330 -0.52 7478 -0.52	0.00 0.00 0.00 0.05 2241 1.36 5953 1.44	0.00 0.00 0.00 0.23 282 -0.32 311 0.34	0.00 0.00 0.00 0.05 5394 0.00 3387 0.21	0.00 0.00 0.00 0.19 7201 1.42 15409 0.96	0.00 0.00 0.00 0.60 60577 -0.22 56260 -0.16	0.00 0.00 0.00 0.05 2241 1.36 5953 1.44	0.00 0.00 0.00 0.05 2740 0.77 4843 0.45	0.00 0.45 0.00 0.00 16652 0.59 19929 1.17 0.00 0.00 0.00 0.09 2241 1.36 5953 1.44	0.00 0.05 0.00 0.00 1764 0.21 1874 0.88 0.00 0.00 0.00 0.32 1275 1.12 1941 0.66	0.00 0.09 0.00 0.00 30330 -0.52 7478 -0.52 0.00 0.00 0.00 0.19 883 0.90 1333 1.24	0.00 1.41 0.00 0.00 315 0.81 439 0.67 0.00 0.00 0.00 0.09 2740 0.77 4843 0.45	0.00 5.04 0.00 0.00 30330 -0.52 7478 -0.52 0.00 0.00 0.00 0.69 162 0.10 368 0.12	0.00 0.05 0.00 0.00 2354 0.07 2274 -0.13 0.00 0.00 0.00 0.37 131 -0.33 81 -0.34	0.00 0.68 0.00 0.00 1255 -0.73 959 -0.10 0.00 0.00 0.00 0.37 3644 0.44 7641 1.19	0.00 0.82 0.00 0.00 281901 -0.39 186238 -0.53 0.00 0.00 0.00 0.28 672 0.41 1134 0.78	0.00 0.64 0.00 0.00 8 0.12 4 0.38 0.00 0.00 0.00 0.14 2740 0.77 4843 0.45	0.00 0.82 0.00 0.00 1147 -0.04 2399 -0.48 0.00 0.00 0.00 0.05 406 0.20 674 0.66	0.00 2.63 0.00 0.00 74599 -0.30 61037 -0.34 0.00 0.00 0.00 0.09 2241 1.36 5953 1.44	0.00 0.54 0.00 0.00 36527 0.09 27823 0.23 0.00 0.00 0.00 0.14 2959 5.97 279 7.49	0.00 5.04 0.00 0.00 30330 -0.52 7478 -0.52 0.00 0.00 0.00 0.09 2959 5.97 279 7.49	0.00 0.23 0.00 0.00 2959 5.97 279 7.49 0.00 0.00 0.00 0.09 2740 0.77 4843 0.45	0.00 0.05 0.00 0.00 3112 -0.19 3311 0.07 0.00 0.00 0.00 0.14 67 0.19 56 -0.12	0.00 0.05 0.00 0.00 1771 0.70 5582 0.03 0.00 0.00 0.00 0.14 2959 5.97 279 7.49	0.00 1.41 0.00 0.00 315 0.81 439 0.67 0.00 0.00 0.00 0.32 2241 1.36 5953 1.44	0.00 0.00 0.00 0.09 439500 -1.05 249908 -0.85 0.00 0.00 0.00 0.05 2740 0.77 4843 0.45	0.00 0.00 0.00 25.45 353 -0.10 624 0.29 0.00 0.00 0.00 0.14 7201 1.42 15409 0.96	0.00 0.00 0.00 17.62 1147 -0.04 2399 -0.48 0.00 0.00 0.00 0.93 1127 0.63 454 -0.16	0.00 0.00 0.00 14.88 26454 -0.07 26280 0.19 0.00 0.00 0.00 0.05 7201 1.42 15409 0.96	0.00 0.00 0.00 22.18 25815 0.19 27259 -0.32 0.00 0.00 0.00 0.05 2515 0.12 10032 -1.77	0.00 0.00 0.00 17.62 1124 0.06 2295 -0.22 0.00 0.00 0.00 0.14 172 -0.32 302 0.20	0.00 0.00 0.00 25.45 1323 -0.02 1141 0.02 0.00 0.00 0.00 0.09 2959 5.97 279 7.49	0.00 0.00 0.00 17.62 17 0.83 6 0.57 0.00 0.00 0.00 0.37 2959 5.97 279 7.49	0.00 0.00 0.00 0.09 166 0.24 275 0.49 0.00 0.00 0.00 0.05 2959 5.97 279 7.49
	TT3	TT3	TT3	TT3	TT3	TT3	TT3	TT3	TT3	DT3 TT3	DT3 TT3	DT3 TT3	DT3 TT3	DT3 TT3	DT3 TT3	DT3 TT3	DT3 TT3	DT3 TT3	DT3 TT3	DT3 TT3	DT3 TT3	DT3 TT3	DT3 TT3	DT3 TT3	DT3 TT3	DT3 TT3	TT1 TT3	TT2 TT3	TT2 TT3	TT2 TT3	TT2 TT3	TT2 TT3	TT2 TT3	TT2 TT3	TT3 TT3
	0.00 94.43 94.43 BnaA08g28040D 3-ketoacyl-CoA thiolase 1, peroxisomal 1613 GTAGAAT-CCATCGTTCACGGAT || |||| |||||||o|||o|| ATCCAGCTTAGGGTAGCAGGTGTCTTTGACAA	10.66 37.65 3.53 BnaCnng46650D unknown 302 TTGGCTTTGAAAGGCACCCTGA |||||||o|||||| |||| | GCCCAACCGAAGCTTTCCACGGGA-TCCTTAT	0.00 24.02 24.02 BnaC07g39070D NBR1 homolog 3684 CAGAGAGCGTCAACAGACTGCT ||o||||| ||||||||||||| AGGTGTTTCTCGGAGTTGTCTGACGAGGTTCA	4.12 73.73 17.91 BnaC08g14680D unknown 1152 ACGAGTGCAGTAGTAGAATCC ||| |||||||||||||o TAACGGCT-ACGTCATCATCTTGCCCTACCCT	0.00 22.20 22.20 BnaA05g33370D Probable protein phosphatase 2C 33 2361 CTGTCCATTAGCTTTGAAAGGC ||||||| ||o||||||||| | GAGAGACAGGT-ATTGAAACTTTCGGAATTCT	0.00 19.29 19.29 BnaC01g16550D NBR1 homolog 2645 TCTGGTTCAACATCAGCACCT ||||||||||||||||||||| TCGAAGACCAAGTTGTAGTCGTGGAAAGTGAT	0.00 39.88 39.88 BnaC03g32940D S-adenosylmethionine decarboxylase proenzyme 3 880 CACCAACGTTCGACTGCACAGT | ||||||o|||| |||||||o AAGCGAGGTTGCGAGCTCACGTGTCGGTGTCT	1.42 52.41 36.84 BnaC07g39070D NBR1 homolog 3684 CAGAGAGCGTCAACAGACTGC ||o||||| |||||||||||| AGGTGTTTCTCGGAGTTGTCTGACGAGGTTCA	4.12 53.62 13.02 BnaA03g46880D NBR1 homolog 2454 TTAGGAACAACAGGCTCAACT |||||||||||||||||||| TCACAATCCTTGTTGTCCGAGTTGCAGTGGTT	5.69 59.03 10.37 BnaA06g15400D TolB 1628 TCCATTAGCTTTGAAAGGC-ACC ||| |||o|||o ||||o| ||| TGGAAGGCAATTGAAGGTTTCTGGTGGCCAGA 0.00 43.37 43.37 BnaC07g39070D NBR1 homolog 3028 TCCAATAAGATATGTATCGGCC |||||||||| ||||||||o|| TAGTAGGTTATTCTTTACATAGCTGGTCCATT	0.71 56.83 80.40 BnaC03g04590D Histone H3.3 523 TGATCTGACGAACAAGAGGCT oo|||| |||||||||| ||| ACTCGTTAGAGTGCTTGTTCTGCGACCTTGCC 0.00 22.87 22.87 BnaC08g11760D NBR1 homolog 1744 AGGACAAAGCGACTGTCTAGCT || |||||||| ||||| |||| TAGTTCGTGTTTCGCCGACAGTTCGAATCCGG	6.18 50.49 8.17 BnaCnng46650D unknown 302 TTAGCTTTGAAAGGCACCCTGA || ||||o|||||| |||| | GCCCAACCGAAGCTTTCCACGGGA-TCCTTAT 0.00 39.09 39.09 BnaA01g17500D DOWNY MILDEW RESISTANCE 6 833 TTGATGCATCCTTGAAGGGCT ||||| |||||||| |oo||| CGGTAACTA-GTAGGAACATTTCGACTTCTGG	0.00 77.95 77.95 BnaA06g05780D Cysteine proteinase RD21a 1653 AACGAGTTTCATGGACTGAAC |||o|||o|||| o |||||| GTCGTTGTTCAGAGTAGTCGACTTGTTATCCA 0.00 44.02 44.02 BnaA03g46880D NBR1 homolog 2722 TCCACAGAGAGCGTCAACAGAC ||||||o||||| ||||||||| ATTGAGGTGTTTCTCGGAGTTGTCTGACGAGG	5.50 47.72 8.67 BnaCnng46650D unknown 303 ATTGGCTTTGAAAGGCACCCT |||||||o|||||| |||| AGCCCAACCGAAGCTTTCCACGGGATCCTTAT 0.00 36.10 36.10 BnaA01g04130D unknown 9400 TGCAGATGAGGAACCGCCACC |||||||| ||| ||o| || GACCACGTCTACACCTCGGTGTTGATAGGGGT	1.41 165.40 116.99 BnaA09g04340D ALFIN-LIKE 4 1679 AAGAGAT-TGATCTGAACAAGGA || |o|| ||||||o| |||o|| TGGTTGTTTAGACTAGATTGGTTTCTCATTCC 0.CTGCTCC-AAGTTGTACTCGTT ||o|||| |||o||||| |o|o CATGATGAGGTTTCGACATGTGTAGCGAGAAG	6.77 43.56 6.43 BnaA10g09070D Thioredoxin Y2, chloroplastic 522 ATTAGCTTTGAAAGGCACCCT ||||| ||| ||||| |||| CAACCAATCG-AACGTTCCGAGGGAGGACGGT 0.00 22.35 22.35 BnaC04g33980D WAT1-related protein At4g15540 1604 CAGTAGTAGAATCCATCGTTCA ||||| ||||||||| |o||| TAGTGTCAT-ATCTTAGGTTTCGAGTTATAGT	0.00 127.05 127.05 BnaA09g02120D Chlorophyll a-b binding protein 36, chloroplastic 998 CATGGCACGCAGATCGTT-TGGA ||||||| || ||o|||| | || TCTTGTACCGTTCGGCTGGCAAGAACTCGAGG 0.71 62.96 89.07 BnaA01g04910D Aspartate aminotransferase, chloroplastic 2379 TGCCCGTCGTGTATGTCACTC || |||||o||| |o|||||| GTGAACAGGCAGTACA-ATAGTGAGACGGTGC	0.00 250.67 250.67 BnaC08g47950D unknown 526 AAGAAGAACAATGGAAGCATT |||||||||||o ||||| o| TCCGTTCTTCTTGTTGACTTCGCGAGACCCAC 0.00 25.53 25.53 BnaA03g46880D NBR1 homolog 2717 AGAGAGCGTCAACAGACTGCT |o||||| ||||||||||||| GGTGTTTCTCGGAGTTGTCTGACGAGGTTCAA	6.18 50.49 8.17 BnaC03g02490D unknown 3359 TTAGCTTTGAAAGGCACC-CTGA || |||o||||||o| || ||o| ACGAAACCGAGACTTTCTGCGGAGATTTTTAA 0.00 94.43 94.43 BnaC08g00920D 3-ketoacyl-CoA thiolase 2, peroxisomal 1494 GTAGAAT-CCATCGTTCACGGAT || |||| |||||||o|||o|| ATCCAGCTTAGGGTAGCAGGTGTCTTTGACAA	2.32 121.20 52.27 BnaA09g16230D Thioredoxin H5 791 ATGGACTGAAC-TTGAATGCCT |||| |||||| |o|||o ||| GCCGTACCGGACTTGTAGCTTGAGGAAACGTT 0.00 44.02 44.02 BnaC07g39070D NBR1 homolog 3688 TCCACAGAGAGCGTCAACAGAC ||||||o||||| ||||||||| ATTGAGGTGTTTCTCGGAGTTGTCTGACGAGG	0.00 68.09 68.09 BnaA09g42630D ATHB-6 1373 TCCACAGAGAGCGTCAACAGA ||||||||o|o o| |||||| GCTTAGGTGTCTTTTTTA-TTGTCTCGTAAAA 0.00 55.12 55.12 BnaA01g14050D NBR1 homolog 2144 TCACGTCAAGCTCACTGTTGA ||||||||||||||||||||| TGAAAGTGCAGTTCGAGTGACAACTATCCGTG	6.77 43.56 6.43 BnaCnng46650D unknown 303 ATTAGCTTTGAAAGGCACCCT || ||||o|||||| |||| AGCCCAACCGAAGCTTTCCACGGGATCCTTAT 4.12 53.62 13.02 BnaA01g14050D NBR1 homolog 2590 TTAGGAACAACAGGCTCAACT ||||||||||||||||||||| TCACAATCCTTGTTGTCCGAGTTGAAGTGGTT	0.00 47.26 47.26 BnaA01g14050D NBR1 homolog 1538 AAGGGATGTAGCTGTTGAGCT ||||||||||||||||||||| AGACTTCCCTACATCGACAACTCGACTCTGCC 0.00 68.09 68.09 BnaA03g46880D NBR1 homolog 2722 TCCACAGAGAGCGTCAACAGA ||||||o||||| |||||||| ATTGAGGTGTTTCTCGGAGTTGTCTGACGAGG	0.00 35.29 35.29 BnaC09g21010D ALFIN-LIKE 6 2494 GTACATTGACATCAAGGACAA || ||||||||| || o|||| TCATCACGTAACTGTAATTGTTGTTGTTGTTT 4.08 40.98 10.05 BnaA05g35060D Beta-glucosidase 33 2311 ACCACCGATCCAAACGATCTG | | |||||||||||o|||oo AGTCTCG-GGCTAGGTTTGTTAGGTTGGGCTA	0.71 68.36 96.71 BnaC01g40190D Probable UDP-N-acetylglucosamine--peptide N-acetylglucosaminyltransferase SEC 5660 CTACTACTGTTGAGGCCTTGG |o|||||| ||||o| |||o AAAAGGTGATGA-AACTTCACAACTCCGAAGA 2.06 80.75 39.22 BnaA01g14050D NBR1 homolog 2546 CATCGGAATGTTTGATCCCGA ||||||||||||||||||||| GAAAGTAGCCTTACAAACTAGGGCTTCTTCGA	0.71 138.84 196.41 BnaA06g05780D Cysteine proteinase RD21a 1653 AACGAGTTTCATGGACTGAACT |||o|||o|||| o |||||| GTCGTTGTTCAGAGTAGTCGACTTGTTATCCA 0.00 22.87 22.87 BnaC07g39070D NBR1 homolog 2576 AGGACAAAGCGACTGTCTAGCT || |||||||||||||| || | TAGTTCGTGTTTCGCTGACAGCTCAAATCAGG	0.00 19.56 19.56 BnaAnng36210D Ribulose bisphosphate carboxylase small chain F1, chloroplastic 1064 ACGAAGACGAAGATGAAGATG || |||||||||| | | ||o TCATTGGTTCTGCTTCTTCGT-TATATCTCTA 0.00 24.02 24.02 BnaA03g46880D NBR1 homolog 2718 CAGAGAGCGTCAACAGACTGCT ||o||||| ||||||||||||| AGGTGTTTCTCGGAGTTGTCTGACGAGGTTCA	2.47 37.77 15.31 BnaA04g19440D Heterogeneous nuclear ribonucleoprotein 1 1421 GAGAACTCAGCATCCAGAGGG o | |||||||||| |||| | TTCATGC-TGAGTCGTAGTTCTCACGGACTTG 2.06 80.75 39.22 BnaC01g16550D NBR1 homolog 2673 CATCGGAATGTTTGATCCCGA ||||||||||||||||||||| GAAAGTAGCCTTACAAACTAGGGCTTCTTCGA	5.50 47.72 8.67 BnaC03g02490D unknown 3360 ATTGGCTTTGAAAGGCACCCT ||||||o||||||o| || | GACGAAACCGAGACTTTCTGCGG-AGATTTTT 2.06 61.12 29.69 BnaC07g47570D Auxin-responsive protein SAUR23 26 AGGACTTGAGAGCTTCCCGAG ||o|| |||||o||| | ||| GACGTCTTGCACTCTTGAACGACTCGTATCTC	0.00 39.81 39.81 BnaC08g30150D F-box/kelch-repeat protein SKIP20 43 CCTGAGGACT-TGAGAGCTTCC ||o|| |||| |||o|||o||| TTTAGGGCTGCTGAGACTTTCGGAGGACAATG 4.12 53.62 13.02 BnaC01g16550D NBR1 homolog 2717 TTAGGAACAACAGGCTCAACT ||||||||||||||||||||| TCACAATCCTTGTTGTCCGAGTTGAAGTGGTT	0.81 54.52 66.93 BnaA06g38980D Nitrilase 2 1537 ACAACG-AGTACAACTTGGAGC ||| || |||| ||||||| o| TGGTGTAGCTTCATATTGAACCGTGCACGCTA 4.12 53.62 13.02 BnaC03g43120D Auxin-responsive protein IAA2 733 TTAGGAACAACAGGC-TCAACT ||||o| |||||o|| |||||| ACGCAATCTTCGTTGTTCGCAGTTGATGTTTC	5.50 47.72 8.67 BnaA03g01940D Trichome birefringence-like 9 5530 ATTGGCTTTGAAAGGCACCCT ||||||o||||||o| || | GACGAAACCGAGACTTTCTGCGG-AGATTTTT 0.00 40.38 40.38 BnaC01g03280D NLP2 3196 TAACACTGTTGTGCCTAACACT ||||| |||| || |o|||||o AAGGATTGTCACAA-ACAGGTTGTGGTTTCCT	2.47 37.77 15.31 BnaC04g43830D Heterogeneous nuclear ribonucleoprotein 1 1513 GAGAACTCAGCATCCAGAGGG o | |||||||||| |||| | TTCATGC-TGAGTCGTAGTTCTCACGGACTTG 0.00 21.64 21.64 BnaA01g14050D NBR1 homolog 1200 TTGAGATTCGTTGGATTTGGA ||||||||||||||||||||| GGACAACTCTAAGCAACCTAAACCTAAACCTC	5.50 47.72 8.67 BnaA10g30500D unknown 2858 ATTGGCTTTGAAAGGCACCCT ||||||o||||||o| || | GACGAAACCGAGACTTTCTGCGG-AGGTTTTT 0.00 43.37 43.37 BnaA01g14050D NBR1 homolog 2195 TCCAATAAGATATGTATCGGCC |||||||||||||||||||||| TAGGAGGTTATTCTATACATAGCCGGTCCACT	0.71 139.20 196.92 BnaA09g06820D Beta-ureidopropionase 923 ATACATATCTTATTGGAGGATG || |||||||o || ||||||o GCACTAGGTATAGAGAAAGCTCCTATCCTAAG 0.00 19.11 19.11 BnaA01g14050D NBR1 homolog 2849 CTGCTCCAAGTTGTACTCGTT ||||||||||||||||||||| GTCTGACGAGGTTCAACATGAGCAACAGGGAG
	38.86	7.48	17.54	17.31	4.85	18.07	13.61	48.37	47.07	8.44 22.43	278.29 12.37	5.35 24.58	81.35 26.80	37.83 38.92	63.08 23.69	29.35 10.80	52.42 40.75	252.60 29.47	5.35 38.86	131.39 26.80	84.25 42.37	29.35 47.07	34.19 84.25	31.92 27.77	61.33 93.94	243.54 12.37	6.28 17.54	16.09 93.94	37.83 34.60	25.99 47.07	63.11 47.07	37.83 50.70	16.09 15.30	37.83 22.43	73.50 23.69
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	GTAGAATCCATCGTTCACGGAT	TTGGCTTTGAAAGGCACCCTGA	CAGAGAGCGTCAACAGACTGCT	ACGAGTGCAGTAGTAGAATCC	CTGTCCATTAGCTTTGAAAGGC	TCTGGTTCAACATCAGCACCT	CACCAACGTTCGACTGCACAGT	CAGAGAGCGTCAACAGACTGC	TTAGGAACAACAGGCTCAACT	TCCAATAAGATATGTATCGGCC	TGATCTGACGAACAAGAGGCT AGGACAAAGCGACTGTCTAGCT	TTAGCTTTGAAAGGCACCCTGA TTGATGCATCCTTGAAGGGCT	AACGAGTTTCATGGACTGAAC TCCACAGAGAGCGTCAACAGAC	ATTGGCTTTGAAAGGCACCCT TGCAGATGAGGAACCGCCACC	AAGAGATTGATCTGAACAAGGA CTGCTCCAAGTTGTACTCGTT	ATTAGCTTTGAAAGGCACCCT CAGTAGTAGAATCCATCGTTCA	CATGGCACGCAGATCGTTTGGA TGCCCGTCGTGTATGTCACTC	AAGAAGAACAATGGAAGCATT AGAGAGCGTCAACAGACTGCT	TTAGCTTTGAAAGGCACCCTGA GTAGAATCCATCGTTCACGGAT	ATGGACTGAACTTGAATGCCT TCCACAGAGAGCGTCAACAGAC	TCCACAGAGAGCGTCAACAGA TCACGTCAAGCTCACTGTTGA	ATTAGCTTTGAAAGGCACCCT TTAGGAACAACAGGCTCAACT	AAGGGATGTAGCTGTTGAGCT TCCACAGAGAGCGTCAACAGA	GTACATTGACATCAAGGACAA ACCACCGATCCAAACGATCTG	CTACTACTGTTGAGGCCTTGG CATCGGAATGTTTGATCCCGA	AACGAGTTTCATGGACTGAACT AGGACAAAGCGACTGTCTAGCT	ACGAAGACGAAGATGAAGATG CAGAGAGCGTCAACAGACTGCT	GAGAACTCAGCATCCAGAGGG CATCGGAATGTTTGATCCCGA	ATTGGCTTTGAAAGGCACCCT AGGACTTGAGAGCTTCCCGAG	CCTGAGGACTTGAGAGCTTCC TTAGGAACAACAGGCTCAACT	ACAACGAGTACAACTTGGAGC TTAGGAACAACAGGCTCAACT	ATTGGCTTTGAAAGGCACCCT TAACACTGTTGTGCCTAACACT	GAGAACTCAGCATCCAGAGGG TTGAGATTCGTTGGATTTGGA	ATTGGCTTTGAAAGGCACCCT TCCAATAAGATATGTATCGGCC	ATACATATCTTATTGGAGGATG CTGCTCCAAGTTGTACTCGTT

Table S27 : va-phasiRNAs produced from genes for 'TAR1' and targeting mRNAs within the gene family and other genes

 S27 

	DE target mRNA	DM DT TM TT DM DT TM TT	0.00 548.73 0.00 135.27 329765 -1.19 100342 -0.88	0.00 548.73 0.00 40.77 439500 -1.05 249908 -0.85	0.00 5.72 0.00 1.20 239430 -1.00 101442 -0.78	0.00 5.72 0.00 1.20 143979 -1.14 60510 -0.80	0.00 7.99 0.00 12.59 239430 -1.00 101442 -0.78	0.00 5.72 0.00 1.20 32584 -0.17 17996 -0.74	0.00 6.91 0.00 0.79 239430 -1.00 101442 -0.78	0.00 7.99 0.00 12.59 143979 -1.14 60510 -0.80	0.00 6.91 0.00 0.79 32584 -0.17 17996 -0.74	0.00 6.91 0.00 0.79 257765 -1.01 114234 -0.85	0.00 5.72 0.00 1.20 257765 -1.01 114234 -0.85	0.00 6.91 0.00 0.79 143979 -1.14 60510 -0.80	0.00 7.99 0.00 12.59 32584 -0.17 17996 -0.74	0.00 14.03 0.00 2.68 257765 -1.01 114234 -0.85	0.00 7.99 0.00 12.59 257765 -1.01 114234 -0.85	0.00 5.15 2.64 0.00 43289 -0.26 69289 -0.79	0.00 9.53 0.00 78.23 1090 -0.24 960 -0.08	0.00 6.99 0.00 0.00 91 0.95 58 -0.13	0.00 4.34 0.00 0.00 1090 -0.24 960 -0.08	0.00 6.99 0.00 0.00 1669 0.97 1200 -0.06	0.00 3.55 0.00 0.00 0 NA 0 NA	0.00 3.59 0.00 0.00 257765 -1.01 114234 -0.85	0.00 4.01 0.00 0.00 126 0.74 285 0.12	0.00 5.44 0.00 0.00 44213 -0.31 27325 0.63	0.00 3.59 0.00 0.00 239430 -1.00 101442 -0.78	0.00 3.59 0.00 0.00 239430 -1.00 101442 -0.78	0.00 3.59 0.00 0.00 257765 -1.01 114234 -0.85	0.00 7.75 0.00 0.00 6339 -0.50 7445 -0.28	0.00 3.55 0.00 0.00 0 NA 0 NA	0.00 0.27 0.00 0.09 837 -1.76 1138 -1.75	0.00 2.75 0.00 0.09 143979 -1.14 60510 -0.80	0.00 1.42 0.00 0.28 1641 -0.15 1805 -0.03
			DT2 DT3 TT1 TT2 TT3	DT2 DT3 TT1 TT2	DT2 DT3 TT3	DT2 DT3 TT3	DT2 DT3 TT3	DT2 DT3 TT3	DT2 DT3 TT3	DT2 DT3 TT3	DT2 DT3 TT3	DT2 DT3 TT3	DT2 DT3 TT3	DT2 DT3 TT3	DT2 DT3 TT3	DT2 DT3 TT3	DT2 DT3 TT3	DT2 DT3 TT3	DT3 TT2 TT3	DT2 DT3	DT2 DT3	DT2 DT3	DT2 DT3	DT2 DT3	DT2 DT3	DT2 DT3	DT2 DT3	DT2 DT3	DT2 DT3	DT2 DT3	DT2 DT3	DT2 TT3	DT2 TT3	DT2 TT3
	Host mRNA targets		CCGAAGAGGGGAAAGGTTCCA ||||| |o||||| | |||||	CGTAGGCTTGTTCCCTT-CGAAGGTGTAACAG	CCGAAGAGGGGAAAGGTTCCA ||||| |o||||| | |||||	CGTAGGCTTGTTCCCTT-CGAAGGTGTAACAG	CAACCCGACTCGTAGACAGCGC ||||||||||||||||||||||	GTTTGTTGGGCTGAGCATCTGTCGCGGAGCAC	CAACCCGACTCGTAGACAGCGC ||||||||||||||||||||||	GTTTGTTGGGCTGAGCATCTGTCGCGGAGCAC	ACCCGACTCGTAGACAGCGCC |||||||||||||||||||||	TTGTTGGGCTGAGCATCTGTCGCGGAGCACCA	CAACCCGACTCGTAGACAGCGC ||||||||||||||||||||||	GTTTGTTGGGCTGAGCATCTGTCGCGGAACAC	GGTAACACACGGGAGATCAGCT ||||||||||||||||||||||	CACGCCATTGTGTGCCCTCTAGTCGAAGGCAG	ACCCGACTCGTAGACAGCGCC |||||||||||||||||||||	TTGTTGGGCTGAGCATCTGTCGCGGAGCACCA	GGTAACACACGGGAGATCAGCT ||||||||||||||||||||||	CACGCCATTGTGTGCCCTCTAGTCGAAGGCAG	GGTAACACACGGGAGATCAGCT ||||||||||||||||o|||||	CACGCCATTGTGTGCCCTCTGGTCGAAGGCAG	CAACCCGACTCGTAGACAGCGC ||||||||||||||||||||||	GTTTGTTGGGCTGAGCATCTGTCGCGGAGCAC	GGTAACACACGGGAGATCAGCT ||||||||||||||| o|||||	CACGCCATTGTGTGCCCTCAGGTCGAAGGTAG	ACCCGACTCGTAGACAGCGCC |||||||||||||||||||||	TTGTTGGGCTGAGCATCTGTCGCGGAACACCA	CGCGACGTCGCAGACGGCG | |||| ||| ||||o|||	TGTTGGGCTG-AGCATCTGTCGCGGAGCACCA	ACCCGACTCGTAGACAGCGCC |||||||||||||||||||||	TTGTTGGGCTGAGCATCTGTCGCGGAGCACCA	CCAAGGAAGTTTGAGGCAATA ||| |||||||oo|o||| ||	GTAAGGTACCTTCAAGTTTCGT-ATTATTTTT	CTCATCGAGGCCTGGCTCTTGC |o|| ||| ||| |||| ||||	GGCGGGGTCGCT-CGGTCCGACAACGGTAGTC	CTTTCGAAGTTCGCGCATAAG |o||||| ||| ||| |||||	GGTCGGAAGCTGCAA-CGCATATTCTAGAAAC	CATCGAGGCCTGGCTCTTGCC || ||| ||| |||| |||||	CGGGGTCGCT-CGGTCCGACAACGGTAGTCAA	CTTTCGAAGTTCGCGCATAAG |o||||| ||| ||| |||||	GGTCGGAAGCTGCAA-CGCATATTCTAGAAAC	CCACCAAGATCTGCACCG-ACG |||||||||| | |||| |||	GGAGGGTGGTTCTACAATTGGCATGCATGAAA	TACTCATCGAGGCCTGGCTCT |||||||||||||||||||||	GAGGATGAGTAGCTCCGGACCGAGAACGGGGC	CGGTTGGCCAAAATCCGAGCT |||||||||||| |||| ||	CGCTGCCAACCGGTTT-AGGCGGGACTCACCC	AGGCCTCGATGAGTAGGAGGG |o|||||o|||| o|o|||oo	AACATTCGGAGTTACTGGTTCTCTTGGAGCAA	TACTCATCGAGGCCTGGCTCTT ||||||||||||||||||||||	GAGGATGAGTAGCTCCGGACCGAGAACGGGGC	TACTCATCGAGGCCTGGCTCT |||||||||||||||||||||	GAGGATGAGTAGCTCCGGACCGAGAACGGGGC	TACTCATCGAGGCCTGGCTCTT ||||||||||||||||||||||	GAGGATGAGTAGCTCCGGACCGAGAACGGGGC	TTGAGA-ATAGGTCGAGGACATT o||||| || |||||||o|| |o	GCGGACTCTGTAACCAGCTCTTGGAGAGCAAG	CCACCAAGATCTGCACCG-ACG |||||||||| | |||| |||	GGAGGGTGGTTCTACAATTGGCATGCATGAAA	CCCGGGCTTAGGTCACCACCT ||||| ||| || |||||||	GTGGCGGCCCAAATACACTGGTGGAAGT	CCACCAAGATCTGCACCGACG |||||||||||||||||||||	TGATGGTGGTTCTAGACGTGGCTGCCGGCGAG	CTCAAACTTCCTTGGCCTAAA |||||| ||||||||| |||	AACCAAGTTTGTAGGAACCGGTTTTTCTATAC
			907	756	614	610	612	614	213	608	213	1213	1614	209	612	650	1612	3042	1443	146	1441	1066	130	3274	7841	1821	1720	1720	3274	1447	130	15	1790	3462
			BnaA04g08570D Ribulose bisphosphate carboxylase small chain 1A, chloroplastic	BnaAnng36210D Ribulose bisphosphate carboxylase small chain F1, chloroplastic	BnaA09g04420D TAR1	BnaC08g46150D TAR1	BnaA09g04420D TAR1	BnaAnng36730D Putative uncharacterized protein ART3	BnaA09g04420D TAR1	BnaC08g46150D TAR1	BnaAnng36730D Putative uncharacterized protein ART3	BnaAnng22160D TAR1	BnaAnng22160D TAR1	BnaC08g46150D TAR1	BnaAnng36730D Putative uncharacterized protein ART3	BnaAnng22160D TAR1	BnaAnng22160D TAR1	BnaC03g61150D Serine hydroxymethyltransferase 1, mitochondrial	BnaC06g42820D Casein kinase II subunit beta	BnaA03g39180D Actin-depolymerizing factor 5	BnaC06g42820D Casein kinase II subunit beta	BnaC03g46510D Actin-depolymerizing factor 5	BnaC03g20170D unknown	BnaAnng22160D TAR1	BnaA08g29260D Nuclear pore complex protein NUP214	BnaA03g07490D Stem-specific protein TSJT1	BnaA09g04420D TAR1	BnaA09g04420D TAR1	BnaAnng22160D TAR1	BnaA06g04090D Dihydrolipoyl dehydrogenase 1, mitochondrial	BnaA03g56370D unknown	BnaC03g72010D Aquaporin PIP2-2	BnaC08g46150D TAR1	BnaA02g04300D Aspartate aminotransferase, cytoplasmic isozyme 1
		TT/TM reads	2.57	2.57	1.36	1.36	2.21	1.36	1.39	2.21	1.39	1.39	1.36	1.39	2.21	0.43	2.21	2.41	38.45	2.10	4.61	2.10	21.52	10.15	1.39	4.59	5.39	10.15	5.39	6.46	21.52	1.13	21.52	1.87
		DT/DM reads TM TT	3.55 40.25 103.44	3.55 40.25 103.44	1.78 75.89 103.29	1.78 75.89 103.29	5.39 56.17 124.16	1.78 75.89 103.29	4.14 17.84 24.79	5.39 56.17 124.16	4.14 17.84 24.79	4.14 17.84 24.79	1.78 75.89 103.29	4.14 17.84 24.79	5.39 56.17 124.16	2.01 350.64 151.98	5.39 56.17 124.16	3.45 277.03 668.17	28.28 2.85 109.43	2.34 26.30 55.27	10.47 31.36 144.62	2.34 26.30 55.27	18.17 5.35 115.18	6.69 35.05 355.83	3.32 20.51 28.58	7.69 50.09 229.85	3.30 35.10 189.02	6.69 35.05 355.83	3.30 35.10 189.02	2.95 14.37 92.73	18.17 5.35 115.18	0.43 43.78 49.41	18.17 5.35 115.18	1.61 26.60 49.83
	va-phasiRNA	DM DT	TAR1 4 17.03 60.41	TAR1 17.03 60.41	TAR1 18.38 32.64	TAR1 18.38 32.64	TAR1 10.47 56.44	TAR1 18.38 32.64	TAR1 8.80 36.47	TAR1 10.47 56.44	TAR1 8.80 36.47	TAR1 8.80 36.47	TAR1 18.38 32.64	TAR1 8.80 36.47	TAR1 10.47 56.44	TAR1 47.38 95.44	TAR1 10.47 56.44	TAR1 99.10 341.97	TAR1 0.00 28.28	TAR1 14.15 33.08	TAR1 10.51 110.09	TAR1 14.15 33.08	TAR1 4.36 79.19	TAR1 13.20 88.31	TAR1 15.20 50.45	TAR1 13.90 106.85	TAR1 15.90 52.44	TAR1 13.20 88.31	TAR1 15.90 52.44	TAR1 10.47 30.82	TAR1 4.36 79.19	TAR1 58.29 25.16	TAR1 4.36 79.19	TAR1 18.42 29.66
	dsRNA (+) / (-) strand	va-phasiRNA	+	+	-	-	-	-	-	-	-	-	-	-	-	-	-	+	-	-	-	-	-	-	+	+	-	-	-	-	-	-	-	-
			CCGAAGAGGGGAAAGGTTCCA	CCGAAGAGGGGAAAGGTTCCA	CAACCCGACTCGTAGACAGCGC	CAACCCGACTCGTAGACAGCGC	ACCCGACTCGTAGACAGCGCC	CAACCCGACTCGTAGACAGCGC	GGTAACACACGGGAGATCAGCT	ACCCGACTCGTAGACAGCGCC	GGTAACACACGGGAGATCAGCT	GGTAACACACGGGAGATCAGCT	CAACCCGACTCGTAGACAGCGC	GGTAACACACGGGAGATCAGCT	ACCCGACTCGTAGACAGCGCC	CGCGACGTCGCAGACGGCG	ACCCGACTCGTAGACAGCGCC	CCAAGGAAGTTTGAGGCAATA	CTCATCGAGGCCTGGCTCTTGC	CTTTCGAAGTTCGCGCATAAG	CATCGAGGCCTGGCTCTTGCC	CTTTCGAAGTTCGCGCATAAG	CCACCAAGATCTGCACCGACG	TACTCATCGAGGCCTGGCTCT	CGGTTGGCCAAAATCCGAGCT	AGGCCTCGATGAGTAGGAGGG	TACTCATCGAGGCCTGGCTCTT	TACTCATCGAGGCCTGGCTCT	TACTCATCGAGGCCTGGCTCTT	TTGAGAATAGGTCGAGGACATT	CCACCAAGATCTGCACCGACG	CCCGGGCTTAGGTCACCACCT	CCACCAAGATCTGCACCGACG	CTCAAACTTCCTTGGCCTAAA

Normalized reads (positive / negative) Origin (gene family) va-phasiRNA Target transcript ID Predicted gene function Cleavage position vsiRNA:mRNA target pair (5'-3' : 3'-5') Cleavage found in PAREseq replicates Fragment signatures (rpm) mRNA reads & FC(log2) CTCAAACTTCCTTGGCCTAAA - TAR1 18.42 29.66 1.61 26.60 49.83 1.87

  

	0.00 0.28 1641 -0.15 1805 -0.03 0.00 0.32 143979 -1.14 60510 -0.80 0.00 0.00 0.00 0.00 0.00 358 -0.03 411 0.46 0.00 7724 -1.30 3373 -1.23 0.00 2772 0.37 1660 0.48 0.00 4899 0.07 357 -1.85	0.00 0.09 25737 -1.12 12547 -0.80 0.00 0.69 25737 -1.12 12547 -0.80 0.00 0.00 0.00 0.00 0.00 663 0.89 852 -0.03 0.00 5556 0.31 6178 0.27 0.00 807 0.45 1155 0.42 0.00 257765 -1.01 114234 -0.85	0.00 0.09 10540 -1.26 1150 -2.83 0.00 1.34 257765 -1.01 114234 -0.85 0.00 0.00 0.00 0.00 0.00 13013 0.10 7825 -0.55 0.00 1028 0.04 5321 0.71 0.00 492 -0.68 244 -0.32 0.00 239430 -1.00 101442 -0.78		0.00 0.09 239430 -1.00 101442 -0.78 0.00 22.33 143979 -1.14 60510 -0.80 0.00 0.00 0.00 0.00 0.00 290 0.90 640 -0.46 0.00 5912 0.01 8859 0.28 0.00 1214 0.17 1051 1.06 0.00 96019 -0.45 80064 -0.23	0.00 74.25 1090 -0.24 960 -0.08 0.00 22.33 32584 -0.17 17996 -0.74 0.00 0.00 0.00 0.00 0.00 127 -1.10 34 -1.09 0.00 177 -0.05 1096 0.51 0.00 5979 -0.15 4557 -0.17 0.00 158 1.18 385 0.32	0.00 21.01 52131 -0.89 75887 -0.80 0.00 22.33 257765 -1.01 114234 -0.85 0.00 0.00 0.00 0.00 0.00 583 0.98 1381 0.85 0.00 1669 0.97 1200 -0.06 0.00 815 0.16 1378 0.03 0.00 5501 -0.97 2576 0.40	0.00 0.23 239430 -1.00 101442 -0.78 0.00 0.00 0.00 0.00 0.00 22.33 239430 -1.00 101442 -0.78 0.00 5501 -0.97 2576 0.40 0.00 145090 -0.27 5799 -0.70 0.00 7046 0.31 11121 0.43 0.00 281901 -0.39 186238 -0.53	0.00 0.14 210 -1.45 110 -0.14 0.00 0.00 0.00 0.00 0.00 0.00 2942 -0.20 2085 0.00 0.00 2 -0.16 1 0.23 0.00 7727 0.91 8707 0.46 0.00 394 0.61 566 0.35 0.00 54 -1.35 109 -0.07	0.00 0.05 535655 -0.48 315782 -0.03 0.00 0.00 0.00 0.00 0.00 4126 1.02 7452 0.36 0.00 2159 -1.15 156 -0.95 0.00 2668 -1.34 8138 -0.73 0.00 380 0.51 699 0.08	0.00 0.19 129 1.66 39 1.31 0.00 0.00 0.00 0.00 0.00 5912 0.01 8859 0.28 0.00 8994 -0.47 9332 -0.59 0.00 3389 -1.45 5095 -0.45 0.00 257765 -1.01 114234 -0.85	0.00 1.34 32584 -0.17 17996 -0.74 0.00 0.00 0.00 0.00 0.00 1223 0.03 1319 0.13 0.00 51 1.06 90 -0.27 0.00 143979 -1.14 60510 -0.80 0.00 9451 -1.42 10030 -1.21	0.00 0.37 25737 -1.12 12547 -0.80 0.00 0.00 0.00 0.00 0.00 125 -1.01 21 -1.01 0.00 10496 0.70 19013 -0.36 0.00 5165 0.09 6234 -0.16 0.00 257765 -1.01 114234 -0.85	0.00 0.46 10588 -0.34 5425 0.68 0.00 0.00 0.00 0.00 0.00 257765 -1.01 114234 -0.85 0.00 42710 0.13 42762 0.74 0.00 242 -0.78 402 -1.08 0.00 1202 -0.77 1696 -1.27	0.00 0.23 32584 -0.17 17996 -0.74 0.00 0.00 0.00 0.00 0.00 3693 0.29 3325 0.34 0.00 34190 0.04 80064 -0.13 0.00 25737 -1.12 12547 -0.80 0.00 471 -0.27 893 -0.13	0.00 0.37 32584 -0.17 17996 -0.74 0.00 0.00 0.00 0.00 0.00 5973 0.67 4998 1.03 0.00 108 0.84 172 -0.12 0.00 10972 -0.21 13105 0.00 0.00 257765 -1.01 114234 -0.85		0.00 0.69 143979 -1.14 60510 -0.80 0.00 0.00 0.00 0.00 0.00 47012 -1.01 20912 -0.79 0.00 239430 -1.00 101442 -0.78 0.00 143979 -1.14 60510 -0.80 0.00 239430 -1.00 101442 -0.78	0.00 0.19 257765 -1.01 114234 -0.85 0.00 0.00 0.00 0.00 0.00 2747 -0.95 1994 -0.57 0.00 185278 -0.12 131779 1.16 0.00 2049 -0.34 1914 -0.08 0.00 651 -0.81 1452 -1.36	0.00 0.28 32584 -0.17 17996 -0.74 0.00 0.00 0.00 0.00 0.00 9378 -1.30 10291 -0.23 0.00 32584 -0.17 17996 -0.74 0.00 822 -0.35 470 -1.07 0.00 5886 -0.82 2379 -0.49	0.00 0.19 4 0.83 0 -0.20 0.00 0.00 0.00 0.00 0.00 8779 -0.33 12866 0.21 0.00 257765 -1.01 114234 -0.85 0.00 291224 -0.22 195401 0.08 0.00 763 0.10 1059 -1.04	0.00 0.09 177 -0.05 1096 0.51 0.00 0.00 0.00 0.00 0.00 349 -0.10 310 -1.37 0.00 1052 -1.72 68447 -1.29 0.00 22 -0.49 17 -0.04 0.00 239430 -1.00 101442 -0.78		0.00 1.34 143979 -1.14 60510 -0.80 0.00 0.00 0.00 0.00 0.00 13013 0.10 7825 -0.55 0.00 23257 0.14 24229 0.31 0.00 292 0.91 457 0.62 0.00 544923 -0.38 395149 -0.03	0.00 0.65 11635 1.14 16852 1.14 0.00 0.00 0.00 0.00 0.00 2447 0.25 3898 0.21 0.00 19875 -0.06 35061 0.47 0.00 39 -0.96 29 -0.69 0.00 5886 -0.82 2379 -0.49		0.00 0.37 143979 -1.14 60510 -0.80 0.00 0.00 0.00 0.00 0.00 242 0.69 592 0.85 0.00 1438 -0.78 1872 -0.80 0.00 789 -2.53 158 -0.94 0.00 2322 -0.09 3269 -0.65	0.00 0.32 257765 -1.01 114234 -0.85 0.00 0.00 0.00 0.00 0.00 153 -2.47 68959 -1.12 0.00 1358 0.29 676 0.19 0.00 134 0.89 172 -0.25 0.00 2923 -0.42 4783 0.29	0.00 0.09 42710 0.13 42762 0.74 0.00 0.00 0.00 0.00 0.00 3956 0.18 4929 0.14 0.00 7727 0.91 8707 0.46 0.00 214 0.86 283 -0.28 0.00 180 -0.40 826 -0.44	0.00 0.32 239430 -1.00 101442 -0.78 0.00 0.00 0.00 0.00 0.00 5556 0.31 6178 0.27 0.00 4241 -0.08 4365 0.08 0.00 197988 -0.38 124155 -0.61 0.00 257765 -1.01 114234 -0.85	0.00 0.37 239430 -1.00 101442 -0.78 0.00 0.00 0.00 0.00 0.00 2668 -1.34 8138 -0.73 0.00 1028 0.04 5321 0.71 0.00 257765 -1.01 114234 -0.85 0.00 7046 0.31 11121 0.43	0.00 0.32 32584 -0.17 17996 -0.74 0.00 0.00 0.00 0.00 0.00 3567 -0.78 2075 -0.44 0.00 1636 -0.81 1587 0.11 0.00 489 -0.33 1318 0.04 0.00 3720 0.10 2823 -0.09	0.00 0.37 239430 -1.00 101442 -0.78 0.00 0.00 0.00 0.00 0.00 51471 -0.43 41448 -0.08 0.00 242 0.69 592 0.85 0.00 3079 0.71 3165 0.84 0.00 437 0.55 397 0.04	0.00 1.34 239430 -1.00 101442 -0.78 0.00 0.00 0.00 0.00 0.00 239430 -1.00 101442 -0.78 0.00 507 1.22 1092 0.40 0.00 51471 -0.43 41448 -0.08 0.00 343 -1.54 136 0.00	0.00 0.28 239430 -1.00 101442 -0.78 0.00 0.00 0.00 0.00 0.00 12179 -0.22 13798 -0.01 0.00 748 0.08 1147 0.02 0.00 10796 -0.43 6420 0.17 0.00 3211 -0.21 3247 0.25	0.00 0.00 0.00 0.00 0.00 1652 -0.03 2624 -0.55 0.00 3693 0.29 3325 0.34 0.00 329765 -1.19 100342 -0.88 0.00 239430 -1.00 101442 -0.78	0.00 0.00 0.00 0.00 0.00 4571 0.64 4208 0.68 0.00 91 0.95 58 -0.13 0.00 13773 -0.21 13394 -0.07 0.00 1782 0.23 1832 -0.68	0.00 0.00 0.00 0.00 0.00 58754 -0.47 33630 0.00 0.00 76196 0.07 92666 0.70 0.00 95743 -1.27 48838 -0.64 0.00 4369 0.07 728 -0.17	0.00 0.00 0.00 0.00 0.00 15550 -1.02 12616 -0.47 0.00 3856 -0.24 6573 -0.04 0.00 5 -0.63 13 -1.13 0.00 32584 -0.17 17996 -0.74
	1.42 2.36 5.06 2.67 0.32 0.50	2.75 1.41 7.20 1.69 0.05 0.45	0.27 2.27 2.22 1.07 2.63 1.63		2.75 0.00 1.60 0.09 0.23 1.77	9.53 0.00 3.55 2.58 0.59 1.72	6.04 0.00 5.24 0.53 1.95 2.27	0.86 0.00 2.31 0.09 1.04 0.05	0.50 1.87 3.55 2.67 0.05 1.00	0.05 2.31 1.16 0.09 0.91	0.54 0.09 1.60 0.09 1.00	2.27 0.89 0.09 0.45 0.45	1.41 3.20 5.60 0.05 1.00	2.54 1.33 2.58 1.45 1.72	0.86 1.69 1.78 0.45 1.91	5.13 4.80 0.09 3.90 1.50		1.41 0.18 3.91 0.45 0.45	2.45 3.29 0.62 1.23 1.72	0.86 1.78 5.42 1.45 2.13	0.54 1.78 5.42 0.05 0.05	0.91 3.20 2.58 0.73 0.45		2.27 2.22 1.24 0.41 0.05	0.73 3.73 1.07 0.05 2.13		1.41 2.04 4.35 0.86 1.72	2.36 2.58 0.98 2.00 0.41	0.91 4.26 2.67 2.00 1.32	2.36 1.69 5.78 0.05 0.45	1.41 0.09 1.16 1.63 1.04	2.36 0.98 2.22 0.14 0.32	5.13 3.38 2.04 0.73 1.82	2.27 5.42 5.78 0.41 0.86	0.86 2.31 1.42 0.41 0.82	1.07 1.69 1.54 1.50	0.98 0.53 3.90 2.41	4.09 2.58 0.86 2.00	0.18 1.87 0.05 1.63
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	BnaA02g04300D Aspartate aminotransferase, cytoplasmic isozyme 1 BnaC08g46150D TAR1 BnaC03g70870D unknown BnaCnng71670D 31 kDa ribonucleoprotein, chloroplastic BnaA01g26430D Polyol transporter 5 BnaC01g36130D Lectin-like protein At3g16530	BnaC02g36110D unknown BnaC02g36110D unknown BnaCnng73370D unknown BnaC09g40570D 2-hydroxyacyl-CoA lyase BnaA01g30450D Probable protein phosphatase 2C 38 BnaAnng22160D TAR1	BnaA03g17030D Aquaporin PIP2-2 BnaAnng22160D TAR1 BnaCnng03470D Probable mediator of RNA polymerase II BnaC05g18220D T-complex protein 11 homolog BnaA06g22540D unknown BnaA09g04420D TAR1	transcription subunit 37e	BnaA09g04420D TAR1 BnaC08g46150D TAR1 BnaCnng61690D Cyclin-dependent kinase G1 BnaA08g11840D Probable disease resistance protein At4g33300 BnaA08g15450D BEL1-like homeodomain protein 2 BnaA02g27980D Thiamine thiazole synthase, chloroplastic	BnaC06g42820D Casein kinase II subunit beta BnaAnng36730D Putative uncharacterized protein ART3 BnaC08g47040D unknown BnaC05g28700D Stem-specific protein TSJT1 BnaC03g57550D unknown BnaC07g39400D Mediator-associated protein 1	BnaC03g71780D Thiamine thiazole synthase, chloroplastic BnaAnng22160D TAR1 BnaC05g14260D Probable galacturonosyltransferase 11 BnaC03g46510D Actin-depolymerizing factor 5 BnaC01g28840D Splicing factor U2af large subunit B BnaA01g02530D unknown	BnaA09g04420D TAR1 BnaA09g04420D TAR1 BnaA01g02530D unknown BnaCnng04230D Photosystem I chlorophyll a/b-binding protein 3-1, chloroplastic BnaC05g11930D Pyrophosphate-energized vacuolar membrane proton pump 1 BnaA09g02120D Chlorophyll a-b binding protein 36, chloroplastic	BnaA08g07920D F-box/kelch-repeat protein SKIP25 BnaAnng00930D unknown BnaC03g37980D Chaperonin 60 subunit beta 2, BnaC02g16080D F-box protein At5g50450 BnaA09g14090D Phosphatidylinositol 4-phosphate 5-kinase 8 chloroplastic BnaC09g36950D Probable disease resistance protein RPP1	BnaC02g37040D Chlorophyll a-b binding protein 36, chloroplastic BnaA06g39060D Puromycin-sensitive aminopeptidase BnaA07g10020D Glutamate--glyoxylate aminotransferase 1 BnaA04g08110D Aspartic proteinase PCS1 BnaC09g37030D Phosphoinositide phosphatase SAC4	BnaC02g04990D Protein ZINC INDUCED FACILITATOR-LIKE 1 BnaA08g11840D Probable disease resistance protein At4g33300 BnaA07g13420D unknown BnaC09g41340D Glutamine synthetase leaf isozyme, chloroplastic BnaAnng22160D TAR1	BnaAnng36730D Putative uncharacterized protein ART3 BnaA03g24640D RNA polymerase II transcriptional coactivator KELP BnaA02g22450D Probable inactive histone-lysine N-methyltransferase SUVR2 BnaC08g46150D TAR1 BnaC08g20820D Peroxidase 34	BnaC02g36110D unknown BnaCnng51140D Transcription repressor OFP15 BnaC05g08610D Sugar transport protein 1 BnaA07g12810D Heme oxygenase 1, chloroplastic BnaAnng22160D TAR1	BnaA08g23760D Chlorophyll a-b binding protein CP24 10A, chloroplastic BnaAnng22160D TAR1 BnaC02g08540D Stem-specific protein TSJT1 BnaC07g20450D C2-DOMAIN ABA-RELATED 11 BnaC09g22180D Heat shock protein 90-5, chloroplastic	BnaAnng36730D Putative uncharacterized protein ART3 BnaA10g17340D 2-hydroxyacyl-CoA lyase BnaA10g08550D Thiamine thiazole synthase, chloroplastic BnaC02g36110D unknown BnaA04g04090D Uridine 5'-monophosphate synthase	BnaAnng36730D Putative uncharacterized protein ART3 BnaC04g41350D Histone H1.2 BnaC02g30730D Probable inactive histone-lysine N-BnaC03g26820D Protein TIC 55, chloroplastic BnaAnng22160D TAR1	methyltransferase SUVR2	BnaC08g46150D TAR1 BnaAnng21760D TAR1 BnaA09g04420D TAR1 BnaC08g46150D TAR1 BnaA09g04420D TAR1	BnaAnng22160D TAR1 BnaC05g18830D ADP-ribosylation factor 1 BnaA05g09410D Chlorophyll a-b binding protein 1, BnaA05g23870D Monothiol glutaredoxin-S15, mitochondrial chloroplastic BnaA09g19450D Heat shock protein 90-5, chloroplastic	BnaAnng36730D Putative uncharacterized protein ART3 BnaC02g04560D GEM-like protein 5 BnaAnng36730D Putative uncharacterized protein ART3 BnaC02g33470D Protein C2-DOMAIN ABA-RELATED 11 BnaC07g24760D 50S ribosomal protein L12-1, chloroplastic	BnaA02g01850D Protein ZINC INDUCED FACILITATOR 1 BnaA02g01510D GEM-like protein 5 BnaAnng22160D TAR1 BnaC03g44110D Chlorophyll a-b binding protein 151, chloroplastic BnaC07g22680D Heat shock protein 90-5, chloroplastic	BnaC05g28700D Stem-specific protein TSJT1 BnaA05g08210D Transcription repressor OFP15 BnaC04g34390D Ribulose bisphosphate carboxylase small BnaC02g04080D unknown BnaA09g04420D TAR1	chain F1, chloroplastic	BnaC08g46150D TAR1 BnaCnng03470D Probable mediator of RNA polymerase II transcription subunit 37e BnaC03g45990D Cold-regulated 413 plasma membrane protein 4 BnaA03g55850D 26S proteasome non-ATPase regulatory subunit 12 homolog A BnaA02g29010D Chlorophyll a-b binding protein 36, chloroplastic	BnaA06g30390D Nitrile-specifier protein 5 BnaC09g49110D unknown BnaA07g03740D Cold-regulated 413 plasma membrane BnaC08g47760D AB hydrolase superfamily protein YfhM BnaC07g24760D 50S ribosomal protein L12-1, chloroplastic	protein 1	BnaC08g46150D TAR1 BnaC04g38650D Abscisic-aldehyde oxidase BnaA10g18700D UDP-glucose 6-dehydrogenase 3 BnaA04g18820D Nitrile-specifier protein 2 BnaC02g03410D IQ-DOMAIN 1	BnaAnng22160D TAR1 BnaA04g27920D Ribulose bisphosphate carboxylase small chain F1, chloroplastic BnaA03g11160D ER membrane protein complex subunit 8/9 homolog BnaA09g08380D Probable protein S-acyltransferase 23 BnaA04g09380D Vesicle transport v-SNARE 11	BnaC02g08540D Stem-specific protein TSJT1 BnaC01g42660D Casein kinase II subunit alpha-2 BnaC02g16080D F-box protein At5g50450 BnaA09g52690D Probable protein S-acyltransferase 23 BnaC03g11200D Adenylate kinase isoenzyme 6 homolog	BnaA09g04420D TAR1 BnaC09g40570D 2-hydroxyacyl-CoA lyase BnaC08g25640D U-box domain-containing protein 14 BnaC07g24660D Chlorophyll a-b binding protein 36, chloroplastic BnaAnng22160D TAR1	BnaA09g04420D TAR1 BnaA04g08110D Aspartic proteinase PCS1 BnaC05g18220D T-complex protein 11 homolog BnaAnng22160D TAR1 BnaC05g11930D Pyrophosphate-energized vacuolar membrane proton pump 1	BnaAnng36730D Putative uncharacterized protein ART3 BnaA07g13340D 60S acidic ribosomal protein P2-2 BnaA07g19360D unknown BnaAnng07730D unknown BnaC01g33830D Polyol transporter 5	BnaA09g04420D TAR1 BnaCnng49000D Geranylgeranyl diphosphate reductase, chloroplastic BnaC04g38650D Abscisic-aldehyde oxidase BnaC03g38850D Transcription factor TCP4 BnaC04g25580D Beta-hexosaminidase 1	BnaA09g04420D TAR1 BnaA09g04420D TAR1 BnaA09g34680D U-box domain-containing protein 14 BnaCnng49000D Geranylgeranyl diphosphate reductase, chloroplastic BnaCnng21640D Nitrile-specifier protein 2	BnaA09g04420D TAR1 BnaC03g26840D Protein TIC 55, chloroplastic BnaC02g08820D Aspartate aminotransferase, cytoplasmic BnaC09g45480D unknown BnaCnng47960D 60S ribosomal protein L10a-3	BnaC02g09010D Tubulin alpha-5 chain BnaA10g17340D 2-hydroxyacyl-CoA lyase BnaA04g08570D Ribulose bisphosphate carboxylase small chain 1A, chloroplastic BnaA09g04420D TAR1	BnaC09g19270D La-related protein 6A BnaA03g39180D Actin-depolymerizing factor 5 BnaA03g22780D Protein TIC 55, chloroplastic BnaA08g00450D RuBisCO large subunit-binding protein subunit beta, chloroplastic	BnaA06g01690D CURVATURE THYLAKOID 1C, chloroplastic BnaAnng08700D Stem-specific protein TSJT1 BnaC05g09210D Glyceraldehyde-3-phosphate dehydrogenase GAPA2, chloroplastic BnaAnng19780D Long chain base biosynthesis protein 1b	BnaA06g13930D Probable purine permease 14 BnaC02g02570D unknown BnaAnng22010D Heat shock protein 90-5, chloroplastic BnaAnng36730D Putative uncharacterized protein ART3
	4.11 6.38 0.76 2.72 8.78	21.52 9.64 1.09 1.61 1.36 0.17	1.13 2.41 75.05 5.32 1.01 0.12		21.52 1.07 2.95 2.59 0.85 1.13	29.28 1.07 3.86 1.31 0.70 4.42	1.13 1.07 0.92 0.85 0.12 0.95	0.70 1.07 38.80 3.86 1.39 1.10	1.23 0.93 0.25 2.29 6.38 22.39	1.10 1.95 0.69 1.95 0.83	9.64 2.00 1.62 1.86 0.37	2.41 0.48 2.05 8.68 8.35	4.71 2.13 2.37 3.40 1.61	2.21 45.01 1.31 0.56 1.73	0.70 1.61 1.96 1.62 0.78	0.95 #N/A 2.05 1.39 34.77		9.64 3.86 0.43 1.62 0.10	0.81 45.01 1.06 2.12 1.73	0.55 6.40 #N/A 0.56 8.73	9.64 6.40 #N/A 1.10 1.73	4.59 2.13 1.92 1.01 1.62		2.41 4.17 0.93 0.06 1.10	19.84 0.56 0.70 4.31 8.34		4.71 4.47 0.76 4.50 1.12	4.11 1.92 2.08 1.33 4.26	4.59 2.08 1.37 1.33 0.48	4.11 0.37 5.49 1.10 0.10	4.71 0.81 8.68 0.12 1.34	4.11 5.43 1.92 2.37 2.72	0.95 2.63 2.02 5.57 0.85	2.41 #N/A 5.49 3.24 4.50	0.55 2.02 1.87 1.27 0.76	8.81 0.37 11.42 34.77	0.67 0.85 1.39 0.86	4.31 1.31 0.65 0.93	2.04 0.93 1.73 0.12
	47.53 195.45 14.18 90.52 163.72 124.07 44.09 119.75 4.02 35.32	5.35 115.18 3.48 33.56 92.73 101.54 74.00 119.08 122.66 166.83 378.81 63.63	43.78 49.41 88.62 213.26 1.42 106.78 44.75 238.06 1402.23 1422.22 0.00 0.12		5.35 115.18 33.00 35.37 36.61 108.15 146.20 378.64 75.04 64.03 43.78 49.41	4.90 143.58 33.00 35.37 38.65 149.09 155.58 204.14 109.75 77.18 20.56 90.87	43.78 49.41 33.00 35.37 81.52 75.29 131.51 111.70 0.00 0.12 249.60 236.34	32.58 22.82 33.00 35.37 0.00 38.80 38.65 149.09 1259.97 1756.44 96.27 105.81	175.86 215.73 49.58 45.93 0.00 0.25 1283.32 2941.70 14.18 90.52 91.32 4.08	96.27 105.81 115.62 225.72 771.91 533.14 148.96 290.43 2708.65 2249.48 23.	3.48 33.56 151.96 304.33 8.16 13.25 134.24 250.33 382.64 140.59	88.62 213.26 139.92 67.53 181.14 370.66 15.19 131.87 77.07 643.71	32.79 154.52 113.19 241.21 141.44 335.15 26.46 89.84 74.00 119.08	56.17 124.16 61.44 2765.49 155.58 204.14 279.65 156.88 160.84 277.69	32.58 22.82 74.00 119.08 32.48 63.72 283.96 459.48 197.83 155.07	284.93 270.58 #N/A #N/A 181.14 370.66 20.51 28.58 1.42 49.47		3.48 33.56 38.65 149.09 350.64 151.98 283.96 459.48 379.96 39.84	215.93 175.72 61.44 2765.49 232.08 246.67 48.64 103.11 160.84 277.69	311.97 170.30 9.47 60.64 #N/A #N/A 279.65 156.88 44.06 384.72	3.48 33.56 9.47 60.64 #N/A #N/A 96.27 105.81 160.84 277.69	50.09 229.85 113.19 241.21 136.07 260.72 1402.23 1422.22 283.96 459.48		88.62 213.26 16.17 67.47 163.42 151.43 0.00 0.06 96.27 105.81	4.08 80.94 2.85 1.60 109.75 77.18 12.94 55.73 111.30 928.51		32.79 154.52 93.06 415.63 163.72 124.07 63.89 287.58 48.99 55.05	47.53 195.45 136.07 260.72 18.63 38.80 134.66 178.54 34.73 147.85	50.09 229.85 18.63 38.80 104.25 142.83 134.66 178.54 0.00 0.48	47.53 195.45 382.64 140.59 38.09 209.00 96.27 105.81 379.96 39.84	32.79 154.52 133.79 108.00 38.77 336.70 0.00 0.12 95.81 127.91	47.53 195.45 77.21 419.08 136.07 260.72 141.44 335.15 44.09 119.75	284.93 270.58 33.77 88.65 182.12 368.24 74.39 413.97 75.04 64.03	88.62 213.26 #N/A #N/A 38.09 209.00 44.84 145.48 63.89 287.58	311.97 170.30 6.45 13.01 26.60 49.83 102.58 130.26 163.72 124.07	69.83 615.48 382.64 140.59 11.87 135.48 1.42 49.47	0.00 0.67 131.51 111.70 20.51 28.58 53.55 45.95	12.94 55.73 155.58 204.14 35.81 23.33 163.42 151.43	27.48 56.01 49.58 45.93 160.84 277.69 0.00 0.12
	2.66 12.20 1.07 6.51 4.99	18.17 17.82 2.01 7.47 4.07 2.82	0.43 0.96 27.11 1.91 1.47 1.77		18.17 0.62 2.23 3.71 1.10 0.43	49.13 0.62 7.13 1.33 1.42 3.85	0.43 0.62 1.32 2.08 21.27 1.48	1.35 0.62 26.30 7.13 0.88 2.75	1.06 1.53 17.50 3.30 12.20 7.58	2.75 1.62 1.12 4.64 1.08 3.60	17.82 1.08 3.53 1.69 1.38	0.96 5.13 1.63 11.30 10.80	4.78 9.27 1.80 15.15 7.47	5.39 26.31 1.33 1.39 3.29	1.35 7.47 2.80 2.07 1.06	1.81 10.46 1.63 3.32 12.16		17.82 7.13 2.01 2.07 1.62	1.01 26.31 0.96 1.49 3.29	1.89 4.67 10.46 1.39 18.98	17.82 4.67 10.46 2.75 3.29	7.69 9.27 1.67 1.47 2.07		0.96 44.74 1.29 2.46 2.75	4.97 1.42 1.42 4.09 25.94		4.78 9.99 1.07 5.12 2.49	2.66 1.67 3.08 1.47 1.95	7.69 3.08 1.19 1.47 2.08	2.66 1.38 7.04 2.75 1.62	4.78 1.22 11.71 1.77 1.49	2.66 16.22 1.67 1.80 6.51	1.81 3.17 4.70 10.12 1.10	0.96 10.46 7.04 1.60 5.12	1.89 12.00 1.61 2.18 1.07	16.94 1.38 10.89 12.16	30.90 2.08 3.32 1.19	4.09 1.33 25.25 1.29	8.58 1.53 3.29 1.77
	25.40 67.54 5.30 64.62 73.01 77.99 28.71 186.86 6.37 31.77	4.36 79.19 0.85 15.22 40.26 81.04 4.40 32.88 23.46 95.40 52.80 148.67	58.29 25.16 51.11 48.82 0.00 27.11 71.55 136.47 306.51 451.31 10.51 18.57		4.36 79.19 20.28 12.59 21.24 47.42 53.33 197.69 29.79 32.74 58.29 25.16	1.71 83.91 20.28 12.59 11.17 79.65 59.62 79.40 38.73 54.85 11.88 45.74	58.29 25.16 20.28 12.59 25.54 33.74 28.22 58.56 1.80 38.19 92.95 137.53	23.90 32.30 20.28 12.59 0.00 26.30 11.17 79.65 871.20 764.03 21.08 57.98	85.30 90.44 19.40 29.77 3.09 54.08 365.18 1204.80 5.30 64.62 6.92 52.47	21.08 57.98 63.63 102.89 228.08 255.20 32.29 149.93 1236.13 1339.37 19.59 70.58	0.85 15.22 108.00 117.16 6.07 21.39 76.06 128.34 62.22 86.00	51.11 48.82 18.02 92.36 156.45 255.46 2.61 29.45 35.11 379.00	22.02 105.38 14.30 132.60 75.35 135.48 3.46 52.42 4.40 32.88	10.47 56.44 32.30 849.78 59.62 79.40 54.98 76.67 48.88 160.72	23.90 32.30 4.40 32.88 15.51 43.45 126.72 262.92 74.64 78.81	151.56 274.16 1.75 18.31 156.45 255.46 15.20 50.45 1.71 20.77		0.85 15.22 11.17 79.65 47.38 95.44 126.72 262.92 46.60 75.27	81.80 82.59 32.30 849.78 115.43 110.68 34.13 50.77 48.88 160.72	172.94 326.00 7.93 37.07 1.75 18.31 54.98 76.67 28.59 542.56	0.85 15.22 7.93 37.07 1.75 18.31 21.08 57.98 48.88 160.72	13.90 106.85 14.30 132.60 74.43 124.57 306.51 451.31 126.72 262.92		51.11 48.82 0.85 38.20 40.25 51.83 20.19 49.70 21.08 57.98	9.53 47.34 203.59 289.71 38.73 54.85 8.72 35.65 43.26 1122.33		22.02 105.38 37.80 377.74 73.01 77.99 29.72 152.11 25.95 64.56	25.40 67.54 74.43 124.57 11.32 34.87 50.71 74.37 28.94 56.58	13.90 106.85 11.32 34.87 45.58 54.35 50.71 74.37 48.70 101.28	25.40 67.54 62.22 86.00 17.58 123.69 21.08 57.98 46.60 75.27	22.02 105.38 30.41 37.07 14.20 166.23 10.51 18.57 48.72 72.47	25.40 67.54 44.51 721.86 74.43 124.57 75.35 135.48 28.71 186.86	151.56 274.16 16.64 52.81 119.99 563.81 29.87 302.31 29.79 32.74	51.11 48.82 1.75 18.31 17.58 123.69 38.38 61.22 29.72 152.11	172.94 326.00 2.04 24.42 18.42 29.66 39.22 85.38 73.01 77.99	18.42 311.96 62.22 86.00 5.35 58.26 1.71 20.77	5.64 174.13 28.22 58.56 15.20 50.45 19.50 23.29	8.72 35.65 59.62 79.40 0.00 25.25 40.25 51.83	10.50 90.11 19.40 29.77 48.88 160.72 10.51 18.57
	TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1 TAR1		TAR1 TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1		TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1		TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1		TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1	TAR1 TAR1 TAR1 TAR1
	--+ + +	--+ -+ -	------		--+ + + -	--+ + + +	--+ --+	---+ + +	+ -+ + --	+ + + -+ +	-+ -+ -	-+ --+	-+ + --	--+ + -	--+ -+	---+ -		-+ ---	--+ --	-+ -+ +	-+ -+ -	+ + + --		--+ -+	--+ -+		-+ + + +	-+ -+ -	+ -+ + -	---+ -	----+	-+ + + +	-+ + + +	---+ +	-+ -+ +	+ ---	+ -+ -	-+ -+	+ ---
	CCCCGAATCGATCGGCGGACC TGAGAATAGGTCGAGGACATT TTCCATGTGAACGGCACTTGC GATCTCCCGTGTGTTACCGCA GTTGGCCAAAATCCGAGCTAAG	CCACCAAGATCTGCACCGACG AGATCTGCACCGACGGCCGCT CTGGAGCTCGGAAACGAGTTC ATTGCCTCAAACTTCCTTGGCC ACCCGTCTGATAGCGCTTATG AGCTCGGATTTTGGCCAACCG	CCCGGGCTTAGGTCACCACCT CCGAATCGATCGGCGGACCGGA AGAATAGGTCGAGGACATTGCG CGATAGAACTCGTTTCCGAGC TCTCGCGACGTCGCAGACGGCG ACGCTCCTGACGTTCTTAGCT		CCACCAAGATCTGCACCGACG AACAACCCGACTCGTAGACAG CGGAGACGTCGGCGGGAATTC GGTTAGTCGATCCTAAGAGTC AAGAGCCAGGCCTCGATGAGT CCCGGGCTTAGGTCACCACCT	CTCATCGAGGCCTGGCTCTTG AACAACCCGACTCGTAGACAG GGCCGAAGAGGGGAAAGGTTC CAGGCCTCGATGAGTAGGAGG GCCTCGATGAGTAGGAGGGCG GCACTTGCACATGGGTTAGTC	CCCGGGCTTAGGTCACCACCT AACAACCCGACTCGTAGACAG GGATAGCTGGAGCTCGGAAAC TTTCGAAGTTCGCGCATAAGC TCTTAGCTCGGATTTTGGCCA TGAACGGCACTTGCACATGGG	GAGATCAGCTTCCGTCCCATA AACAACCCGACTCGTAGACAG CTGTCTTAATCGACCAACACC GGCCGAAGAGGGGAAAGGTTC CGGCCGTCGGTGCAGATCTTGG CGTGGTGTCCGGTGCATTCCC	ATGAACCGGAAGCCGGGTTACG CTGAGGACGCTTCTCCAGACT GAACGTCAGGAGCGTCTTGACA GCCGTCTGCGACGTCGCGAGA TGAGAATAGGTCGAGGACATT GTCGGCCAAGGTGTGAACTCG	CGTGGTGTCCGGTGCATTCCC GTTAAAATTCCGGAACCGGGA AGAGCCAGGCCTCGATGAGTA TGTCGGCCAAGGTGTGAACTC ACGGAATCGAGAGCTCCAAGT AGAGGCATCGGGGACGCAATG	AGATCTGCACCGACGGCCGCT GGTTAGTCGATCCTAAGAGTCG GATCAGCTTCCGTCCCATATC CAATGTCCTCGACCTATTCTC ATTGCCTCAAACTTCCTTGGC	CCGAATCGATCGGCGGACCGGA AGGAGCGTCTTGACATGCGGT CCGATAGAACTCGTTTCCGAG CACCAAGATCTGCACCGACGGC TGTATTCAACGAGTTCACACC	CCAAGATCTGCACCGACGGCC GAACGACCTGAGAACGATGAA AAACTTTAAATAGGTAGGACG TCGACCAACACCCTTTGTGGG ATTGCCTCAAACTTCCTTGGCC	ACCCGACTCGTAGACAGCGCC CGACGTCGCAGACGGCGAACC CAGGCCTCGATGAGTAGGAGG ATTCAACGAGTTCACACCTTG ATAGAACTCGTTTCCGAGCTC	GAGATCAGCTTCCGTCCCATA ATTGCCTCAAACTTCCTTGGCC ACGCAATGTCCTCGACCTATT CACCAAGATCTGCACCGACGG CATCCCACGGAATCGAGAGCT	GTCCCATATCCTCGAGAGGATG GACGCTCCTGACGTTCTTAGC CCGATAGAACTCGTTTCCGAG CGGTTGGCCAAAATCCGAGCT GTCGGCTGTGCACCCGTGAGG		AGATCTGCACCGACGGCCGCT GGCCGAAGAGGGGAAAGGTTC CGCGACGTCGCAGACGGCG CACCAAGATCTGCACCGACGG AGCTCGGATTTTGGCCAACCGC	CCAAGGTGTGAACTCGTTGAA CGACGTCGCAGACGGCGAACC AAGAGTCGGGGGAAACCCGTC CAGTTGGGCACCGTAACCCGG ATAGAACTCGTTTCCGAGCTC	CGTCCCATATCCTCGAGAGGA GTCGCTGCAAAACCTAGGGCG GACGCTCCTGACGTTCTTAGC ATTCAACGAGTTCACACCTTG TCGAGGATATGGGACGGAAGCT	AGATCTGCACCGACGGCCGCT GTCGCTGCAAAACCTAGGGCG GACGCTCCTGACGTTCTTAGC CGTGGTGTCCGGTGCATTCCC ATAGAACTCGTTTCCGAGCTC	AGGCCTCGATGAGTAGGAGGG GAACGACCTGAGAACGATGAA AGGAAGCTGATTGGCTGGATC TCTCGCGACGTCGCAGACGGCG CACCAAGATCTGCACCGACGG		CCGAATCGATCGGCGGACCGGA AGAATAGGTCGAGGACATTGC AAGGCCGAAGAGGGGAAAGGT GTTCTTAGCTCGGATTTTGGCC CGTGGTGTCCGGTGCATTCCC	GCAGACGGCGAACCACCCACG TTCTTAGCTCGGATTTTGGCC GCCTCGATGAGTAGGAGGGCG TATTTAAAGTTTGAGAATAGG TCGAGGATATGGGACGGAAGC		CCAAGATCTGCACCGACGGCC TATGGGACGGAAGCTGATCTCC TTCCATGTGAACGGCACTTGC GCGGTCGCTGCAAAACCTAGG TGATCTCCCGTGTGTTACCGC	CCCCGAATCGATCGGCGGACC AGGAAGCTGATTGGCTGGATC TAAAGTTTGAGAATAGGTCGA AACCCGTCTGATAGCGCTTATG CGCCCCGAATCGATCGGCGGA	AGGCCTCGATGAGTAGGAGGG TAAAGTTTGAGAATAGGTCGA GCCGTCTGCGACGTCGCGAGAA AACCCGTCTGATAGCGCTTATG CGCTCCTGACGTTCTTAGCTC	CCCCGAATCGATCGGCGGACC ATTGCCTCAAACTTCCTTGGC ACCAAGATCTGCACCGACGGC CGTGGTGTCCGGTGCATTCCC AGCTCGGATTTTGGCCAACCGC	CCAAGATCTGCACCGACGGCC TGTCGGCCAAGGTGTGAACTCG GATAGAACTCGTTTCCGAGCT ACGCTCCTGACGTTCTTAGCT CGGCCGTCGGTGCAGATCTTG	CCCCGAATCGATCGGCGGACC ATGGGACGGAAGCTGATCTCC AGGAAGCTGATTGGCTGGATC AAACTTTAAATAGGTAGGACG GATCTCCCGTGTGTTACCGCA	GTCCCATATCCTCGAGAGGATG GATCCTAAGAGTCGGGGGAAA TATGGGACGGAAGCTGATCTC GTTCGCCGTCTGCGACGTCGC AAGAGCCAGGCCTCGATGAGT	CCGAATCGATCGGCGGACCGGA GACGCTCCTGACGTTCTTAGC ACCAAGATCTGCACCGACGGC GATCCTAAGAGTCGGGGGAAAC GCGGTCGCTGCAAAACCTAGG	CGTCCCATATCCTCGAGAGGA GTTGGCCAAAATCCGAGCT CTCAAACTTCCTTGGCCTAAA AATTCCGGAAAGAGTTATCTT TTCCATGTGAACGGCACTTGC	GTTCACACCTTGGCCGACAGG ATTGCCTCAAACTTCCTTGGC TTAGCGCGCAGTTGGGCACCG GTCGGCTGTGCACCCGTGAGG	TCCGAGCTAAGAACGTCAGGA TTTCGAAGTTCGCGCATAAGC CGGTTGGCCAAAATCCGAGCT CCGGTTCCGGAATTTTAACCG	TATTTAAAGTTTGAGAATAGG CAGGCCTCGATGAGTAGGAGG GCATGTCAAGACGCTCCTGACG AAGGCCGAAGAGGGGAAAGGT	CGCGGTTGGCCAAAATCCGAG CTGAGGACGCTTCTCCAGACT ATAGAACTCGTTTCCGAGCTC ACGCTCCTGACGTTCTTAGCT
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	BnaCnng63660D unknown BnaA09g21880D Protein SGT1 homolog B BnaA02g22400D VAN3-binding protein BnaC08g46150D TAR1	BnaCnng63660D unknown BnaA09g04420D TAR1 BnaC04g55960D Aspartic proteinase PCS1	BnaA01g26300D unknown BnaC02g08540D Stem-specific protein TSJT1 BnaA09g33120D unknown	BnaA05g29460D Probable receptor-like protein kinase At5g15080 BnaC03g00280D Pyridoxal 5'-phosphate synthase subunit PDX1.3 BnaC02g40260D Elongation factor 2	BnaC02g14410D Ubiquitin-conjugating enzyme E2-17 kDa BnaAnng36730D Putative uncharacterized protein ART3 BnaC03g04540D Transmembrane 9 superfamily member 8	BnaA01g26300D unknown BnaAnng16700D unknown BnaAnng36730D Putative uncharacterized protein ART3	BnaC07g19130D CTD small phosphatase-like protein 2 BnaC02g36110D unknown BnaC02g28770D Dihydroflavonol-4-reductase	BnaA07g03740D Cold-regulated 413 plasma membrane protein 1 BnaC08g46150D TAR1 BnaC08g46150D TAR1	BnaC03g44110D Chlorophyll a-b binding protein 151, chloroplastic BnaAnng22160D TAR1 BnaC08g46150D TAR1	BnaC04g12290D unknown BnaA02g26360D unknown BnaA09g04420D TAR1	BnaAnng36730D Putative uncharacterized protein ART3 Geranylgeranyl diphosphate reductase, BnaCnng49000D chloroplastic BnaAnng22160D TAR1 BnaA01g22570D Pentatricopeptide repeat-containing protein At1g60770	BnaC01g42660D Casein kinase II subunit alpha-2 Geranylgeranyl diphosphate reductase, BnaCnng49000D chloroplastic BnaAnng36730D Putative uncharacterized protein ART3 BnaC08g46150D TAR1	BnaA09g04420D TAR1 Probable plastid-lipid-associated protein BnaC05g42720D Exocyst complex component SEC8 BnaC02g36110D unknown BnaC03g45530D 11	BnaA09g32850D Coatomer subunit gamma Chlorophyll a-b binding protein 151, BnaC03g44110D chloroplastic 26S proteasome non-ATPase regulatory BnaC09g46790D subunit 12 homolog A BnaC02g36110D unknown BnaC02g36110D unknown BnaAnng36730D Putative uncharacterized protein ART3 BnaC07g50850D Cytokinin dehydrogenase 4 BnaC08g46150D TAR1	BnaC03g38850D Transcription factor TCP4	BnaA09g04420D TAR1 BnaAnng22160D TAR1 BnaAnng22160D TAR1	BnaC03g09140D Serine/threonine-protein kinase PBS1	BnaAnng22160D TAR1 BnaC08g46150D TAR1 BnaAnng36730D Putative uncharacterized protein ART3	BnaC09g14450D Phosphatidylinositol 4-phosphate 5-kinase 8 BnaC04g55960D Aspartic proteinase PCS1 BnaA05g18020D Transcription factor MYC2 BnaAnng22160D TAR1	BnaC02g36110D unknown	BnaA06g39230D Thioredoxin reductase 2 BnaAnng22160D TAR1 BnaC08g46150D TAR1	BnaA05g13740D RuBisCO large subunit-binding protein subunit beta, chloroplastic BnaA09g24650D Pinoresinol reductase 1 BnaC02g26290D unknown BnaC09g05890D ROOT PRIMORDIUM DEFECTIVE 1	BnaC04g26270D Uridine 5'-monophosphate synthase BnaA09g04420D TAR1 BnaA09g04420D TAR1 BnaC02g16050D NUCLEAR FUSION DEFECTIVE 4	BnaC08g20540D Coiled-coil domain-containing protein SCD2 BnaC02g36110D unknown BnaC02g34430D unknown BnaAnng21760D TAR1	BnaA09g04420D TAR1 BnaAnng21760D TAR1 BnaAnng22160D TAR1 BnaCnng62280D Rab3 GTPase-activating protein catalytic subunit Probable xyloglucan 6-xylosyltransferase BnaA07g22280D 5 BnaA07g03530D Putative polyol transporter 1 BnaAnng21760D TAR1 BnaAnng22160D TAR1	BnaA06g06060D Dynamin-2B BnaA02g31580D Elongation factor 2 BnaA09g04420D TAR1 BnaC08g46150D TAR1	BnaA05g03490D Stearoyl-[acyl-carrier-protein] 9-desaturase, chloroplastic BnaC07g47710D Trafficking protein particle complex subunit 2-like protein BnaC06g00260D Cysteine proteinase RD21a BnaC08g46150D TAR1	BnaA03g53860D unknown BnaA09g04420D TAR1 BnaC02g36110D unknown BnaAnng22160D TAR1	BnaC06g38520D DOWNSTREAM OF FLC BnaA09g04420D TAR1 BnaC08g46150D TAR1 BnaC04g03780D Beta-glucosidase 26, peroxisomal	BnaC08g09120D F-box/kelch-repeat protein SKIP25 BnaC05g16310D unknown BnaAnng22160D TAR1 BnaCnng67370D unknown	BnaC01g36130D Lectin-like protein At3g16530 BnaC08g46150D TAR1 BnaC03g25930D ADP-ribosylation factor 2 BnaC06g39320D unknown	BnaA03g12990D unknown BnaA09g04420D TAR1 BnaC08g46150D TAR1 BnaA09g04420D TAR1	BnaAnng08700D Stem-specific protein TSJT1 BnaC08g46150D TAR1 BnaA09g04420D TAR1 BnaA09g04420D TAR1	BnaA01g21230D Caltractin BnaAnng36730D Putative uncharacterized protein ART3 BnaAnng22160D TAR1 BnaA09g52700D Receptor-like protein kinase 2	BnaA02g29010D Chlorophyll a-b binding protein 36, chloroplastic BnaC08g46150D TAR1 BnaC02g36110D unknown BnaC02g36110D unknown	BnaA09g02120D Chlorophyll a-b binding protein 36, chloroplastic BnaAnng22160D TAR1 BnaAnng22160D TAR1 BnaC08g46150D TAR1	BnaC07g19130D CTD small phosphatase-like protein 2
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	CGGTCGCTGCAAAACCTAGGG TCGAGGATATGGGACGGAAGC AGTTCTATCGGGTAAAGCCAA ATCTGCACCGACGGCCGCTCC	GGTCGCTGCAAAACCTAGGGC ACAACCCGACTCGTAGACAGC TGTCGGCCAAGGTGTGAACTCG CTTATGCGCGAACTTCGAAAGG	GGTCGCTGCAAAACCTAGGGC GCCTCGATGAGTAGGAGGGCG GATGGCGCTGAAGCGCGCGAC	GATCTCCCGTGTGTTACCGCA TAACGTTGCCGTCAACCGCCA CGCGAACTTCGAAAGGGGATCC	ATTTTCAAGGGCCGCCGGGAA GAGCTCTCGATTCCGTGGGATG TGGCCGTTTAGGCCAAGGAAG	CGGTCGCTGCAAAACCTAGGG CTTAGGATCGACTAACCCATG AGCTCGGATTTTGGCCAACCG	TGAGAATAGGTCGAGGACATT ACTCTTAGGATCGACTAACCC ACCCGATAGAACTCGTTTCCG	CCTCGATGAGTAGGAGGGCGC CAACCCGACTCGTAGACAGCA TTGGTCCGTGTTACAAGACA	CGGTCCGTCGCTGAGGACGCT TCAGCGCCATCCATTTTCGGG GACTCTTAGGATCGACTAACC	CGCGCTAACCTAGAACCCACA AATAGGTCGAGGACATTGCGT CCTACTCATCGAGGCCTGGCTC	GTCGGCTGTGCACCCGTGAGG	TCCTAAGAGTCGGGGGAAACC TGAACTCGTTGAATACATCAGT TGTTGAGCCATCCCACGGAATC	TTTAAAGTTTGAGAATAGGTC	TCGATCCTAAGAGTCGGGGGA TCCGTCCCATATCCTCGAGAGG TAGGTTAGCGCGCAGTTGGGCA	AGCTCGGATTTTGGCCAACCG	AAAGTTTGAGAATAGGTCGAG GAGCTCTCGATTCCGTGGGATG CGACGTCGCAGACGGCGAACC	CGTCCCATATCCTCGAGAGGA	CGCATGTCAAGACGCTCCT ATCTGCACCGACGGCCGCTCC ATCGATCGGCGGACCGGATTG	GTTCTTAGCTCGGATTTTGGCC	GTCCTGCTGTCTTAATCGACC TTGGCTTTACCCGATAGAACTC TAGACAGCGCCTCGTGGTGCGA	AGGATATGGGACGGAAGCTGA	TCCGTCCCATATCCTCGAGAGG CTACCTATTTAAAGTTTGAGA CCTACTCATCGAGGCCTGGCTC	AGGAAGCTGATTGGCTGGATC	GTCCTGCTGTCTTAATCGACC GAGCTCTCGATTCCGTGGGATG AAACAACCCGACTCGTAGACA	TGAGAATAGGTCGAGGACATT	TGTCGGCCAAGGTGTGAACTC TGCGCGCTAACCTAGAACCCA TAGGTTAGCGCGCAGTTGGGC	CACCAAGATCTGCACCGACGGC	CCCGGGCTTAGGTCACCACCT TTTAGTGGACTTCTCGCGACT ACCACCAAGATCTGCACCGACG	CCGGTTCCGGAATTTTAACCG	GGTCGCTGCAAAACCTAGGGC CCGGTTCCGGAATTTTAACCG ATTCCGTGGGATGGCTCAACAA	CATCCCACGGAATCGAGAGCT TAGGTTAGCGCGCAGTTGGGCA TCAGCGCCATCCATTTTCGGGG GTCGAGGACATTGCGTCCCCGA	TGATCTCCCGTGTGTTACCGC TTTGTGGGTTCTAGGTTAGCG AATAGGTCGAGGACATTGCGT CCCCATCCTCTCGAGGATATG	CACCAAGATCTGCACCGACGGC AGCTAAGGACGTCAGGAGCGTC AACCCGACTCGTAGACAGCGCC GAAGATCAAGGTCGGTCGGCTG	CGCACGCGGTTGGCCAAAATC AGCACGCAGATGCCGAGGCAC TTAAGGTGGTGACCTAAGCCCG TTTGTGGGTTCTAGGTTAGCG	GGGTGGTTCGCCGTCTGCGAC CGCGAACTTCGAAAGGGGATCC AAACAACCCGACTCGTAGACA CGTAGACAGCGCCTCGTGGTGC	CTAAGAACGTCAGGAGCGTCT GGTAAGCAGAACTGGCGATGC TGCTCCGTTCCGCATTCGACC TTTGTGGGTTCTAGGTTAGCG	GTCGGCCAAGGTGTGAACTCG TTAGCGCGCAGTTGGGCACCG CTTAGGATCGACTAACCCATG AACTTCCTTGGCCTAAACGGCC	TAAGAACGTCAGGAGCGTCT TAAAGTTTGAGAATAGGTCGA TCTAATCATTGGCTTTACCCG TCAAGACGCTCCTGACGTCCT	ATGAACCGGAAGCCGGGTTACG AGCTGATCTCCCGTGTGTTAC TTAATCGACCAACACCCTTTG TAAAGCCAATGATTAGAGGCA	GTTGGCCAAAATCCGAGCTAA CCACCAAGATCTGCACCGACGG CGACGTCGCAGACGGCGAACC ACTTCGAAAGGGGATCCGGTT	GAGAATAGGTCGAGGACATTG TCAGCGCCATCCATTTTCGGG CTTAGGATCGACTAACCCATG TAGGTTAGCGCGCAGTTGGGC	AGGCCTCGATGAGTAGGAGGG CCTCTAATCATTGGCTTTACC ACCCGACTCGTAGACAGCGCCT ACTCTTAGGATCGACTAACCC	TGTTGAGCCATCCCACGGAATC CCGTGGGATGGCTCAACAAAGC ACTCATCGAGGCCTGGCTCTT CGAGCTAAGGACGTCAGGAGCG	TGGTGTCCGGTGCATTCCCGG CAGCGCCATCCATTTTCGGGGC TCAGCGCCATCCATTTTCGGG CAAGATCTGCACCGACGGCCG	TGGTGTCCGGTGCATTCCCGG CAGCGCCATCCATTTTCGGGGC GTGTGAACTCGTTGAATACATC AACCCGACTCGTAGACAGCGCC	TGAGAATAGGTCGAGGACATTG

89 128.69 1.65 BnaA08g08960D Probable serine/threonine-protein kinase drkB 2648 CTTATGCGCGAACTTC-GAAAGG ||| ||| |||||||| ||||| AAAAGAACACGAGCTTGAAGACTTTCGTACAG
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79 108.00 0.81 BnaC08g26570D Retrovirus-related Pol polyprotein from transposon TNT 1-94 3435 TGTCGGCCAAGGTGTGAACTCG ||| ||||||||o o||||o||
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	CCGTGGGATGGCTCAACAAAGC ||||||||||||||||||||||	CTAAGGCACCCTACCGAGTTGTTTCGTCGGTG	TGCGCGCTAACCTAGAACC-CA |o| |||o||||o|||||| ||	CGGAATGGGCGGTTGGGTCTTGGCGTTCGCTT	ACTCATCGAGGCCTGGCTCTTG ||||||||||||||||||||||	AGGATGAGTAGCTCCGGACCGAGAACGGGGCT	TTGGCTTTACCCGATAGAACTC ||||||||||||||||||||||	TAGTAACCGAAATGGGCTATCTTGAGCAAAGG	ACCAAGATCTGCACCGACGGCC ||||||||||||||||||||||	ATGGTGGTTCTAGACGTGGCTGCCGGCGAGGC	AAAATGGCCCACTTGGAGCTCT ||||||||||||||||||||||	TGGTTTTTACCGGGTGAACCTCGAGAGCTAAG	TAGACAGCGCCTCGTGGTGCGA |||||||||||| |||||||||	GGCAACA-CCGGTTCCGAGCTTGGGCCCACCG GAGCATCTGTCGCGGAACACCACGCTGTCCCA	CCACCAAGATCTGCACCGACGG |||||||||||||| |||||||	GCGGACCGGATTGCTCCGTTC || |||||||o| || ||| | TGATGGTGGTTCTAGACGGGGCTGCCGGCGAG	AGACCGGCTGGCCTGAAGAAGCA-GTCAGTTT CAACGCGAGCTGATGACTCGA ||||||||||||||||||||	AGCTGATCTCCCGTGT-GTTACC ||||||||||| |||| ||o|| ATCAGTTGCGCTCGACTACTGAGCGCGAATGA	GAACTCGACTAGAGGCCACATCAGTGAACCCT TGTCGGCCAAGGTGTGAACTCG ||| |||||||oo o||||o||	TGTCGGCCAAGGTGTGAACTCG ||| |||||||oo o||||o|| GGCAACA-CCGGTTCTGAGCTTGGGCCCACTA	GGCAACA-CCGGTTCTGAGCTTGGGCCCACCG ACAACCCGACTCGTAGACAGCG ||||||||||||||||||||||	TTGGTCCGTGTTACAAGACA |||||||||||| |||||| GGTTTGTTGGGCTGAGCATCTGTCGCGGAGCA	GAGGAACCAGGCACAAAGTTCTGCCCAGCTTA GAGCTCTCGATTCCGTGGGATG ||||||||||||||||||||||	AGCTGATCTCCCGTGT-GTTAC ||||||||||| |||| ||o|| GAACCTCGAGAGCTAAGGCACCCTACCGAGTT	GAACTCGACTAGAGGCCACATCAGTGAACCCT CCACCAAGATCTGCACCGACGG |||||| | ||| ||||o| ||	CAAGATCTGCACCGACGGCCG ||||||||||||||||||||| CGGAGGTGGTACCAGAAGTGGTTTCCGTCTAC	GGTGGTTCTAGACGTGGCTGCCGGCGAGGCGG AACCCGACTCGTAGACAGCGCC ||||||||||||||||||||||	TCAAGACGCTCCTGACGTCCT ||||o||| | |||| ||||| TTTGTTGGGCTGAGCATCTGTCGCGGAGCACC	ATGAAGTTTTGCAAAGACT-CAGGACAACCTA CTGGAGCTCGGAAACGAGTTC |||||||||||||||||||||	CTGAAGCGCGCGACCTATACC |||||||o||| |||| o || TATCGACCTCGAGCCTTTGCTCAAGATAGCCC	TCTTGACTTCGTGCG-TGGAAGAGGTACATTA GCGGACCGGATTGCTCCGTTC |||||||||||||||||||||	CGTAGACAGCGCCTCGTGGTGC |||||||||||||||||||||| TAGCCGCCTGGCCTAACGAGGCAAGGCGTAGG	CTGAGCATCTGTCGCGGAGCACCACGCTGTCC AAGATCTGCACCGACGGCCGCT ||o| | ||||||||| | |||	ACTTCCTTGGCCTAAACGGCC ||||||||||||||||||||| CGGCTTTTCGTCGTGGCTGC-GTCGAAACCGC	AGTTTGAAGGAACCGGATTTGCCGGTATCAGG TGTCGGCCAAGGTGTGAACTCG ||| ||||||||o o||||o||	TGTGTTACCGCACGCGGTTGGCC ||||||||||||||||||||||| GGCAACA-CCGGTTCCGAGCTTGGGCCCACCG	GGGCACACAATGGCGTGCGCCAACCGGTTTTA CGGCTTCTTAGAGGGACT-ATG | ||||||||||| ||| |||	CGTGGGTGGTTCGCCGTCTGC o|||||o||||||| ||o|| AGAAGGCGAAGAATCTCGGTGACTACAAGAAA	TGTCTTACCCATCAAGCGG-AGGCGAACCGCA GCCCTAGGTTTTGCAGCGACC |||||||||||||||||||||	TAGACAGCGCCTCGTGGTGCGA |||||||||||||||||||||| AGCGCGGGATCCAAAACGTCGCTGGCGGCGCG	GAGCATCTGTCGCGGAGCACCACGCTGTCCCA CGCGAACTTCGAAAGGGGATC |||o|||o||||| | o||||	ACTTCGGAGGGAACC-AGCTACT ||||| ||o|||||| || ||| TGCAGCGTTTGGAGCTT-CGTCTAGGGAGAGT	GGCGTGAAGACTTCCTTGGCTCCCTGAACCTT ACCCGACTCGTAGACAGCGCCT ||||||||||||||||||||||	CAGCGCCATCCATTTTCGGGGC |||||||||||||||||||||| TTGTTGGGCTGAGCATCTGTCGCGGAGCACCA	CGAAGTCGCGGTAGGTAAAAGCCCCGATCAAC AACAACCCGACTCGTAGACAG |||||||||||o|| |o ||o	ACCAAGATCTGCACCGACGGCC ||||||||||||||||||o||| GGTTTTGTTGGGCTGGGC-TTAGTTTGGTTAG	ATGGTGGTTCTAGACGTGGCTGTCGGTGAGGG GACTTCTCGCGACGTCGCAGAC ||||||||||||||||||||||	TGTTGAGCCATCCCACGGAATC ||||| ||||||| ||o||o| TCACCTGAAGAGCGCTGCAGCGTCTGCCGCTT	CCTACCAACTAGGTAGGG-GCTTTGGGGTCTA TAAAGTTTGAGAATAGGTCGA |||||||||||||||||||||	ACCAAGATCTGCACCGACGGC |||||||||||| |||||||| ATAAATTTCAAACTCTTATCCAGCTCCTGTAA	ATGGTGGTTCTAGACGGGGCTGCCGGCGAGGC	CAAGATCTGCACCGACGGCCG |||||||||| ||||||||||	GGTGGTTCTAGACGGGGCTGCCGGCGAGGCGG	CGTAGACAGCGCCTCGTGGTGC |||||||||||||| |||||||	CTGAGCATCTGTCGCGGAACACCACGCTGTCC	TGCGGAAGGATCATTGTC-GTA || ||||||||| |oo|| |o|	TCGTACACCTTCCTAGCAGTAGTCGTAGAAGG	AACCCGACTCGTAGACAGCGC |||||||||||||||||||||	TTTGTTGGGCTGAGCATCTGTCGCGGAGCACC	TTAGCGCGCAGTTGGGCACCG o||||o|||||o |||| |||	TCGAGATCGTGCGTCGTCCCG-GGCTCAGTGA	GACTCTTAGGATCGACTAACC |||||||||||||||||||||	GGGGCTGAGAATCCTAGCTGATTGGGTACACG	CCGTGGGATGGCTCAACAAAGC ||||||||||||||||||||||	CTAAGGCACCCTACCGAGTTGTTTCGTCGGTG	TATTCAACGAGTTCACACCTTG o|||| ||o|o|||||| |||o	GTCGGTAAG-TGTTTAAGTGTCGAATCCTACC	TCAGCGCCATCCATTTTCGGGG ||||||||||||||||||||||	GCGAAGTCGCGGTAGGTAAAAGCCCCGATCAA	CGATAGAACTCGTTTCCGAGC |||||||| | |||||| o|	CATTGCTATCTT-ACCAAAGGGATGCTCCTTA
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96 290.43 1.95 BnaC08g26570D Retrovirus-related Pol polyprotein from transposon TNT 1-94 3435 TGTCGGCCAAGGTGTGAACTC ||| ||||||||o o||||o|
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Table S30 : vRNA cleavage by host-derived sRNAs in Drakkar
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SUPPLEMENTARY INFORMATION

In the format provided by the authors and unedited. ) and corresponding nonrecovered leaves of mutants (rdr6, rdr2, dcl2 dcl4), in which recovery is absent, were analyzed. The analysis was performed with the same RNA samples also used for viral RNA analysis (Fig. 1d). The mutants affected the accumulation of specific sRNA species as expected and shown previously 9 . None of the mutants affected the accumulation of miR160. The accumulation of 5S rDNA repeat-derived ra-siR1003 was affected in dcl3 and rdr2 mutants but not in rdr6 mutants, whereas the production of tasiR255 was affected in rdr6, ein5 rdr6, and dcl2 dcl4 mutants but not in rdr2 or dcl3 mutants. As is also expected, production of vsiRNAs was abolished in dcl2 dcl4, as is consistent with the lack of recovery in this double mutant. Relative to Col-0 wild type, the vsiRNA levels were higher in mutants showing enhanced recovery (ein5, dcl3) and reduced in rdr6, which interferes with the formation of secondary siRNAs and does not support recovery. vsiRNAs). However, the functions of vsiRNAs and of the Virus-encoded Suppressor of RNA silencing (VSR) in plant-virus interactions is not well understood. In this thesis, I investigated the role of host-and virus-derived sRNAs during infection of Rapeseed (Brassica napus, Canola) by the UK1 strain of Turnip mosaic virus (TuMV-UK1). By using a TuMV derivative tagged with a gene encoding green fluorescent protein (TuMV-GFP), two rapeseed cultivars ('Drakkar' and 'Tanto') that differ in susceptibility to this virus were identified. Transcriptional profiling of local infection foci in Drakkar and Tanto leaves by next generation sequencing (NGS) revealed numerous differentially expressed genes. The same RNA samples from mock-and virus-treated Drakkar and Tanto leaves were also used for the global NGS profiling of sRNAs (sRNAseq) and their potential RNA targets (PAREseq). The bioinformatic analysis and their in vivo validation led to the identification of transcript cleavage events involving known and yet unknown miRNAs. Importantly, the results indicate that TuMV hijacks the host RNA silencing pathway with siRNAs derived from its own genome (vsiRNAs) to target host genes. The virus also triggers the widespread targeting of host messenger RNAs (mRNAs) through activation of phased, secondary siRNA production from PHAS loci. In turn, both vsiRNAs and host-derived siRNAs (hsRNAs) target and cleave the viral RNA by the RISCmediated pathway. These observations illuminate the role of host and virus-derived sRNAs in the coordination of virus infection. Another chapter of this thesis is dedicated to the analysis of virus-induced diseases by using Arabidopsis plants infected with the Oilseed rape mosaic tobamovirus (ORMV) as a model. Initially, the infected plants develop leaves with strong disease symptoms. However, at a later stage, disease-free, "recovered" leaves start to appear. Analysis of symptoms recovery led to the identification of a mechanism in which the VSR and virus derived-siRNAs play a central role. I used Arabidopsis mutants impaired in transcriptional and post-transcriptional silencing pathways (TGS and PTGS respectively) and a plant line carrying a promoter-driven GFP transgene silenced by PTGS (Arabidopsis line 8z2). Using various techniques able to monitor virus infection, small and long viral RNA molecules, VSR activity, as well as phloem-mediated transport with in these lines, this study led to the identification of genes required for disease symptoms and disease symptom recovery. Moreover, the observations allowed to propose a model in which symptoms recovery occurs upon robust delivery of antiviral secondary vsiRNAs from source to sink tissues, and establishment of a vsiRNA dosage able to block the VSR activity involved in the formation of disease symptoms. 
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