Emmanuelle Vigne 
  
Corinne Schmitt-Keichinger 
  
Véronique Komar 
  
Lalaïna Rakotomalala 
  
Olivier Lemaire 
  
Christophe Ritzenthaler 
  
Marc Fuchs 
  
Symptom Determinants of Grapevine Fanleaf Virus in Nicotiana Species

INTRODUCTION

The mechanisms of symptom development following plant infection with viruses remain poorly understood although both, the crosstalk between the miRNA pathway and viral suppressors of RNA interference (VSR), and the induction of a hypersensitive response of the plant are involved. So far, no VRS encoded by a member of the genus Nepovirus, family Secoviridae, has been identified but RNAi and hypersensitive-like necrosis have been described for Tomato ringspot vius (ToRSV) in Nicotiana benthamiana [START_REF] Jovel | Salicylic acid-dependent restriction of Tomato ringspot virus spread in tobacco is accompanied by a hypersensitive response, local RNA silencing, and moderate systemic resistance[END_REF]. Also, little is known about viral sequences responsible for symptom development. Back in the 1970s, it was shown that RNA2 of Raspberry ringspot virus caused systemic yellowing in Petunia hybrida while RNA1 was responsible for the severity of systemic symptoms in Chenopodium quinoa and that both RNAs determined the lesion type in inoculated leaves of C. quinoa (2). More recently, the 5' untranslated region of Grapevine chrome mosaic virus was involved in the induction of necrotic symptoms in Nicotiana sp. when expressed from a viral vector, although typical symptoms were not reproduced, suggesting that this sequence may not act as a dominant determinant of symptomatology (1).

To get insight into nepoviral sequences involved in symptom development, we took advantage of two Grapevine fanleaf virus (GFLV) strains causing systemic infection in Nicotiana species but distinct symptomatology: strain GHu (4) induces a vein clearing on N. benthamiana and chlorotic spots on N. clevelandii while strain F13 (7) causes asymptomatic infections on both species. A reverse genetics approach was used to identify GFLV determinants of symptomatology by using infectious cDNA clones of strains F13 and GHu, which were available at the onset of this study [START_REF] Viry | Biologically active transcripts from cloned cDNA of genomic grapevine fanleaf nepovirus RNAs[END_REF] or developed over the course of this study, respectively. Here we describe how the use of assortants and chimeras of these clones were used in a gain-of-symptom approach to identify the determinants of symptomatology during systemic infection.

MATERIAL AND METHODS

GFLV strains F13 [START_REF] Vuittenez | Souches de virus à haute agressivités isolées de vignes atteintes de dégénérescence infectieuse[END_REF] and -GHu (4) were isolated from naturally infected grapevines. Full-length cDNA clones of GFLV-F13 RNA1 and RNA2 were used for in vitro synthesis of transcripts [START_REF] Viry | Biologically active transcripts from cloned cDNA of genomic grapevine fanleaf nepovirus RNAs[END_REF].

A full-length cDNA of RNA1 of GFLV-GHu was amplified by immunocapture reverse transcription polymerase chain reaction (IC-RT-PCR) using primers providing a T7 RNA polymerase promoter and a restriction linearization site. The full-length cDNA of RNA2 of GFLV-GHu was obtained by three RT-PCR steps using total RNA extracted from infected plants. The restricted PCR fragments were successively assembled in a plasmid carrying a T7 promoter and a unique linearizing site.

Chimeric cDNAs of RNA1 clones were constructed by introducing unique restriction sites by site-directed mutagenesis with overlap extension (3) in the parental infectious clones. Targeted sequences were then swapped using PCR amplification and/or restriction enzymes.

Transcripts of cDNAs were obtained by in vitro transcription with the mMESSAGE mMACHINE T7 kit (Ambion) according to the manufacturer's instructions. Size and integrity of transcripts were verified by electrophoresis on denaturing agarose gels prior to inoculation.

Four leave-stage Chenopodium quinoa and N. benthamiana plants were mechanically inoculated with purified transcripts. Symptoms were monitored and systemic infection was assessed by DAS-ELISA in apical leaves. Crude sap of infected C. quinoa or N. benthamiana was then used for passages in C. quinoa, N. benthamiana or N. clevelandii. October 7-14, 2012 -39 -All the wild-type and chimeric cDNA clones were sequenced prior to transcription. The progeny viral RNAs were similarly checked for integrity by IC-RT-PCR followed by sequencing.

Coding cDNA sequences of interest were introduced in a binary vector for agroinfiltration assays in N. benthamiana. Electroporated Agrobacterium tumefaciens were grown at 28°C, centrifuged, resuspended in water and infiltrated using a needleless syringe.

RESULTS AND DISCUSSION

Infectious cDNA clones of GFLV-F13 RNA1 and RN2 (6) were re-sequenced for the purpose of this work. Although a few single nucleotide polymorphisms (SNPs) were detected compared to the published sequences, transcripts derived from the cDNA clones reproduced parental symptoms on C. quinoa plants for which a characteristic yellow mosaic developed on upper uninoculated leaves 6 to 8 days post-inoculation. On N. benthamiana and N. clevelandii the F13 cDNA derived transcripts also mimicked the parental virus, as these plants remained symptomless.

Infectious cDNA clones of GFLV-GHu RNA1 and RNA2 were developed and sequenced. A few SNPs were identified but, again, transcripts reproduced the parental symptoms on both C. quinoa and Nicotiana species.

We then assorted RNA1 from one strain with RNA2 from the other strain and could clearly conclude that the GFLV-GHu symptoms on N. benthamiana and N. clevelandii mapped to RNA1. Further experiments were undertaken to identify the coding region responsible for symptom development by swapping cDNA regions of RNA1 between the two strains. Eight chimeras were produced which allowed us to delineate a coding sequence responsible for typical GHu symptoms on Nicotiana species. This is the first identification of a nepoviral coding sequence eliciting symptoms in a plant host.

The RNA1 coding sequence that elicits symptoms on Nicotiana species was then tested in transient expression assays to determine whether it is able to suppress RNA silencing or induce a symptomatic response on its own. Neither silencing suppression nor symptoms were observed, suggesting that the mechanism underlying the induction of GHu symptoms on N. benthamiana and N. clevelandii is a complex phenomenon.
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