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Flavescence dorée phytoplasma (FDp) is a quarantine pathogen of grapevine transmitted by a leafhopper (Fig. 1). It is characterized by high epidemic development as the insects feeding on diseased plants can rapidly disseminate the FDp to other grapevines [START_REF] Chuche | Biology and ecology of the Flavescence dorée vector Scaphoideus titanus: A review[END_REF][START_REF] Linder | Biologie et distribution du vecteur de la flavescence dorée dans les vignobles[END_REF], causing important economic losses [START_REF] Jeger | Quantitative Assessment of Consequences of Quarantine Plant Pathogen Introductions: From Crop Losses to Environmental Impact[END_REF]. Its first observation in Europe was in France in the 1950s [START_REF] Caudwell | Deux années d'études sur la flavescence dorée nouvelle maladie grave de la vigne[END_REF] and it subsequently appeared in other countries. In Switzerland, the first FDp outbreak occurred in Ticino in 2004 [START_REF] Jermini | Dix ans de flavescence dorée au Tessin[END_REF] and expanded since then to other parts of the country, as depicted in Fig. 2 (Agroscope, 2022). To control the disease, there are compulsory and prevention measures to apply including the use of insecticides and certified disease-free plant material, hot water treatment, and eradication of diseased plants [START_REF] Gugerli | Jaunisses de la vigne: flavescence dorée et bois noir[END_REF]. However, developing more efficient management of the disease and implementing novel approaches require a better understanding of this complex pathosystem [START_REF] Oliveira | Conventional and novel approaches for managing "flavescence dorée" in grapevine: knowledge gaps and future prospects[END_REF].

The host: Vitis vinifera

Viticulture is an important horticultural sector worldwide, as it provides a variety of products, including fresh table grapes, raisins, juice, wine, and other spirits [START_REF] Cantu | The Grape Genome[END_REF]; [OIV] International Organisation of Vine and wine, 2021). There are over 1,700 commercially grown varieties [START_REF] Anderson | Which winegrape varieties are grown where? A global empirical picture[END_REF] characterized by different agronomic (time of harvest, yield, disease resistance, climate adaptation) and fruit quality (sugar content, flavor, color...) traits valued by farmers. Although varieties are typically associated with a region and to that extent, regions tend to concentrate on a specific variety, only a few accounts for the vast majority of the world's commercial grape production. More than a third of the world's vineyards are devoted to 13 varieties [START_REF] Cantu | The Grape Genome[END_REF] and at least two-thirds of the 53-leading wine-producing nations grew Cabernet Sauvignon, Chardonnay, Merlot, Sauvignon Blanc, and Pinot Noir cultivars (cv.). In Switzerland, Pinot Noir and Chasselas cv. account for the majority of wine production [START_REF] Anderson | Which winegrape varieties are grown where? A global empirical picture[END_REF].

The vast majority of cultivated grapevines belong to Vitis vinifera, the only species of the Vitis genera native to Europe. Other Vitis species originally came from North America or East Asia and constitute potential sources of disease and resistance [START_REF] Tröndle | Molecular phylogeny of the genus Vitis (Vitaceae) based on plastid markers[END_REF][START_REF] Wen | A new phylogenetic tribal classification of the grape family (Vitaceae)[END_REF], 2018). The phylloxera pathogen that ravaged European vineyards in the 19th century was accidentally introduced from North America. Whereupon, North American resistant wild grape rootstocks were introduced to combat this root-damaging disease [START_REF] Cousins | Grapevine Rootstocks: Current Use, Research, and Application[END_REF].

FDp vector was also imported from North America, but there is some evidence that the infectious agent originated in Europe. [START_REF] Malembic-Maher | When a Palearctic bacterium meets a Nearctic insect vector: Genetic and ecological insights into the emergence of the grapevine Flavescence dorée epidemics in Europe[END_REF]. There have been no

reports of FDp-resistance to date, however, there exists some variability in plant sensitivity.

Plant susceptibility is generally characterized by the disease incidence, titers in FDp, symptom severity and plants capacity to recover [START_REF] Eveillard | Contrasting susceptibilities to flavescence dorée in Vitis vinifera, rootstocks and wild Vitis species[END_REF]. Wild Vitis species and rootstock mainly remain symptomless despite high disease incidence and FDp titers. In the case of Vitis vinifera species, certain cv. such as Cabernet Sauvignon and Chardonnay, exhibit high sensitivity (severe symptoms and elevated FDp titers), while others like Merlot are less sensitive (low FDp titers and mild symptoms). Other varieties (such as Pinot Noir and Cabernet-Franc) exhibit intermediate susceptibility [START_REF] Jagoueix-Eveillard | Looking for resistance to the Flavescence dorée disease among Vitis vinifera cultivars and other Vitis species. 17. Congress of the International Council for the Study of Virus and Virus-like Diseases of the Grapevine[END_REF][START_REF] Jollard | La Flavescence Dorée de la vigne: Identification et caractérisation des protéases de surface FtsH du phytoplasme de la FD et Caractérisation de la sensibilité[END_REF].

The causal agent: Flavescence dorée phytoplasma

Flavescence dorée is part of a group of diseases called grapevine yellows (GY) caused by phytoplasmas [START_REF] Caudwell | Epidemiology and characterization of Flavescence dorée (FD) and other grapevine yellows[END_REF]. They are wall-less prokaryotic organisms closely related to gram-positive bacteria that belong to the Mollicutes class [START_REF] Bertaccini | Phytoplasmas: diversity, taxonomy, and epidemiology[END_REF]. As obligate pathogens, they can only survive and multiply in plants phloem or insects hemolymph and cannot be isolated in pure culture [START_REF] Bertaccini | Phytoplasmas: An update. Phytoplasmas: Plant Pathogenic Bacteria -I: Characterisation and Epidemiology of Phytoplasma -Associated Diseases[END_REF]. Their classification is based on the molecular identification of the region encoding for the 16S ribosomal RNA (rRNA). FDp belongs to the 16SrV-C and 16SrV-D taxonomic subgroups [START_REF] Malembic-Maher | When a Palearctic bacterium meets a Nearctic insect vector: Genetic and ecological insights into the emergence of the grapevine Flavescence dorée epidemics in Europe[END_REF].

Identification and detection of FDp is crucial because its symptoms resemble those of another grapevine yellow called Bois noir (BN), whose development is distinct and is not subject to regulations [START_REF] Schaerer | Flavescence dorée: la maladie et son extension[END_REF]. Infection by phytoplasma is generally transmitted by grafting or by insects capable to feed on phloem, such as leafhoppers (Cicadellidae), plant hoppers (Fulgoroidea) and psyllids (Psyllidae) [START_REF] Bertaccini | Phytoplasmas: An update. Phytoplasmas: Plant Pathogenic Bacteria -I: Characterisation and Epidemiology of Phytoplasma -Associated Diseases[END_REF]. The vector of FDp is the leafhopper Scaphoideus titanus [START_REF] Chuche | Biology and ecology of the Flavescence dorée vector Scaphoideus titanus: A review[END_REF].

1.1.3. The vector: Scaphoideus titanus S. titanus belongs to the most diversified leafhopper genus, mainly found in North America [START_REF] Chuche | Comportement de Scaphoideus titanus, conséquences spatiales et démographiques[END_REF]. The genetic diversity analysis of this insect suggests a single introduction from North America into southeastern France, most likely imported along with phylloxera-resistant rootstocks [START_REF] Papura | Microsatellite and Mitochondrial Data Provide Evidence for a Single Major Introduction for the Neartic Leafhopper Scaphoideus titanus in Europe[END_REF]. S. titanus is a Vitis specialist. Although FDp can be transmitted to grapevine by other vectors from reservoir plants, only S. titanus vector can transmit FDp from grapevine to grapevine [START_REF] Malembic-Maher | When a Palearctic bacterium meets a Nearctic insect vector: Genetic and ecological insights into the emergence of the grapevine Flavescence dorée epidemics in Europe[END_REF][START_REF] Chuche | Biology and ecology of the Flavescence dorée vector Scaphoideus titanus: A review[END_REF].

S. titanus produces one generation per year with 5 nymphal stages (Fig. 3) [START_REF] Chuche | Biology and ecology of the Flavescence dorée vector Scaphoideus titanus: A review[END_REF]. Adults lay between 10 to 20 eggs in grapevine bark in late summer and these start to hatch from May of the following year [START_REF] Chuche | Comportement de Scaphoideus titanus, conséquences spatiales et démographiques[END_REF]. During the maturation process from larva to adult, the phytoplasma can be acquired from the first larval stage by feeding on the phloem sap of diseased grapevines. After feeding on diseased plants, there is a latency period of approximately one month before the insect can transmit the phytoplasma to other plants. The phytoplasma can replicate within the arthropod but cannot be transmitted vertically. Therefore, FDp is only maintained on diseased plants (or wild reservoirs) when insects are overwintering.

The nymphs and adults are capable of moving from plant to plant, but they typically remain on the plant on which they have emerged and can be found under the leaves, where conditions are more favorable [START_REF] Chuche | Biology and ecology of the Flavescence dorée vector Scaphoideus titanus: A review[END_REF].

Symptomatology

FDp symptoms usually emerge one year after the initial infection [START_REF] Caudwell | Epidemiology and characterization of Flavescence dorée (FD) and other grapevine yellows[END_REF]. Typical symptoms are normally observed in late summer, but severely damaged vines can be identified in spring by the absence or delay of bud break and the absence or reduction of new shoots [START_REF] Caudwell | Identification d'une nouvelle maladie à virus de la vigne," la flavescence dorée[END_REF]. The three characteristic symptoms are: downwardly curved leaves that turn yellow (white cultivars) or red (red cultivars), lack of lignification in new shoots and inflorescence abortion or berry withering (Fig. 4) [START_REF] Chuche | Biology and ecology of the Flavescence dorée vector Scaphoideus titanus: A review[END_REF]. In terms of observable symptoms, the lignification defect is characterized by shoots remaining green at the end of the season, which fail to rigidify, are flexible, and unable to withstand winter frost [START_REF] Ermacora | Symptoms of phytoplasma diseases[END_REF][START_REF] Gullino | Grapevine Flavescence Dorée[END_REF]. At the histological level, Jelmini et al. ( 2021 Physiological changes in leaves and fruits are common manifestations of phytopathogen infections [START_REF] Armijo | Grapevine pathogenic microorganisms: Understanding infection strategies and host response scenarios[END_REF][START_REF] Ermacora | Symptoms of phytoplasma diseases[END_REF][START_REF] Petit | Alteration of photosynthesis in grapevines affected by esca[END_REF][START_REF] Reis | Early Season Symptoms on Stem, Inflorescences and Flowers of Grapevine Associated with Botryosphaeriaceae Species[END_REF].

Yellowing can be du to several different reasons, including chlorophyll biosynthesis reduction and altered carbohydrate metabolism [START_REF] Teixeira | Flavescence Dorée-Derived Leaf Yellowing in Grapevine (Vitis vinifera L.) Is Associated to a General Repression of Isoprenoid Biosynthetic Pathways[END_REF]. Inhibition of phloem transport can disrupt the source-sink relationship, causing problems for flower and berry development [START_REF] Prezelj | Metabolic consequences of infection of grapevine (vitis vinifera l.) cv. "modra frankinja" with flavescence dorée phytoplasma[END_REF]. However, developmental disruptions such as the lack of lignification are typical symptoms associated to phytoplasmas [START_REF] Ermacora | Symptoms of phytoplasma diseases[END_REF]). Yet, the mechanisms underlying these symptoms are poorly understood.

Lignin: function, biosynthesis, and regulation

Lignin is the second most abundant polymer found in vascular plants [START_REF] Lourenço | Lignin composition and structure differs between Xylem, Phloem and phellem in quercus suber L[END_REF].

Unlike cellulose and hemicellulose that are found in both primary and secondary cell walls (SCW), lignin is the only macromolecule deposited exclusively in SCWs [START_REF] Meents | The cell biology of secondary cell wall biosynthesis[END_REF].

Its deposition serves crucial physiological and developmental functions. It contributes to cellular rigidity and strength, mechanical support for length growth, vascular system water and solute transport and resistance processes against biotic and abiotic stresses [START_REF] Lourenço | Lignin composition and structure differs between Xylem, Phloem and phellem in quercus suber L[END_REF][START_REF] Xu | Comparative genome analysis of lignin biosynthesis gene families across the plant kingdom[END_REF].

While other macromolecules of the SCW are made of polysaccharides [START_REF] Meents | The cell biology of secondary cell wall biosynthesis[END_REF], lignin consists of three monomers, namely p-coumaryl alcohol (H-unit), coniferyl alcohol (Gunit) and sinapyl alcohol (S-unit). They are synthesized in the cytoplasm from aromatic acids of the shikimate pathways (i.e. phenylalanine) (Fig. 6) [START_REF] Hixson | New Insights Into Lignification via Network and Multi-Omics Analyses of Arogenate Dehydratase Knock-Out Mutants in Arabidopsis thaliana[END_REF] and transported in the cell wall where they are polymerized into lignin [START_REF] Boerjan | Lignin Biosynthesis[END_REF]. Expression of different enzyme isoforms in the monolignol pathway may lead to different type of lignin [START_REF] Barros | The cell biology of lignification in higher plants[END_REF]. The proportion of H-, G-and S-units varies between species, tissue, cell location, and environment, and modify the polymer structure as well as its mechanical properties. To illustrate this, a higher proportion of G-units, which comprise higher interunit bonds than S-units, are mainly found in SCW of cork tissues, which have to ensure effective protection against external stresses [START_REF] Lourenço | Lignin composition and structure differs between Xylem, Phloem and phellem in quercus suber L[END_REF].

Transcriptional regulation of lignin biosynthesis, especially in grapevine, is not yet fully understood [START_REF] Deng | Biosynthesis and Regulation of Phenylpropanoids in Plants[END_REF]. The promoter region from several genes of the monolignol pathway enzymes contains adenosine-cytosine (AC) motifs [START_REF] Zhong | Transcriptional regulation of lignin biosynthesis[END_REF]. In Arabidopsis thaliana, these AC elements are controlled by transcription factors (TFs) from the MYB family that can directly or indirectly regulate the expression of phenylpropanoid/lignin biosynthetic enzymes. Furthermore, MYBs are themselves subject to regulation by TFs of the NAC and WRKY families [START_REF] Xie | Regulation of lignin biosynthesis and its role in growth-defense tradeoffs[END_REF].

The general phenylpropanoid pathway produces lignin but also a vast number of other secondary metabolites (called phenolic compounds) such as salicylic acid (SA), coumarins, stilbenes and flavonoids [START_REF] Deng | Biosynthesis and Regulation of Phenylpropanoids in Plants[END_REF]. These phenolic compounds are often involved in plant response to biotic and abiotic stimuli. SA is a phytohormone generally synthesized in response to plant pathogens and induces the production of pathogenesis-related (PR) [START_REF] Loake | Salicylic acid in plant defence-the players and protagonists[END_REF]. Flavonoids, coumarins and stilbenes are known to act as phytoalexins, which possess antimicrobial activity [START_REF] Ahuja | Phytoalexins in defense against pathogens[END_REF] while lignin is a defense polymer that creates a mechanical barrier against pathogens, restricts invasion processes and limits toxin diffusion [START_REF] Yadav | Phenylpropanoid Pathway Engineering: An Emerging Approach towards Plant Defense[END_REF]. Induction of lignin biosynthetic genes and its deposition in SCW were often observed following different pathogens infection [START_REF] Xie | Regulation of lignin biosynthesis and its role in growth-defense tradeoffs[END_REF].

Phytoplasmas are known to induce profound developmental changes [START_REF] Dermastia | Plant hormones in phytoplasma infected plants[END_REF] that results in very specific symptoms such as floral organs greening (virescence) or transformation in leaf-like structures of (virescence), shoots proliferation (witches' broom), etc. Yet, lignification is an important developmental process for plants to grow upward. The availability of whole phytoplasmas genomes has allowed identifying genes coding for effectors [START_REF] Kumari | Global status of phytoplasma diseases in vegetable crops[END_REF], pathogen-secreted proteins that aid in host infection or pathogen establishment and development. [START_REF] Dou | Phytopathogen Effectors Subverting Host Immunity: Different Foes, Similar Battleground[END_REF]. Phytoplasma effectors often induce important plant physiological responses by modifying their host gene expression [START_REF] Dermastia | Plant hormones in phytoplasma infected plants[END_REF]. It was reported that SAP11 effector acted like a TF manipulating plant development and defense hormone biosynthesis (i.e. SA) [START_REF] Sugio | Phytoplasma protein effector SAP11 enhances insect vector reproduction by manipulating plant development and defense hormone biosynthesis[END_REF]. The recent release of FDp genome revealed several putative effector proteins [START_REF] Debonneville | The Complete Genome of the "Flavescence Dorée" Phytoplasma Reveals Characteristics of Low Genome Plasticity[END_REF] which might be involved in the pathogen virulence and symptoms development.

Objectives of the project

Infection by FDp has an important impact on the lignification of grapevine shoots. This response may not be a plant response to phytoplasma infection but rather be induced by the pathogen itself. Given that phytoplasma are known to modify their host gene expression and impair their host's normal development and as evidenced by histological modifications, it seems that FDp impairs its host normal development, specifically the maturation of young shoots.

Modification of grapevine shoot gene expression will be investigated with RNA-sequencing (RNA-seq) and reverse transcription quantitative real-time PCR (RT-qPCR). Lack of lignification could be caused by a downregulation of the phenylpropanoid/lignin biosynthetic pathway and thus a reduction in monolignol precursors or intermediates metabolites of the pathway. This aspect will be studied by metabolomic analysis. The study will be carried out on one of the most cultivated grapevine cultivars in Switzerland.

Material and methods

Grapevine material

The biological material used for this study came from three samplings of Pinot Noir grapevine shoots that took place in the same plot (Cully, Vaud, Switzerland). The first two were conducted in 2021 during the months of September and October. From the same plant, symptomatic and asymptomatic FDp-positive shoots were collected, but there was no FDpnegative control (Fig. 7a). When FDp-positive plants lacked asymptomatic shoots, the asymptomatic shoot of an adjacent FDp-negative plant was collected (Fig. 7b). For this exploratory work which aimed to understand the molecular mechanisms responsible for the lack of lignification caused by FDp, it was considered more relevant to compare diseased and healthy plant material (2 nd sampling method). Shoots in three replicates of each condition were cut at the base, transported in dry ice to the laboratory and stored at -80°C until needed. In June 2022, the third sampling was conducted. Shoots collection was achieved according to the second sampling method, but four biological replicates were collected and were immediately frozen in liquid nitrogen before storage at -80°C, in order to limit gene expression changes [START_REF] Shabihkhani | The procurement, storage, and quality assurance of frozen blood and tissue biospecimens in pathology, biorepository, and biobank settings[END_REF][START_REF] Sundquist | How to Isolate RNA like a Pro -Promega Connections[END_REF], and RNA degradation that can occur after tissue damage [START_REF] Pitt | Changes in activity of lysosomal ribonuclease following mechanical damage to leaves of Solanum tuberosum L[END_REF]. All shoots used in this study are summarized in Table 1 and their infection by FDp was confirmed using a triplex qPCR assay [START_REF] Pelletier | Triplex real-time PCR assay for sensitive and simultaneous detection of grapevine phytoplasmas of the 16SrV and 16SrXII-A groups with an endogenous analytical control[END_REF].

Metabolomics

The procedure developed by [START_REF] Jaini | Targeted Metabolomics of the Phenylpropanoid Pathway in Arabidopsis thaliana using Reversed Phase Liquid Chromatography Coupled with Tandem Mass Spectrometry[END_REF] on Arabidopsis thaliana to quantify phenylpropanoid pathway intermediates by liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) served as a basis to develop the analytical method used in this work. Grogg Chemie AG (Stettlen, Swizerland) supplied caffeic acid (>98%), caffeoyl alcohol (>95%), p-coumaryl alcohol (>98%), coniferyl alcohol (>97.5%), sinapyl alcohol (>80%) and p-fluoro-dl-phenylalanine (>98%), the internal standard (IS) for analyte loss corrections. Each of these analytes were prepared as a stock solution of 1 mg/ml in 100% methanol (MeOH) solution. The 13 standards were then combined in a MeOH/MiliQ H2O (75:25, v/v) solution to obtain a mix of standards. In this initial mix, metabolites were prepared at a concentration of 5 µg/ml, except for phenylalanine (50 µg/ml), coniferyl alcohol (150 µg/ml) and sinapyl alcohol (250 µg/ml), allowing subsequent serial dilutions to encompass the concentration range of metabolite found in the analyzed samples. The mixture was then diluted into 12 concentrations ranging from 0.05 µg/ml to 50µg/ml to (synapyl alcohol), 0.03 -30 µg/ml (coniferyl alcohol), 0.01 -10 µg/ml (phenylalanine) and 0.001 -1 µg/ml for remaining metabolites. In each dilution, the IS was added to a concentration of 10 µg/ml. Calibration curves of each metabolite were obtained by injecting 3 µl of the 12 dilutions of standards mixes into HPLC-MS/MS.

Sample preparation and extraction

Small sections of each sample were freeze-dried for approximately 72 hours and ground to dust using a grinding machine. To protect samples from UV light and humidity, the powder of each sample was kept in individual amber glass bottles and stored in a container filled with Silica Gel. Each sample condition was extracted three times to obtain technical replicates.

Approximately 50 mg of dried weight (DW) were transferred to a 1.5 ml Eppendorf tube and 1ml of 75% methanol solution containing IS at a concentration of 10µg/ml was added (20µl of solution / mg of DW). The samples were immersed for five minutes at 45kHz in an ultrasonic bath and vortexed at 160 relative centrifugal force (RCF) and incubated at 65°C for 30 minutes using a heating thermoshaker. Each sample was then centrifuged for 15 minutes at 21,130 RCF and 700 µl of the supernatant was transferred to a new Eppendorf tube, dried using an evaporator (SP Genevac EZ-2 Series), and re-dissolved in 100 µl of 75% MeOH solution. Quantitative analysis. The limit of quantification (LOQ) and limit of detection (LOD) of each analyte were determined based on the signal-to-noise ratio (S/N). The LOD S/N was set to 3, and the LOQ S/N was set to 10. Although there exist more accurate methods for estimating values falling below the limits, replacing values are most commonly used as they are easier to implement [START_REF] Croghan | Methods of Dealing with Values Below the Limit of Detection using SAS Carry[END_REF]. For statistical analysis, values below LOQ were replaced with LOQ/2 [START_REF] Beal | Ways to Fit a PK Model with Some Data Below the Quantification Limit[END_REF] and values below LOD values were substituted with LOD/√2 [START_REF] Croghan | Methods of Dealing with Values Below the Limit of Detection using SAS Carry[END_REF][START_REF] Succop | Imputation of Data Values That are Less Than a Detection Limit[END_REF]. Device sensitivity, metabolite retention time, and parameters relative to ion detection in the mass spectrometer are summarized in Annex I.

RNA extraction

RNA used for molecular analysis such as RT-qPCR and RNA-seq must meet specific requirements [START_REF] Die | RNA quality assessment: a view from plant qPCR studies[END_REF]. Thus, three different protocols used in the laboratory (CTAB3%, CTAB2%, and RNeasy; protocols in Annex II) were compared based on the extracted RNA quality, quantity, and purity. To identify the most suitable protocol, extraction was performed on one biological replicate of asymptomatic (FDp-negative) shoots.

Comparisons were made on Cabernet Dorsa to ensure sufficient Pinot Noir material for future experiments. To recover only RNA, total nucleic acid extractions were treated with DNase I Part of extracted material was then aliquoted in small volumes and stored at -80°C until needed for RT-qPCR analysis. The remaining part was kept in 100% ethanol at -80°C until RNA sequencing.

2.4. Quantification of key monolignol enzymes

Gene selection and qPCR primer and probe design

Enzymes from the phenylpropanoid/monolignol pathway were identified on KEGG (http://www.genome.jp/kegg/) and Phytozome (http://www.phytozome.net) databases. They were chosen based on their position along the biosynthetic pathway and the small number of predicted isoenzymes (Annex III). One enzyme per key activity category was selected, except for the "lignin polymerization" category which displayed a high number of isoenzymes.

Enzymes that were encoded by few genes in the Vitis genomes were prioritized because they were more adequate for primer design and RT-qPCR quantification, but also provide greater certainty that they actually play a role in the studied pathway. Using Geneious prime v.2022.0.2, a specific primer pair and TaqMan probe were designed for each candidate gene [START_REF] Kearse | Geneious Basic: An integrated and extendable desktop software platform for the organization and analysis of sequence data[END_REF] (Table 2). When two isoenzymes sequences were too similar to design specific primers distinguishing them, consensus primers were designed. This was the case for

VvC4H-2 and VvC4H-3 as well as VvF5H-2 and VvF5H-3.

RT-qPCR: relative quantification and evaluation of primer efficiency

Gene expression was quantified with a two-step RT-qPCR assay. cDNA libraries were prepared using Invitrogen SuperScript IV First-Strand Synthesis System according to the manual instruction. Primer annealing to RNA template consisted of approximately 500 ng template RNA, 1 µl 10 mM dNTP mix, 1µl 50 µM oligod(T) primer and completed with H2O to a total volume of 14 µl. The mixture was heated at 65°C for 5 minutes on a C1000 Touch thermal cycler (BioRad) and incubated on ice while preparing the rertrotransription (RT) mix:

4 µl 5x SSIV buffer, 1 µl 100 mM DTT, 1 µl SuperScript TM IV Reverse Transcriptase. Annealed RNA mixture was then combined to the RT reaction mix, incubated 10 minutes at 50°C for RT and 10 minutes at 80°C for inactivation. First stranded cDNA library was created in a total volume of 20µl and was diluted eight times for a final volume of 160 µl. The simplex qPCR assays were carried out on CFX96 Touch System thermocycler (BioRad) and consisted of 7.5 µl 2X GoTaq ® Probe qPCR Master Mix, 4 µl H2O, 1.5 µl 10X primer/probe (200 nM primer and 100 nM probe final concentrations) and 1µl of cDNA template. The thermal protocol was the following: five minutes at 95°C for polymerase activation followed by 40 cycles of 15 seconds at 95°C for denaturation and 30 seconds at 60°C for annealing and extension.

To compare the expression of target genes (TG) between the different conditions, mRNA levels were normalized to a reference gene (RG) (equation 1), corresponding to a housekeeping gene for which expression is stable across the various conditions studied [START_REF] Curis | Selecting reference genes in RT-qPCR based on equivalence tests: a network based approach[END_REF]. The cytochrome oxidase (COX) and the Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

were highlighted in [START_REF] Bertazzon | Grapevine comparative early transcriptomic profiling suggests that Flavescence dorée phytoplasma represses plant responses induced by vector feeding in susceptible varieties[END_REF] as the two most stably expressed genes in healthy and FDp-infected grapevine. For this study, COX was used to normalize gene expression. From standardized expressions, the level of expression of a gene of interest in symptomatic shoots can be compared to the asymptomatic ones, equation 2 bellow. The qPCR efficiency (E) referred to in equations 1 and 2, represents the efficiency of a primer pair to double the number of molecules after each cycle. Targets and reference gene efficiencies were determined by serial dilutions of cDNA. 20uL of cDNA from all samples collected in 2021 were pooled and used for ten-fold dilutions in RNase-free water. Simplex qPCR assays were performed on the 6 serial dilutions (1 non-diluted and 5 dilutions) to obtain quantification cycle (Cq) values. As shown in Fig. 9, the Cq was then plotted as a function of the log10 dilution factor, and regression curves were generated. Then, the amplification efficiency was determined using the slope of the regression curve (equation 3). 

Normalized expression =

PCR efficiency (E) = 10

Statistical tests for RT-qPCR and metabolomics

Statistical analyses for each analyte and gene expression were performed on Rstudio v2022. 7.1.554 (RStudio Team, 2022). All dependent variables were log-transformed.

Normality was tested by the Shapiro-Wilk test and homoscedasticity with the Breusch-Pagan test. If both conditions were satisfied, a one way-ANOVA (F-test) followed by Tukey's test was performed on data from 2021 which compared more than two groups and a Student's t-test (T-test) for the 2022 dataset. For non-parametrical testing, the Kruskal-Wallis test or Wilcoxon-Mann-Whitney test was performed respectively. For all tests, alpha was set at 0.05.

Transcriptomics

RNA samples from September 2021 were sent to an external platform (https://www.macrogen-europe.com) for library preparation (TruSeq stranded mRNA kit) and sequencing (Novaseq 6000 platform). Each mRNA library was used to generate approximately 80 million paired-end 150bp reads. Raw reads were analyzed with FastQC program v0.11.9 [START_REF] Andrews | Babraham Bioinformatics -FastQC A Quality Control tool for High Throughput Sequence Data[END_REF] and poor-quality data, as well as adaptors, were removed with Fastp v0.23.2 [START_REF] Chen | fastp: an ultra-fast all-in-one FASTQ preprocessor[END_REF]. Reads assembly and mapping to the Vitis vinifera 12X.2 transcriptome [START_REF] Canaguier | A new version of the grapevine reference genome assembly (12X.v2) and of its annotation (VCost.v3)[END_REF] and transcript quantification were performed with Salmon tool v1.9 [START_REF] Patro | Salmon: fast and bias-aware quantification of transcript expression using dual-phase inference[END_REF]. Differential gene expression analysis (log2 fold change) was performed with DESeq2 v1.37.6 [START_REF] Batut | Reference-based RNA-Seq data analysis[END_REF] on a public Galaxy server v22. 05 (usegalaxy.eu;[START_REF] Bibliography Afgan | The Galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2018 update[END_REF]. Transcripts with FDR (False Discovery Rate) values lower than 0.05 were considered as differentially expressed gene (DEG). Additionally, a principal component analysis (PCA) was conducted with DESeq2 to cluster samples according to their expression profile. GO: biological process and KEGG orthology were used for gene annotation and analysis of DEGs. Gene enrichment analysis (GEA) of DEGs (FDR<0.05) was performed on ShinyGo v0.76 [START_REF] Ge | ShinyGO: a graphical gene-set enrichment tool for animals and plants[END_REF] for Gene Ontology (GO): biological process (BP) and KEGG terms. Gene set enrichment analysis (GSEA) was done using the generally applicable gene set enrichment (GAGE) [START_REF] Luo | GAGE: Generally applicable gene set enrichment for pathway analysis[END_REF] on iDEP v0.951 [START_REF] Ge | iDEP: an integrated web application for differential expression and pathway analysis of RNA-Seq data[END_REF]. Unlike GEA, this type of pathway analysis is performed on the gene expression profile (not only gene list input) of all genes (not just those with FDR lower than 0.05). This allows fold change mean and standard deviation calculations for each pathway (gene set) across the entire transcriptome and enable the identification of the most significant ones [START_REF] Liu | Carcinogenic effects of oil dispersants: A KEGG pathway-based RNA-seq study of human airway epithelial cells[END_REF]. DEGs log2 fold of phenylpropanoid pathway enzymes were visualized in a KEGG graph using Pathwiew on iDEP. Expression profile validation of RNAseq data was evaluated by comparison of log2 fold changes obtained by RT-qPCR results.

Results

Metabolomics

Symptomatic shoots from FDp-infected vines fail to lignify properly. As mentioned earlier, anatomical studies indicated a general lack of lignin in the cell walls. To confirm these observations at the metabolic level, the concentration of intermediates of the monolignol pathway was measured in symptomatic and asymptomatic shoots by HPLC-MS/MS. Out of the 13 analyzed metabolites in samples collected in 2021, six had concentrations that varied between healthy asymptomatic and diseased symptomatic shoots (p-value<0.05) (Fig. 10). The concentrations of p-coumaric acid, ferulic acid, coniferaldehyde, and sinapaldehyde were lower in diseased shoots than in healthy ones. Although ferulic acid gave significant differences between treatments in the ANOVA, the Tukey post hoc test did not yield the same observations. In contrast to the above-mentioned compounds, levels of phenylalanine and shikimic acid were increased in infected shoots. Furthermore, shikimic acid was the only compound whose concentration varied statistically from September to October. The concentrations of caffeic acid, sinapic acid, p-coumaryl alcohol, coniferyl alcohol, sinapy alcohol and caffeoyl alcohol were not different upon infection. All concentrations were below 500 ng • mg -1 DW, except for phenylalanine, coniferyl alcohol and sinapyl alcohol. Shikimic acid was not quantifiable in October healthy shoots (>LOQ), phenylalanine was barely quantifiable in September healthy shoots and p-coumaryl alcohol, as well as synaptic acid, were unquantifiable except in September asymptomatic shoots. Cinnamic acid was not detected in any samples (<LOD).

In samples collected in June 2022, three compound levels were statistically distinct between FDp-infected and control conditions (Fig. 11). In diseased shoots, phenylalanine concentration was increased while coniferaldehyde and sinapaldehyde concentrations were decreased. The concentration of the other metabolites (shikimic acid, p-coumaric acid, caffeic acid, ferulic acid, sinapic acid, p-coumaryl alcohol, coniferyl alcohol, sinapyl alcohol and caffeoyl alcohol) was not significantly different between symptomatic and asymptomatic shoots. Just as shoots collected in 2021, phenylalanine, coniferyl alcohol and sinapyl alcohol were the only metabolites in samples from 2022 that had concentrations above 500 ng • mg -1 DW, except for the same compounds. Sinapic acid and p-coumaryl alcohol were only measurable in healthy shoots. Cinnamic acid was again undetected (< LOD). 

RNA extraction protocol comparison

Three RNA extraction protocols (CTAB 2%, CTAB 3% and RNeasy) were compared based on different criteria to identify the most suitable one for RNA-sequencing and gene quantification by RT-qPCR (Annex IV). RNA concentration obtained with CTAB 3% was the only above 100 ng/µl. RINs achieved with CTAB methods were above seven, which was not the case for RNAs obtained with the kit. Ultimately, CTAB3% yielded the purest RNA (close to two). The ratios of A260/280 and A260/230 for the CTAB 2% method were greater than two, whereas A260/230 for RNeasy kit was close to zero. The use of CTAB 3% for the extraction of high-quality RNA was confirmed by analyzing RNA extracted from samples collected in 2021 (Annex V). CTAB 3% was therefore identified as the most satisfactory extraction method, yielding the highest RNA quality, quantity, and purity.

Quantification of key monolignol enzymes

RT-qPCR was used to quantify the expression of genes involved in the monolignol pathway and identify changes in their expression under FDp infection at different moments of the year.

As mentioned earlier, these genes play important function in the pathway (Annex III).

VvC4H-1, VvC4H-2, and VvC4H-3 involved in the second reaction of the general phenylpropanoid pathway are necessary for the production of all phenolic compounds including monolignols, flavonoids, stilbenes and coumarins. In contrast, VvCCR-1, VvCCR-2 and VvCCR-3 are specific to the lignin pathway and are necessary for the production of the tree building blocks of lignin. VvC3H is required to the production of G-and S-units, while VvF5H-1, VvF5H-2 and VvF5H-3 are only necessary for the production of S-units. Primer efficiencies of the mentioned genes ranged between 80 and 104% (Fig. 12) and Cq values correlated rigorously (R 2 >0.985) with dilution series, indicating accurate pipetting precision [START_REF] Rogers-Broadway | Amplification efficiency and thermal stability of qPCR instrumentation: Current landscape and future perspectives[END_REF].

VvCCR-2 and VvF5H-2 / VvF5H-3 could not be detected by two step RT-qPCR in none of the conditions. After analyzing RNA-seq data of samples collected in September, no transcripts corresponding to these gene accessions were identified. In the context of this study, these genes were considered not expressed in Pinot Noir cv. and their function was assumed to be fulfilled by other genes (isoforms).

VvC3H was the only gene whose expression was different between symptomatic and asymptomatic samples collected in 2021 (Fig. 13). Its expression was indeed downregulated in infected shoots. Expression of VvC4H-1, VvC4H-2 / VvC4H-3, VvF5H-1, VvCCR-1 and VvCCR-3 did not significantly change upon infection. In June 2022 samples, VvC4H-1, VvC4H-2 / VvC4H-3 and VvF5H-1 were less expressed in diseased shoots (Fig. 14). No changes in gene expression was identified for VvC3H, VvCCR-1 and VvCCR-3.

Transcriptomics

RNA extracted from September symptomatic and asymptomatic shoots used for RT-qPCR was also sequenced to further investigate the expression of genes involved in the phenylpropanoid/lignin pathway, but also enquire other pathways or processes which or might be modified during infection and may participate in the development of the observed symptoms.

Illumina sequencing generated between 96.5 and 106.9 million reads. After adaptors and quality trimming, the remaining reads ranged from 94.6 to 104.8 million, confirming high read quality.

Comparison of shoots transcriptional profiles was performed with a PCA on the RNA-seq dataset (Fig. 15). Principal Component 1 (PC1) explained 87% of the variance separating symptomatic and asymptomatic shoot, suggesting different gene expressions depending on the infectious status. PC2 explaining 6% of the variance separated samples within one condition.

Out of 42,413 genes, 7,328 were differentially expressed (FDR < 0.05) in infected shoots in comparison to healthy one (Fig. 16). Upregulation was found for 4,168 genes, whereas downregulation was evidenced for 3,160 genes. Enrichment and pathway analyses revealed that 79% of DEG matched GO and KEGG terms. In the context of the FDp infection, the most enriched biological processes and pathways associated with DEGs are reported in Fig. 17a When considering the gene expression profiles using GAGE analysis, photosynthesis, defense response and cell recognition were the most upregulated biological processes in the symptomatic shoots (Fig. 17c). In contrast, the most downregulated processes were regulation of proteolysis, protein folding and oligomerization, developmental process, cell differentiation, secondary cell wall biogenesis, and metabolism related to phenylpropanoid and lignin. A closer examination of the phenylpropanoid pathway in Pathview (Fig. 18) confirmed its overall downregulation. These results corroborate with the fold change tendency observed in symptomatic shoots for the candidate genes analyzed by RT-qPCR (Fig. 19).

Discussion

Grapevine infected by FDp display various symptoms, including a lack of lignification of growing shoots. In the context of this master's thesis, three experimental approaches were proposed to understand the molecular mechanisms responsible for the development of this symptom. RT-qPCR and metabolomic analyses were used to investigate molecular and metabolite modifications of the phenylpropanoid/lignin pathway. In parallel, RNA-seq was performed on part of the dataset to validate the observed results and investigate additional metabolic pathways impacted by the FDp in symptomatic shoots.

Starting with the metabolomic analysis of the monolignol pathway by LC-MS/MS, several metabolites displayed different concentration content in symptomatic shoots, with more impacted analytes in those collected in September and October. These observations coincide with the appearance of lignified shoots at the end of the summer. Yet, discrepancies in metabolite levels in June shoot samples could also indicate which processes might be affected earlier by the phytoplasma. Despite that samples obtained from different years (and therefore different plants) are not directly comparable, they did allow the identification of metabolic trends and, more prudently, gene expression fluctuations over the course of the season and in response to FDp infection. Shikimic acid, located upstream of the phenylpropanoid pathway, was highly concentrated early in the season regardless of the studied condition. While its concentration physiologically decreased during the successive months, the process was slowed down in symptomatic shoots. In contrast, phenylalanine concentration remained low in healthy shoots and was higher in diseased ones. These observations suggest that the phenylpropanoid/lignin biosynthesis is impacted earlier than the shikimic pathway. Infection by FDp might induce the production of phenylalanine, as observed in other bacterial and phytoplasma infections ( [START_REF] Jan | Overexpression of OsCM alleviates BLB stress via phytohormonal accumulation and transcriptional modulation of defense-related genes in Oryza sativa[END_REF][START_REF] Li | Transcriptome integrated with metabolome reveals the molecular mechanism of phytoplasma cherry phyllody disease on stiff fruit in chinese cherry (Cerasus pseudocerasus l.)[END_REF]) or be accumulated as it could not continue further in the pathway. The latter hypothesis is supported by the downregulation of enzymes located downstream of phenylalanine. In June, genes downstream of phenylalanine such as VvC4H-1, VvC4H-2, VvC4H-3 and VvF5H-1 were all downregulates in symptomatic shoots, which might explain why phenylalanine would accumulate. Same observations could be applied in shoots collected from September and October. Although VvC3H-1 was the only significant downregulated gene in RT-qPCR assays, RNAseq was able to demonstrate the overall lower expression of phenylpropanoid/monolignol enzymes (including genes quantified by RT-qPCR) in symptomatic shoots. There might be multiple reasons why these genes could not show a significant difference during statistical testing.

Standard error (SE) across the different conditions and genes from samples collected in 2021 was quite high. Therefore, if there were any actual differences in gene expression, their identification would have been prevented by important variability. This could be caused by gene expression fluctuation during samples transportation of samples. It was described that tissue damage could increase the expression of genes involved in lignin synthesis [START_REF] Moura | Abiotic and Biotic Stresses and Changes in the Lignin Content and Composition in Plants[END_REF].

Gene expression normalization was done using a single reference gene. Although it is usually not acceptable [START_REF] Bustin | The MIQE Guidelines: Minimum Information for Publication of Quantitative Real-Time PCR Experiments[END_REF], the reason why it was done was simply to avoid ordering additional primers and probes that would have resulted in additional cost as one of the two most stable reference genes described in a similar study to this one [START_REF] Bertazzon | Grapevine comparative early transcriptomic profiling suggests that Flavescence dorée phytoplasma represses plant responses induced by vector feeding in susceptible varieties[END_REF] was already in use in the laboratory. It was thus considered sufficient to use only this gene to conduct this exploratory work and bring out interesting results.

C4H_1, C3H, CCR_3 and F5H_1 primer efficiency was below the acceptable range of 90 to 110% [START_REF] Čepin | Understanding qPCR Efficiency and Why It Exceeds 100%[END_REF][START_REF] Svec | How good is a PCR efficiency estimate: Recommendations for precise and robust qPCR efficiency assessments[END_REF], indicating that PCR primer and/or probe designs were not optimal. They were indeed associated with greater hairpin melting temperature, making them more subject to form secondary structures interfering with mRNA amplification [START_REF] Fan | Effects of secondary structures of DNA templates on the quantification of qPCR[END_REF]. Going back to the phenylpropanoid pathway shutdown that occurred in infected shoots, the resulting production of G-and S-monolignol precursors (coniferaldehyde and cinnamaldehyde) was significantly reduced. Since VvF5H-1 (necessary for synthesis of S units) was downregulated in June, it would have been interesting to investigate if the ratio of the S/G monomers was actually modified in symptomatic shoots. In any case, the concentration of lignin building blocks of collected shoots was lower at the three studied moments, indicating that young shoots produced less lignin and confirming the anatomical observations [START_REF] Jelmini | Phloem and xylem modifications of Vitis vinifera stems in response to flavescence dorée phytoplasma infection[END_REF]. The reason why only precursors and not monolignols (G and S units) were significantly lower in diseased shoots might either be linked to the poor detection sensibility of these compounds in the mass spectrometer (high LOQ and LOD) or simply due to the reaction kinetics, rapidly transporting these compounds upon their synthesis into the cell walls.

In line with these observations, the biosynthesis of cell wall macromolecules macromolecules was downregulated in symptomatic shoots. Beside lignin, cellulose and hemicellulose are also macromolecules found in the cell wall. While cellulose is exclusively made of glucans, hemicellulose contains glucans, mannans, xylans, galactans and other polymers [START_REF] Scheller | Hemicelluloses[END_REF]. The metabolism of these same compounds as well as the cell wall organization and biogenesis were included in the most enriched biological processes and pathways upon infection. It could therefore be supposed that the composition of SCWs in symptomatic shoots undergo important modifications that may impair cellular rigidity and mechanical support.

As previously stated, phytoplasmas are frequently associated with symptoms of impaired development. The development of these specific symptoms is generally not a plant response of to the infection but rather induced by effectors of the phytoplasma capable of manipulating its host gene expression. Investigation of gene expression modification in symptomatic shoots highlighted an inhibition of developmental processes and cell differentiation. These modifications that might be induced by the pathogen explains suggest that symptomatic shoots stay green because they do not maturate.

Further examination of transcriptomic results revealed that genes involved in metabolisms related to amino acids and carbohydrate were differently expressed upon infection. As a matter of fact, these pathways are often targeted by phytoplasmas [START_REF] Tan | Integration of metabolomics and existing omics data reveals new insights into phytoplasma-induced metabolic reprogramming in host plants[END_REF] They can feed on different sources of nutrients by expressing different type of transporters on their membrane surface. Interestingly, it has been hypothesized that infection by Paulownia witches'-broom (PaWB) could enhanced Paulownias carbohydrate content by modifying the host cell wall biosynthesis and degradation gene expression [START_REF] Mou | Transcriptomic Analysis of Paulownia Infected by Paulownia Witches'-Broom Phytoplasma[END_REF]. Thus, modification of gene expression associated to the mentioned metabolisms and to cell wall biogenesis could be a strategy for the phytoplasma to acquire more nutrients.

Infection by FDp are generally associated to downregulation of photosynthetic activity [START_REF] Margaria | Novel aspects of grapevine response to phytoplasma infection investigated by a proteomic and phospho-proteomic approach with data integration into functional networks[END_REF][START_REF] Teixeira | Flavescence Dorée-Derived Leaf Yellowing in Grapevine (Vitis vinifera L.) Is Associated to a General Repression of Isoprenoid Biosynthetic Pathways[END_REF]. The accumulation of carbohydrates in infected shoots described in the previous paragraph is thought to create a negative feedback response on photosynthesis [START_REF] Mou | Transcriptomic Analysis of Paulownia Infected by Paulownia Witches'-Broom Phytoplasma[END_REF]. In this work, genes associated to photosynthesis were upregulated in FDp-infected shoots. Two principal hypotheses can emerge from this. The first one being that reduced photosynthetic activity observed in grapevine leaves (bla) could induce expression of genes compensating this deficiency. The other reason might be associated to immaturity of stem tissues. During grapevine stems maturation, there is a reduction in pigment content (chlorophyll a and b as well as carotenoids) and modifications in the structural organization of the photosynthetic apparatus from a leaf-type to a woody stem type [START_REF] Tikhonov | Structural and functional characteristics of photosynthetic apparatus of chlorophyll-containing grape vine tissue[END_REF]. These changes actually allow woody shoots to improve tolerance to freezing conditions and a higher sensitivity to light.

To finish, it is important to keep in mind that samples collected in 2021 and used for molecular analysis (RT-qPCR and RNA-seq) were not flash-frozen in liquid nitrogen after collection, which might influence the reliability of these results. What might be witnessed could be shoot's reaction to an abiotic stress in the context of a FDp infection. However, enrichment of plantpathogen interaction and plant hormone signal transduction biological processes in diseased plants are good indicators that results might not be so biased. Furthermore, the investigation of the variability between shoots that were actually not grown under controlled condition actually highlighted a good discrimination between gene expressed in symptomatic and asymptomatic shoots. Finally, the results observed in the three experimental approaches were consistent and complemented well each other.

Conclusion

Under FDp infection, there are important modifications on the biological processes and metabolic pathways. By employing transcriptomic and metabolomic approaches, this project revealed that genes involved in the general phenylpropanoid and lignin specific pathways were downregulated, leading to an accumulation of monolignol precursors and consequently less lignin deposition in SCWs. In parallel, metabolism associated to the component of other SCW macromolecules were also modified in symptomatic shoots, which might further indicate a disorganization of the SCW, impairing stem rigidity. In addition, transcriptomic results along with anatomical evidences suggested that infected shoots do not maturate, explaining why symptomatic shoots stay green. As in other phytoplasma infections, the metabolisms associated with carbohydrates and amino acids, necessary for them to obtain nutrients, were also affected.

This hypothesis could be easily tested by reducing plant carbohydrate content (e.g. plants in the dark or lower light exposure) and measuring if the titer in FDp is consequently reduced.

Contrarily to what was expected, the genes involved in photosynthesis were upregulated, it would thus also be interesting to do further studies in order to see if these results support an increase of the synthetic activity. Finally, the sampling method was not the most suitable, but sufficient to conduct this exploratory work and open up new research horizons.

Perspectives

Studies with more adequate sample management will be required in the future to corroborate the results obtained in this work. Further experiments measuring photosynthetic activity and carbohydrate content could also help to conclude on the real impact of differentially expressed genes on infected grapevines physiology. In addition, it would be interesting to add other modalities to further improve FDp infectious mechanisms comprehension. Incorporating asymptomatic infected shoots into the sampling method done in this work would be useful to distinguish which processes are due to biological variations from those related to the infection.

Furthermore, the introduction of other cultivars showing different susceptibility degrees to FDp would help to understand what genetical features accounts for disease incidence, symptoms gravity and phytoplasma replication. Although the final mechanisms that lead to the development of this symptoms are better understood, the reason why and how the phytoplasma could induce these changes will require more attention. 

Figure 1 .

 1 Figure 1. Flavescence dorée phytoplasma is transmitted to grapevine (Vitis vinifera) by Scaphoideus titanus leafhopper.

Figure 2 .

 2 Figure 2. National Flavescence dorée monitoring in 2021 modified from Agroscope (2022). FDp was mainly present over Ticino canton (infested region in red and buffer zone in pink) and punctual detection was reported in the cantons of Geneva, Vaud and Wallis with red dots representing FDp positive vineyard.

  ) and Rizzoli et al. (2022) described changes induced by FDp. In symptomatic (FDp-positive) shoots of the susceptible cultivar 'Chardonnay', phloem hyperplasia and absence of periderm formation were observed. The cortex also lacked cork cambium and contained collenchyma, both of which are indicators of immature tissue (Fig. 5a). Regarding xylem tissues, Jelmini et al. (2021) described a general lack of lignin in cell walls, inhibition of xylem growth, and a reduction in vessel diameter. Reduction in the width of xylem vessels and incomplete xylem formation (lack of early wood) are depicted in Fig. 5b.

Figure 3 .Figure 4 .

 34 Figure 3. Illustrations of the five nymphal stage and the imago of S. titanus (from Chuche, 2010)

Figure 5 .

 5 Figure 5. Histological modifications by FDp in susceptible 'Chardonnay' cultivar. (a) September yearly grown shoot's section (2018) adapted from (Jelmini et al. 2021). (b) trunk core section of 6 years including the year of symptom expression (2019) adapted from (Rizzoli et al. 2022). ep = epidermis; co = cortex; cc = cork cambium; c = collenchyma; s = sclerenchyma; vc = vascular cambium; ph = phloem xy = xylem; pi = pith; rw = ring width; ew = early wood; lw = late wood.

Figure 6 .

 6 Figure 6. General phenylpropanoid and lignin-specific pathways. PAL = Phenylalanine ammonialyase; C4H = cinnamate 4-hydroxylase; 4CL = 4-coumarate:CoA ligase, HCT = shikimate Ohydroxycinnamoyltransferase; C3H = p-coumarate 3-hydroxylase; CSE = caffeoyl shikimate esterase; CCoAOMT = caffeoyl-CoA O-methyltransferase; COMT = caffeic acid 3-O-methyltransferase; ferulic acid 5-hydroxylase (F5H); CCR = cinnamoyl-CoA reductase; CAD = cinnamyl-alcohol dehydrogenase.

Figure 7 .

 7 Figure 7. Schematic representation of the different sampling schemes. (a) Symptomatic and asymptomatic shoots were collected from the same plant. (b) Symptomatic and asymptomatic shoots were collected from different plants. FDp+ = positive to FDp; FDp -= negative to FDp.

Figure 8

 8 Figure 8 HPLC-MS/MS chromatogram (total ion count (TIC) as a function of time) of the 13metabolites standard mixture at the highest concentration: 50 µg/ml Synapil alcohol(7), 30 µg/ml coniferyl alcohol (6), 10 µg/ml Phenylalanine (2), and 1 µg/ml shikimic acid (1), caffeoyl alcohol (3), caffeic acid (4), p-coumaryl alcohol[START_REF] Malembic-Maher | When a Palearctic bacterium meets a Nearctic insect vector: Genetic and ecological insights into the emergence of the grapevine Flavescence dorée epidemics in Europe[END_REF], p-coumaric acid[START_REF] Annex | Output order of compounds from the column with their specific retention time (RT), Q1/Q3 mass transition (Q/Z), ion fragmentation, and collision energies used for detection in the MS/MS and quantification/detection limits (LOQ and LOD). Annex II. Three compared RNA extraction protocols: CTAB3%, CTAB2% and RNeasy from Qiagen. Order Metabolite RT (min)[END_REF], ferulic acid (9), sinapic acid (10), coniferaldehyde (11), sinapaldehyde (12) and cinnamic acid (13). Internal standard (IS) with a concentration of 10 µg/ml.

Figure 9 .

 9 Figure 9. Theoretical calibration curve from Kralik and Ricchi (2017). 100% efficiency linear regression (E=2) is associated with a slope of -3.222. Pipetting precision is 100% (R 2 = 1).

Figure 10 .

 10 Figure 10. Metabolic concentrations in 2021. Values expressed as ng/mg of fresh weight (FW) are reported as mean ± the standard error (SE). Statistical significance of time point (season) and treatment (Treat.) factors obtained in F-test are denoted above the graphs (* = p<0.05; ** p < 0.01; p < 0.001). Different letters indicate significant differences (p < 0.05) according to the post hoc Tukey HSD test. Dashed lines = LOQ; dot-dashed lines = LO

  and 17b respectively. It included: responses to various types of stimuli (biotic and abiotic stress), plant-pathogen interaction, plant hormone signal transduction, transmembrane transport, , biosynthesis, amino acids (AA) biosynthesis (including aromatic amino acids from the shikimate pathway), phenylpropanoid and flavonoid biosynthesis, cell wall organization or biogenesis associated and the metabolisms of important cell wall components (polysaccharides and glucans).

Figure 13 .

 13 Figure 13. Expression of candidate genes from the phenylpropanoid/monolignol pathway in 2021. Values normalized to the housekeeping gene (COX) are reported as mean ± SE. Statistical significance of time point (season) and treatment factors obtained in ANOVA are denoted above the graphs (* = p<0.05; ** p < 0.01; p < 0.001). Different letters indicate significant differences (p < 0.05) according to the post hoc Tukey HSD test.

Figure 14 .

 14 Figure 14. Expression of candidate genes from the phenylpropanoid/monolignol pathway in 2022. Values normalized to the housekeeping gene (COX) are reported as mean ± SE. Statistical significances between treatments obtained in T-test are noted above the graphs (* = p<0.05; ** p < 0.01; p < 0.001).

Figure 15 .

 15 Figure 15. Principal component analysis (PCA) using DESeq2 log 2-fold normalized RNA-seq data.

Figure 16 .

 16 Figure 16. Volcano plot with focus on up-and downregulated DEG (FDR<0.05).

Figure 17 .

 17 Figure 17. DEG enrichment and pathway analysis. 20 more enriched (a) GO: biological process and (b)

Figure 18 .

 18 Figure 18. Fold change gene expression of the phenylpropanoid pathway visualized in Kegg graph
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Table 1 .

 1 Summary

	Sample name	Biological replicate number	Treatment	Collection month	Year
	40_A_SEPT	VD-40 neigbour	Asymptomatic (FDp negative)	September	
	40_S_SEPT	VD-40	Symptomatic (FDp positive)	September	
	40_A_OCT	VD-40 neigbour	Asymptomatic (FDp negative)	October	
	40_S_OCT	VD-40	Symptomatic (FDp positive)	October	
	41_A_SEPT	VD-41 neighbour	Asymptomatic (FDp negative)	September	
	41_S_SEPT	VD-41	Symptomatic (FDp positive)	September	
	41_A_OCT	VD-41 neighbour	Asymptomatic (FDp negative)	October	
	41_S_OCT	VD-41	Symptomatic (FDp positive)	October	
	45_A_SEPT	VD-45 neighbour	Asymptomatic (FDp negative)	September	
	45_S_SEPT	VD-45	Symptomatic (FDp positive)	September	
	45_A_OCT	VD-45 neighbour	Asymptomatic (FDp negative)	October	
	45_S_OCT	VD-45	Symptomatic (FDp positive)	October	
	10_A	VD-10 neighbour	Asymptomatic (FDp negative)	June	
	10_S	VD-10	Symptomatic (FDp positive)	June	
	11_A	VD-11 neighbour	Asymptomatic (FDp negative)	June	
	11_S	VD-11	Symptomatic (FDp positive)	June	
	12_A	VD-12 neighbour	Asymptomatic (FDp negative)	June	
	12_S	VD-12	Symptomatic (FDp positive)	June	
	13_A	VD-13 neighbour	Asymptomatic (FDp negative)	June	
	13_S	VD-13	Symptomatic (FDp positive)	June	

table of samples collected and analyzed in this study. The biological replicate number refers to the official number allocated to suspicious plants for FDp diagnosis. All symptomatic shoots were confirmed positives to FDp infection, and all asymptomatic shoots were negatives.

Table 2 .

 2 Primer pair and probe sequences for each target gene and their characteristics.

  Annex III. Number of isoenzymes found in the databases, selected enzymes for RT-qPCR relative quantification and key role of these enzyme in the phenylpropanoid/lignin pathway.

	Enzyme	Database Number of isoenzymes Candidate gene		Key role in lignin biosynthesis
	PAL	Kegg Phytozome	14 13	0	General phenylpropanoid : necessary for all subunits synthesis
	C4H	Kegg Phytozome	3 3	3	General phenylpropanoid : necessary for all subunits synthesis
	4CL	Kegg Phytozome	8 5	0	General phenylpropanoid : necessary for all subunits synthesis
	HCT	Kegg Phytozome	10 4	0		Involved in G and S subunits synthesis
	C3'H	Kegg Phytozome	1 1	1		Involved in G and S subunits synthesis
	CSE	Kegg Phytozome	5 1	0		Involved in G and S subunits synthesis
	COMT	Kegg Phytozome	11 8	0		Involved in G and S subunits synthesis
	CCoAOMT	Kegg Phytozome	5 2	0		Involved in G and S subunits synthesis
	F5H	Kegg Phytozome	3 3	3		Involved in S subunits synthesis
	CCR	Kegg Phytozome	1 3	3		Lignin specific : necessary for all subunits synthesis
	CAD	Kegg Phytozome	9 24	0		Lignin specific : necessary for all subunits synthesis
	PRX	Kegg Phytozome	84 71	0			Lignin polymerization
	LAC	Kegg Phytozome	/ 52	0			Lignin polymerization
	Annex IV. Summary table of RNA extraction protocols with RNA yield, quality (RIN), and purity
	(A260/280 and A260/230)				
	Extraction protocol Replicate RNA [ng/µl]	RIN	A260/280 A260/230
		CTAB 3%	1	112		7.5	2.07	1.98
		CTAB 3%	2	112		7.8	2.06	1.98
		CTAB 2%	1	5.72		N/A	4.69	12.95
		CTAB 2%	2	8.84		1.3	2.83	6.66
		RNeasy	1	27		7.3	1.9	0.23
		RNeasy	2	19.6		7.2	1.75	0.3

Remerciements

Résumé

Le phytoplasme de la flavescence dorée est un pathogène de quarantaine de la vigne transmis par une cicadelle, causant d'importante perte économique. Le rougissement/jaunissement des feuilles, flétrissement des grappes et défaut d'aoûtement sont les trois symptômes caractéristiques de cette maladie. Alors que les deux premiers symptômes décris sont souvent associés à d'autres phytopathogènes, les défauts de développement tel que l'aoûtement sont caractéristiques des phytoplasmes. Néanmoins, les mécanismes par lesquels ils causent ses symptômes sont encore peu connus. Ce projet a pour but de mieux comprendre quels processus empêchent les sarments infectés par le phytoplasme de la flavescence dorée d'aoûter correctement. L'étude comparatives de sarment de Pinot Noir infectés et sains ont permis de mettre en évidence des modifications transcriptomiques et métaboliques importantes expliquant le développement symptomatologique. La répression des processus de différenciation et de biosynthèse des macromolécules de la paroi cellulaires secondaire, dont la lignine, empêchent la maturation et la rigidification des sarments de vignes. À partir des résultats observés, il semblerait que le phytoplasme modifient l'expression génique de son hôte pour favoriser son propre développement. Cependant, les mécanismes sous-jacents par lequel il agirait restent encore à étudier.
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Abstract

Flavescence dorée phytoplasma (FDp) is a quarantine pathogen of grapevine transmitted by a leafhopper, causing important economic losses. Leaf reddening/yellowing, berry withering, and lignification defects are the three characteristic symptoms of this disease. While the first two symptoms described are often associated with other plant pathogens, developmental defects such as lack of lignification are characteristic of phytoplasmas. However, the mechanisms by which they cause these symptoms are not well known. This project aims to better understand which processes prevent FDp-infected shoots from lignifying properly. Comparative studies of infected and healthy Pinot Noir shoots have revealed important transcriptomic and metabolic changes that explain the symptomatic development. The repression of cell differentiation and biosynthesis of secondary cell wall macromolecules, including lignin, prevent the maturation and rigidification of grapevine shoots. Observed results suggest that the phytoplasma modifies its host gene expression to favor its own development. However, the underlying mechanisms by which it could act remain to be studied. Keywords : Flavescence dorée -grapevine -phytoplasma -shoot -lignification