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Introduction

39

As their host plants are immobile, the vast majority of phytoviruses rely on insect vectors for their 40 dispersal among hosts and their survival ( [START_REF] Whitfield | Insect vector-mediated transmission of plant 1110 viruses[END_REF]; [START_REF] Bragard | Status 900 and prospects of plant virus control through interference with vector transmission[END_REF]). Different strategies 41 of viral transmission have been described allowing a virus to be recognized and transported by its vector 42 in a non-persistent, semi-persistent or persistent mode depending on the retention time and the virus 43 location in the insect [START_REF] Whitfield | Insect vector-mediated transmission of plant 1110 viruses[END_REF]. Persistent Among persistently-transmitted viruses encompass 44 viruses thatsome replicate in insect tissues (propagative mode) and viruses thatothers only circulate in A.rabidopsis thaliana Col-0 were inoculated three weeks post-sowing using viruliferous M. persicae. Non-101 viruliferous aphids were fed on an artificial medium [START_REF] Bruyère | Effects of mutations in the beet western yellows virus readthrough protein on its 909 expression and packaging and on virus accumulation, symptoms, and aphid transmission[END_REF] containing purified TuYV at a 102 concentration of 100 ng/µL and prepared as described in (J. M. van den Heuvel 1991). After 24 h of 103 acquisition, two aphids were transferred onto each Col-0 plant for 72 h. Aphids were then manually gently 104 eliminated with a soft brush to avoid any effect of an insecticide treatment on the plant physiology and Nanodrop spectrophotometer (Thermo Fischer Scientific). Sample purity was considered as acceptable 120 with 260/280 nm and 260/230 nm ratios of 1.8-2.0. Then, total RNA from three to four plants were pooled 121 with equal amounts of nucleic acids of each plant and quantified using the Qubit fluorometer and Qubit 122 RNA BR Assay kit (Thermo Scientific, Inc.). Three replicates were set up for each condition (Suppl. Table 123 S1). RNA integrity was further checked with the 2100 Bioanalyzer TM capillary electrophoresis system 124 (Agilent Technologies, Palo Alto, CA) using the Plant RNA 6000 Nano kit. Three µg of total RNA per sample 125 was send to Fasteris (http://www.fasteris.com, Switzerland) to generate strand-specific RNA-seq libraries.

126 Following quality control, the libraries were sequenced (paired-end 2  75 pb) on the Illumina HiSeq 4000 127 platform. Sequence data was deposited onto GEO under the submission number GSE218846.

128

Between 13 and 23 million reads were obtained per library. Initial quality assessment of raw RNA-seq data 129 was performed with FastQC version 0.11.2 [START_REF] Andrews | A quality control tool for high throughput sequence data[END_REF]. Duplicated paired reads were removed from 130 each library using FastUniq version 1.1 [START_REF] Xu | FastUniq: A Fast De Novo Duplicates 1128 Removal Tool for Paired Short Reads[END_REF]. Remaining reads were mapped against A. thaliana 131 genome TAIR10 using HiSAT2 version 2.0.5 [START_REF] Kim | HISAT: A fast spliced aligner with low memory 988 requirements[END_REF]) (Suppl. Table S1S2). The count of overlapping 132 reads with genes was assessed with HTSeq-count version 0.6.1 [START_REF] Anders | HTSeq-A Python framework to work with high-throughput 877 sequencing data[END_REF] using intersection-133 nonempty option. Differential analysis of count data was realized with DESeq2 version 1.14.1 (Love et al. 134 2014) with pre-filtering to keep only genes that have a least one read. The conditions were compared two 135 by two, and genes with log 2 FC ≥ 0.75 and corresponding p-value less than 0.05 were considered as 136 statistically deregulated.

137

The deregulated genes identified in the five differential analyses (A, B, C, F and G) were subjected to 138 hierarchical clustering analysis using the TIGR MultiExperiment Viewer (MeV) software [START_REF] Howe | MeV: 965 MultiExperiment Viewer[END_REF].

139

A first step of hierarchical clustering was performed using the non-parametric Kendall's tau similarity 140 metric and single linkage as the aggregation method. Six branches were extracted which correspond to 147 DEGs were analyzed using MapMan software (MapMan v 3.6.0 [START_REF] Thimm | MAPMAN: A user-driven 1081 tool to display genomics data sets onto diagrams of metabolic pathways and other biological 1082 processes[END_REF]). This tool is specifically 148 designed for plant-specific pathways and is composed of a scavenger gene ontology in which genes are 149 assigned into largely and non-redundant and hierarchically organized BINs (34) divided into subBINs.

150 Three functional categories (gluconeogenesis, tricarboxylic acid (TCA) and polyamine metabolism) were 151 not or poorly represented (0 or 1 DEG/condition) and were therefore not considered in the figure .   152 153

Comparison between the data and transcriptomic data from the literature

154

A review of public transcriptomic data was carried out. We selected experiments analyzing M. persicae 155 infestation in similar conditions to compare the data. As these data resulted from microarray assays, they 156 were retrieved and reanalyzed using our former significance standards (log 2 FC and p-value). 

200

Nebulization with nitrogen sheath gas and auxiliary gas were maintained at 40 and 10 arbitrary units, 201 respectively. The spectra were acquired within the m/z mass range of 100-1,200 atomic mass units (amu), 202 using a resolution of 50,000 at m/z 200 amu. The system was calibrated internally using dibutylphthalate 203 as lock mass at m/z 279.1591, giving a mass accuracy lower than 1 ppm in positive mode. The instruments 204 were controlled using the Xcalibur software and data was processed using the XCMS software package 205 (Smith et al., 2006). Raw data were converted to the mzXML format using MSconvert before analysis.

206

Settings of the xcmsSet function of XCMS were as follows: method = "centWave", ppm = 2, noise = 30000, 207 mzdiff = 0.001, prefilter = c(5,15000), snthresh = 6, peakwidth = c(6,35). Peaks were aligned using the 

272

To confirm the gene expression data obtained by RNA-seq, we evaluated by qRT-qPCR the deregulation 273 of eleven genes that were found similarly altered (up-or down-regulated) in all conditions and one gene 274 (AT1G76790) which expression varied in both orientations depending on the conditions (Fig. 4A). RNA 275 samples from two independent experiments were tested: those from the experiment used in the 276 transcriptomic study and those from another experiment performed in similar conditions. Figure 4A, 277 shows that the same trend of expression was observed when transcript accumulations were measured by 278 qRT-qPCR (green and yellow bars representing the two biological repeats), or by RNA-seq (blue bars), with 279 a significant statistical correlation (Fig. 4B). The close gene expression patterns observed between the two 280 techniques (RNA-seq and qRT-qPCR) confirm the reliability and quality of the transcriptomic data.

281

The objective of our study was to specifically investigate the plant response induced by aphids in mock- [START_REF] Huang | The DAVID 972 Gene Functional Classification Tool: A novel biological module-centric algorithm to functionally 973 analyze large gene lists[END_REF] among the common DEG according to the time of aphid infestation. Early down-314 regulated genes were mainly enriched in jasmonic acid, wounding and abscisic acid responsive genes, 315 while up-regulated genes belonged to genes of thepathways for chitin metabolism, the general and 316 bacterial defense responses (Suppl. Fig. 3A and3B). After 72 h aphid infestation, down-regulated genes 317 were enriched in genes for those involved in responsesding to water deprivation, abscisic acid and 318 wounding. ,A while auxin-responsive genes and genes involved in development andal growth were more 319 represented upon within the up-regulated genes group (Suppl. Fig. 3C and3D). for A. thaliana (Fig. 6). The major bin code ontologies present in the aphid-only treated plant conditions 341 were "RNA processing/transcription/binding" and "proteins" at both time points (Fig. 6, bars at the left, 342 in yellow (6 h), red (72 h) and orange for the genes found at both time points). In particular, 61% and 70% 343 of the genes in the "RNA processing/transcription/binding" category encode transcription factors at 6 h 344 and 72 h of aphid post-infestation respectively and 42% of the genes found in the category "protein" were 345 related to protein degradation processes whatever the time of aphid infestation. Genes belonging to 346 categories like "stress", "peroxidases/gluthathion-S-transferases", "signaling", "cell cycle" and 347 "transport" were also highly represented. Genes deregulated in plants treated with both TuYV and aphids 348 fit into similar categories but were considerably less abundant (Fig. 6, bars at the right with the same scale, 349 light green (6 h), dark green (72 h) and intermediate green for the genes found at both time points). These 350 observations highlight the broad impact of TuYV on the transcriptional response specific to plants infested 351 by aphids.

352

To examine whether there is a specific trend in the deregulations triggered by both pests, treatments we 353 considered the sum of repressed and induced DEG in each GO categories. In plants infested with aphids 354 only, the ratio of repressed genes versus induced genes was significantly higher in the categories "amino 355 acid metabolism", "secondary metabolism" and "DNA" (Suppl. Fig. 4A). The categories "RNA processing", 356 "protein" and "cell cycle" contained about twice as much repressed DEG than induced DEG. Among the 357 categories displaying more induced DEG, "cell wall" and "lipid metabolism" categories are the most 358 represented. In plants challenged with both aphids and TuYV, the ratio of repressed versus induced genes 359 was particularly represented in the "photosynthesis", "glycolysis", "secondary metabolism", "signaling", 360 "microRNA" and "development" categories (Suppl. Fig. 4B). Conversely, a few categories displayed only 361 induced genes like "major CHO metabolism" and "fermentation". 387 Among the primary metabolites, some plant amino acids are essential nutrients for aphids. Aphids cannot 388 synthesize essential amino acids which are usually in short supply in phloem sap. Aphids therefore mostly 389 rely on their symbionts to synthesize these amino acids [START_REF] Hansen | Aphid genome expression reveals host-symbiont cooperation 961 in the production of amino acids[END_REF]. Sandström et al., 390 (2000) showed that the aphid Schizaphis graminum increased the content of essential amino acids present 391 in the phloem of host plants. We therefore explored whether aphids, or the aphid-transmitted virusTuYV, 392 could trigger the plant responses and alter some of the essential amino acids present in the plant. Globally, 393 the virus alone had only a limited effect on the amino acids content in our conditions (Fig. 8, condition A).

394 Aphids, on the other hand, displayed a more pronounced effect on the amino acid accumulation, 395 especially on Isoleucine, Tyrosine and Serine, but also on Valine, Methionine, Lysine and Hydroxyproline 396 (Fig. 8, condition B). This was particularly noticeable after 6 h of infestation while the changes tend to 397 decline after 72 h of infestation. Interestingly, when both aggressors were present on the plant, the amino 398 acid over-accumulation observed at 6 h post-infestation were was mostly maintained at 72 h post-399 infestation. Tyrosine and Proline were two amino acids that accumulated at high levels when aphids and 400 TuYV were present (Fig. 8). Many significant increases could be assigned to aphids, as these effects were 401 sustained maintained when the data were normalized with those of the virus (Fig. 8, conditions F and G).

402

This contrasts with the results observed for the transcriptomic analysis where the deregulations induced 403 by the aphid infestation on mock-inoculated plants were significantly lowered by the virus infection.

404

Sugar concentration has been reported to increase in aphid-infested Arabidopsis plants [START_REF] Singh | TREHALOSE PHOSPHATE SYNTHASE11-1076 dependent trehalose metabolism promotes Arabidopsis thaliana defense against the phloem-feeding 1077 insect Myzus persicae[END_REF].

405

We observed that in the condition of single virus infection or of single aphid infestation, there was a mild, 406 but stable, over-accumulation of hexose and pentose (Fig. 8, conditions A, B and C). This increase was also 414 Composition in organic acids was mainly modified in response to aphids in the presence of TuYV. Aphid 415 infestation alone did not change significantly the accumulation of the eight compounds tested, except for 416 the increase of malic acid and glucuronic acid at 6 h post-infestation (Fig. 8, conditions B and C). Viral 417 infection alone had no effect on any of the organic acids tested (Fig. 8, condition A). On the other hand, 418 plants with a dual treatment of aphids and virus showed an important increase of malic acid, gluconic 419 acid, succinic acid, maleic acid, mucid acid and glucuronic acid content, with a major effect observed after 420 72 h of aphid infestation (Fig. 8, conditions D and E). Malic, maleic and mucid acids over-accumulations 421 were already found after 6 h of aphid infestation (Fig. 8, condition D). This effect on the three organic 422 acids was also observed, but with a lower intensity, when data were normalized with data from virus-423 infected plants (Fig. 8, condition G). This suggests that the deregulations suggesting they were partially 424 triggered by aphids and partially by TuYV. An important decrease of citric acid accumulation was observed 425 in TuYV-infected plants infested for 6 h (Fig. 8, condition D). Overall, these results suggest that several 426 changes in sugar and organic acids leaf content are likely influenced by aphid infestation but more 427 specifically in the presence of TuYV infection.

428

Plant synthesize a variety of secondary metabolites that can be detrimental to aphids [START_REF] Nalam | Plant defense against aphids, the pest extraordinaire[END_REF]. (Fig. 8). Among the hormones analyzed, jasmonic acid and salicylic acid glucoside were found stable in all 435 conditions. The jasmonic acid precursor oxo phytodienoic acid (OPDA), and to a lesser extent the auxin 436 Indole-3-acetic-acid (IAA), over-accumulated specifically in doubled treated plants after 72 h of aphid 437 infestation (Fig. 8, condition E). These modifications were also observed when data were normalized with 481 2). This indicates that an aphid pre-infestation of 72 h was beneficial to virus acquisition and transmission. (Louis et al. 2012a). In our experiments, PAD4 gene 516 expression was found induced among the genes deregulated by aphids and also by aphids and viral 517 infection (conditions B, D and F respectively, Fig. 3). As we focused on aphid-or aphid and virus-specifically 518 deregulated genes, genes like PAD4 were not retrieved after clustering aimed at identifying only the 519 specifically deregulated genes (Fig. 5). Interestingly, some of the AP2/ERF factors were also found to be 520 implicated in soybean responses to the aphid Aphis glycines [START_REF] Yao | A genome-wide view of 1130 transcriptional responses during aphis glycines infestation in soybean[END_REF].

521

The bHLH TF family is another family particularly deregulated in our aphid-infested plants that were not 522 found in aphid-infested and TuYV-infected plants. [START_REF] Rubil | Specialist Aphid Feeding Causes Local 1064 Activation of Salicylic and Jasmonic Acid Signaling in Arabidopsis Veins[END_REF]). In our study, genes directly involved in hormone synthesis and 558 signaling pathways deregulated after aphid infestation, and reprogrammed by virus infection, were 559 identified (Suppl. Fig. 5A). In particular, some gene deregulations in ABA, auxin, brassinosteroids, 560 cytokinin, ET and JA pathways were specifically alleviated following TuYV infection suggesting that some 561 of the plant-defense responses against aphids could be inhibited, with a potential benefit for virus 562 acquisition by aphids. Mainly involved in regulating abiotic stress tolerance like drought responses, ABA 563 has also been reported to play an important role in biotic stresses [START_REF] Ton | The multifaceted role of ABA in disease[END_REF]. Interestingly, in our 564 experiments, all ABA-related genes were repressed in the presence of aphids at both time points while no 565 deregulation was observed when the plants were additionally infected with TuYV (Suppl. Fig. 5A). Some 566 viruses were reported to downregulate the ABA signaling pathway (( 

674

Former Previous studies showed that some indole GSL play an essential role in plant-virus-vector 675 interactions. GSL synthesis is under the control of the MYC2 transcription factor which regulates the JA 676 responsive genes [START_REF] Dombrecht | MYC2 942 differentially modulates diverse jasmonate-dependent functions in Arabidopsis[END_REF]). The interaction of the ßC1 protein expressed by the satellite of 677 the whitefly transmitted begomovirus tomato yellow leaf curl China virus with MYC2 inhibits the JA 678 signaling and the downstream GSL synthesis pathway are both inhibited by the interaction of MYC2 with 679 the ßC1 protein expressed by the whitefly-transmitted begomovirus tomato yellow leaf curl China virus 680 [START_REF] Li | Virulence factors of geminivirus 999 interact with MYC2 to subvert plant resistance and promote vector performance[END_REF]. This leads to the suppression of host resistance to whiteflies and further promotes 681 begomovirus transmission. Another target of the ßC1 protein of a cotton begomovirus satellite is the 682 transcription factor WRKY20 which regulates the synthesis of indoleic GSL [START_REF] Zhao | Viruses mobilize plant immunity to deter 1143 nonvector insect herbivores[END_REF]. By 683 interacting with WRKY20, ßC1 represses their synthesis whichand thereby benefits to the whitefly vector 684 by increasing oviposition and the development of pupa. On the other hand, Arabidopsis plants infected 685 with the Fny strain of CMV induced biosynthesis of the 4-methoxy glucobrassicin which inhibited phloem 686 ingestion by aphids (Westwood et al. 2013a). The This GSL increase triggered by authors demonstrated 687 that the viral RNA silencing suppressor 2b protein is responsible for the upregulation of the 4-methoxy 688 glucobrassicin, but this increase is moderated by another viral protein, the 1a replicase, ensuring thereby 689 that aphids were deterred from feeding but not poisoned. Altogether, this, promoting could promote 690 aphid dispersal and viral transmission. Since 4-methoxy glucobrassicin, which derives from 4-OH 691 glucobrassicin, is considered as the most toxic indole GSL [START_REF] Pfalz | The gene controlling the Indole Glucosinolate Modifier1 1051 quantitative trait locus alters indole glucosinolate structures and aphid resistance in Arabidopsis[END_REF], the low over-accumulation of 

711

It is noteworthy that the results found in our study did not lead to a conclusive correlation between 712 metabolite accumulation and gene expression deregulation in similar samples. This may be explained by 713 a time lag between transcription and the consequent changes at the metabolomic level, and the relatively 714 moderate gene expression deregulations that were found among the specifically deregulated genes 715 (Fig. 5). For instance, less than 10% of the genes specifically deregulated by aphids showed a log 2 FC ≥ 1.5 716 (9.8% and 9.0% respectively for 6 h and 72 h aphid infestation). addressed by conducting a temporal study of the effect of pathogen infection and/or vector development 724 on the pathogen transmission efficiency. Such approach was developed in grapevine for the transmission 725 of Xylella fastidiosa by its vector Graphocephala atropunctata [START_REF] Zeilinger | Plant 1135 defense against a pathogen drives nonlinear transmission dynamics through both vector preference 1136 and acquisition[END_REF]. At an early stage of 726 bacterial infection, transmission was increased which coincided with an increase of the vector population 727 size. At a later stage of infection, the transmission efficiency declined with increasing symptoms and plant 728 avoidance of the vectors. Although we can suspect that early in bacterial infection plant defenses against 729 the vector are reduced and would promote the vector population development, no molecular studies 730 were conducted to sustain this hypothesis. In another pathosystem, phytoplasma infection was shown to 731 reduce the grapevine defense response against the leafhopper vector, mostly mediated by the JA/ET 732 pathways, but this transcriptional reprogramming was not correlated with transmission experiments 733 [START_REF] Bertazzon | Grapevine 892 comparative early transcriptomic profiling suggests that Flavescence dorée phytoplasma represses 893 plant responses induced by vector feeding in susceptible varieties[END_REF]. This approach was developed in grapevine for the transmission of Xylella fastidiosa by its vector 750 Graphocephala atropunctata [START_REF] Zeilinger | Plant 1135 defense against a pathogen drives nonlinear transmission dynamics through both vector preference 1136 and acquisition[END_REF]. At an early stage of bacterial infection, transmission 751 was increased which coincided with an increase of the vector population size. At a later stage of infection, 752 the transmission efficiency declined with increasing symptoms and plant avoidance of the vectors.

753

Although we can suspect that early in bacterial infection plant defense against the vector are reduced and 754 would induce the vector population development, no molecular studies were conducted to sustain this 755 hypothesis. In another pathosystem, phytoplasma infection was shown to reduce the grapevine defense 756 response against the leafhopper vector mostly mediated by the JA/ET pathways but this transcriptional 757 reprogramming was not correlated with transmission experiments [START_REF] Bertazzon | Grapevine 892 comparative early transcriptomic profiling suggests that Flavescence dorée phytoplasma represses 893 plant responses induced by vector feeding in susceptible varieties[END_REF]). Despite Samples of two biological repeats were used for RT-qPCR on a subset of twelve selected genes (in green and yellow). The data obtained were normalized using data from mock-inoculated plants and the results in the form of log 2 FC are presented for the conditions A to E (see Fig. 3A). B.
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Comparison of the log-transformed gene expression ratios obtained from the RNA-seq data and RT-qPCR data for the twelve selected genes by a Pearson correlation test. Cluster 1 corresponds to DEG from Arabidopsis plants infested with aphids at both 6 h and 72 h, cluster 2 at only 6 h infestation, cluster 3 at only 72 h infestation. Cluster 4, 5 and 6 contain genes specifically deregulated by aphids in TuYV-infected plants at both time points (cluster 4), at 6 h (cluster 5) and at 72 h (cluster 6) respectively. DEG that were found deregulated in any other conditions (e.g. at 6 h aphid infestation and 6 h aphid and TuYV treatment) were discarded. The number of DEG in each cluster is given in brackets next to the cluster number. The log 2 FC are given by shades of red and green colors according to the scale bar (red for down-regulated, green for up-regulated genes). (conditions F and G). Metabolites were grouped accordingly to their functional or chemical family as amino acids, flavonoids, glucosinolates, hormones, alkaloids, organic acids, sugars and isothiocyanates, and their specific names are given at the right. Statistical analyses were performed using the Tukey's Honest Significant Difference method followed by a false discovery rate (FDR) correction, with FDR < 0.05. For FDR ≥ 0.05, log 2 FC were set to 0. The log 2 FC of significant metabolites for pairwise comparisons are given by shades of red or blue colors according to the scale bar at the right. 
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  performance and viral transmission. The pathosystem consisted of the phloem-80 limited and persistently-transmitted turnip yellows virus (TuYV, Solemoviridae family, Polerovirus genus), 81 the Myzus persicae aphid vector and the compatible host plant Arabidopsis thaliana. We undertook a high 82 throughput analysis of the transcriptional response pattern of viral-infected plants that were infested by 83 aphids for two either 6 or 72 hours, time points and of plants that were only aphid-infested or only virus-84 infected. A non-targeted metabolomic analysis was performed in parallel on the same plants to find 85 related deregulated pathways. Finally, virus transmission experiments were conducted with similar aphid 86 infestations to correlate our findings at the molecular level to the consequences on the insects Arabidopsis thaliana Col-0 were grown in a growth chamber under 20 ±1 °C and 10 h photoperiod under 93 fluorescent lamps. The Myzus persicae (Sulzer) (Hemiptera: Aphididae) clone collected in 1974 on sugar 94 beet was since then reared on pepper (Capsicum annuum) at 20 °C with a 16 h photoperiod. For the 95 preliminary metabolomic experiment, non-infected A. thaliana Col-0 were infested with 30 non-96 viruliferous wingless M. persicae for 6, 24, 48, 72 and 96 h.

  grown for three more weeks. Mock non-inoculated plants were treated similarly without 106 addition of virus in the artificial medium. 107 Thirty apterous non-viruliferous aphids of mixed developmental stages were then deposited on TuYV-108 infected plants and on control non-infectedmock-inoculated plants for 6 h or 72 h (see Suppl Table 1 for 109 details on the number of treated plants). The entire aerial tissues of the plants were harvested individually 110 on individual plants at three time points (0 h, 6 h and 72 h) and flash-frozen in liquid nitrogen, split in 111 three batches to be processed for virus detection by DAS-ELISA (enzyme-linked immunosorbent assay) 112 (Clark and Adams 1977) with a rabbit polyclonal antiserum raised against TuYV (LOEWE, France), and for 113 transcriptomic and metabolomic analyses. 114 115 RNA sample preparation for the transcriptomic and data processing 116 Total RNA from leaf tissues of individual plants were extracted using Tri Reagent® (Sigma) following the 117 manufacturer's recommendations and treated with RNAse-free DNase I (Thermo Scientific, Inc.) to 118 remove any DNA contamination. RNA samples were quantified and sample purity was verified using a 119

  141 differentially expressed genes (DEGs) specifically deregulated by the virus, specifically deregulated by 142 aphids in non-infected plants, and or specifically deregulated by aphids in infected plants. Then, a second 143 step of hierarchical clustering was achieved with all DEGs belonging to the six branches with Pearson 144 correlation distance matrix and average linkage as the aggregation method. Six clusters were obtained 145 and extracted to realize a final step of hierarchical clustering using Euclidean Correlation similarity metric 146 and average linkage as the aggregation method.

320 321

 320 Profiling the genes specifically deregulated upon single aphid infestation or dual aphid and TuYV322 challenge 323 From our data, we further explored the signatures that were specifically triggered by aphids in plants only 324 infested (Fig.3A, conditions B and C) or infested and infected (Fig.3Aconditions F and G). To this aim, we 325 performed a hierarchical clustering analysis using the TIGR MultiExperiment Viewer (MeV). Six clusters 326 were extracted from the 5488 DEG found in conditions B, C, F and G. Clusters 1, 2 and 3 correspond to 327 genes specifically deregulated by aphids in non-infected plants either at both 6 h and 72 h, or at each time 328 point respectively, and that were not affected in plants only infested (Fig.5). Clusters 4, 5 and 6 represent 329 348 DEG (9.8%) specifically deregulated by aphids in TuYV-infected plants either at both 6 h and 72 h, or 330 at each time point respectively (Fig.5). Genes that were found deregulated in any other conditions (e.g. 331 at 6 h aphid infestation and 6 h aphid and TuYV treatment) were discarded from this analysis (1943 in 332 total). Clusters 1, 2 and 3 gathered 3197 genes (90.2% of the 3545 total DEG considered here) deregulated 333 by aphids only and that were not deregulated when the virus was present. This clustering emphasizes that 334 TuYV infection can drastically reduce the number of aphid-induced gene deregulations in Arabidopsis (in 335 double-treated plants) and thus hinders a significant number of host gene deregulations, specifically 336 triggered in plants colonized by aphids only.

  TuYV-treated plants (6 h and 72 h) were assigned to one of the 34 different bin code ontologies indexed 340

  the genes encoding transcription factors (TFs) that were differentially expressed in the 363 four experimental conditions (B, C, F and G in Fig. 3A) by clustering them according to their family and 364 their trend of deregulation. Globally, Fig. 7 illustrates the massive difference in the number of TF DEG in 365 plants only infested by aphids (conditions B and C) and those in plants infected by TuYV and aphid infested 366 (conditions F and G). For instance, up to 20 deregulated TF genes were found for the AP2/ERF family in 367 condition C (Fig. 7, 72 h aphids) while, in similar conditions, the presence of the virus led to only one DEG 368 (Fig. 7, condition G, 72 h aphids). A closer look at aphid-infested plants showed that some DEG belonging 369 to the AP2/ERF, bHLH, bZIP and WRKY families were up or down deregulated (Fig. 7, conditions B and C). 370 DEG in the CAMTA, FAR1, MYB-related, NAC and NF-Y families were predominantly down-regulated, while 371 those in C2H2 and TCP families were upregulated. Interestingly, in plants challenged with both pests, the 372 few deregulated TF genes concerned plants treated with aphids for 6 h, while only one DEG was found at 373 72 h of aphid treatment (Fig. 7, conditions F and G). This suggesting suggests a progressive loss of the 374 deregulations of the TF transcripts triggered by aphids overtime. Similar analyses performed on DEG in 375 the "hormone metabolism and signaling", "protein" categories clearly highlighted the disappearance of 376 the aphid-induced deregulations in TuYV-infected plants (Suppl. Fig. 5 A and B). 377 378 Deregulation of the plant metabolome upon TuYV infection and aphid infestation 379 To investigate the downstream effects of the transcriptomic aphid-induced deregulations in the presence 380 or absence of TuYV, we performed a targeted metabolomic profiling of the plants treated in conditions 381 similar to those of the transcriptomic analysis (conditions A to G in Fig. 3A). We quantified in leaf samples 382 the relative amounts of 59 identified metabolites involved in primary (18 amino acids, 8 organic acids and 383 4 sugars) and secondary metabolism (5 flavonoids, 14 glucosinolates, 5 hormones, 1 alkaloid and 4 384 isothiocyanates). These metabolites of interest were chosen based on their potential beneficial (amino 385 acids, organic acids, sugars) or adverse (glucosinolates, flavonoids, alkaloids, isothiocyanates) effects 386 towards aphids in the plant-aphid relationship.

  407observed in double treated plants (Fig.8, conditions D and E). Raffinose and sucrose accumulated 408 significantly and specifically in TuYV-infected plants regardless of the aphids (Fig.8, conditions A, D and 409 E). The sugar contents in double treated plants resembled those of TuYV-infected plants but with a 410 massive increase in raffinose and a moderate increase in sucrose (Fig.8, conditions D and E). When the 411 data where normalized with virus-infected plant data, this effect was minored (case of raffinose), and for sucrose), which confirms that over-accumulation of these two sugars is mostly 413 induced by virus infection alone regardless of the aphid presence (Fig.8, conditions F and G).

429

  Several studies have shown modifications in their accumulation upon aphid infestation (reviewed in (Louis 430 et al. 2012b)). Complex hormonal changes triggered by aphids were also reported ((Eisenring et al. 2018); 431 and reviews of (Morkunas et al. 2011), (Louis and Shah 2013) and (Züst and Agrawal 2016)). The results 432 obtained here were contrasted, depending on the metabolite family. For flavonoids, camalexin or 433 isothiocyanates no major change in accumulation was observed regardless of the different conditions 434

  a genome wide andprovides a dynamic analysis of arabidopsis Arabidopsis plants 486 attacked by two pestspathogens, the phloem-restricted virus TuYV and its aphid vector M. persicae, in 487 order to decipher the genes specifically deregulated by the aphids in the presence or absence of the virus.488Our transcriptomic data showed that TuYV infection relieved a majority of the gene deregulations -infested A. thaliana, with a potential benefit to the aphid, and therefore, to the 490 transmission of the virus. In accordance with our results, a particularly low level of gene deregulations 491 was also observed by[START_REF] Chesnais | Comparative 927 Plant Transcriptome Profiling of Arabidopsis thaliana Col-0 and Camelina sativa var. Celine Infested 928 with Myzus persicae Aphids Acquiring Circulative and Noncirculative Viruses Reveals Virus-and Plant-929 Specific Alterations Relevant to Aphid F[END_REF] in Arabidopsis similarly infected with TuYV and infested with 492 aphids. In our study, the deregulation alleviations were significantly more important 72 h after aphid 493 infestation than after 6 h. This which suggests that some delay is required after aphid infestation for the 494 viral-infected plant to trigger the massive reduction of the plant responses switched on by the aphid 495 infestation alone. The profile of the genes specifically deregulated by aphids that were unmodified in the 496 presence of TuYV affected many gene categories (Fig. 6 and Suppl. Fig. 4) among which which include 497 transcription factors, proteins and hormonal responses prone to induce substantial changes in host plant 498 metabolism and physiology and interactions with aphids. 499 500 Deregulations of plant host transcription factors: a major virus-induced manipulation effect 501 The virus infection impact on the specifically aphid-induced plant response is particularly clear when we 502 consider the transcriptomic profiles. The major gene category which deregulation was greatly waived in 503 TuYV-infected plants infested for 72 h was the transcription factors (TFs) category. Transcription factors 504 specifically bind to promoters of target genes and act as transcriptional activators and repressors. There 505 is increasing evidence that TFs genes play important roles in plant defense against phloem-feeding insects 506 ((De Vos et al. 2005); (Gao et al. 2010); (Libault et al. 2007); (Rubil et al. 2022)). Among the genes that 507 were deregulated in only aphid-infested plants, and not in infested and TuYV-infected plants, several TF-508 encoding gene families were over-represented like the AP2/ERF, FAR, MYB, NAC and WRKY families. These 509 genes which are known to play crucial roles in abiotic and biotic stress responses. AP2/ERF encoding 510 genes are key regulators of various abiotic stresses and are responsive to hormones like ethylene (ET) and 511 abscisic acid (ABA) (Xie et al. 2019). Through their function in ET regulation, AP2/ERF factors influence the 512 expression of defense-related genes (Abiri et al. 2017) and ET increase is known as a general defense 513 response against herbivores attack (Bari and Jones 2009). AP2/ERF factors are also involved in the 514 regulation of processes independent of ET signaling like the PHYTOALEXIN DEFICIENT 4 (PAD4) gene that against Myzus persicae

  692the former metabolite at a late time of aphid infestation in TuYV-infected plants could participate 693 tocontribute to the dispersal of aphids while without maintaining aphids alivecausing mortality.694In contrast to the study reporting an induction of SA and JA in Nicotiana benthamiana and potato infested 695 with M. persicae[START_REF] Patton | A polerovirus, Potatao leafroll virus, alters 1049 plant-vector ineractions using three viral proteins[END_REF], we did not observe major modifications in the accumulation of both 696 hormones in A. thaliana infested with this aphid species in our study. However,[START_REF] Patton | A polerovirus, Potatao leafroll virus, alters 1049 plant-vector ineractions using three viral proteins[END_REF] hormone deregulations (SA, JA and ET) were alleviated in N. benthamiana infected 698 with PLRV. The hormonal modifications affected aphid settling and fecundity. Conversely, our results 699 showed a moderateonly subtle over-differences in SA and JA precursor accumulation, of SA and of the JA 700 precursor specifically at later time of aphid infestation in the presence of TuYV (Figure8, conditions E and 701 G). These opposite results in the hormonal response could be either due to the pathosystem (potato-702 PLRV) or to the experimental setting, as these hormone accumulations variations could be part of a 703 transient response aimed to trigger aphid dispersal. Patton et al. (2019) showed that the hormonal 704 response inhibition was under the control of the PLRV-encoded proteins P0 (the suppressor of RNA 705 silencing), P1 (associated to replication) and P7 (a nucleic acid binding protein) (Delfosse et al. 2021). 706 707 Globally the relief reduction inof gene deregulations observed in doubled treated plants points towards a 708 complex interplay between phytohormonal pathways at different levels (transcription, protein 709 degradation) to reduce or suppress the plant defenses against the vector, and subsequently to promote 710 virus transmission.

  pathogen transmission by vectors linked to the pathogen-induced deregulations 719 (review in Mauck et al. (2019)), and theoretical models supporting that a plant infection inducing benefits 720 to the vector, can have an impact on transmission ((Sisterson 2008); (Roosien et al. 2013); (Eigenbrode and Gomulkiewicz 2022); (Cunniffe et al. 2021)), no study has yet experimentally sustained these 722 assertions. The effect of pathogen-induced plant gene deregulations on vector transmission can only be

  of our study shows the highest efficiency of virus transmission when infected plants 737 were pre-infested with aphids for 72 h, and this correlates with the alleviation of aphid-induced gene 738 deregulations observed in plants similarly treated by aphids for 72 h. It provides to our knowledge the 739 first experimental link between a viral-induced deregulation of plant-defense genes againsttriggered by 740 both athe vector and the virus and virus transmission by the vector.Conclusion It therefore 741 Our study reinforces the hypothesis that cross-talk regulations induced by different aggressors pests (in 742 our case aphids and virus) can drive transcriptomic and metabolomic changes in plants with important 743 consequences on virus-vector interactions, and a potential benefit for both aggressors pests when present 744 simultaneously. A major outbreak of our study is the correlation obtained between the widest alleviation 745 of aphid-induced gene expression deregulation after 72 h infestation and the highest efficiency of virus 746 transmission. The effect of pathogen-induced plant gene deregulations on vector transmission can only 747 be addressed by conducting a temporal study of the effect of pathogen infection and/or vector 748 development on the pathogen transmission efficiency.
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 12 758predictions on pathogen transmission by vectors linked to the pathogen-induced deregulations (review in 759 Mauck et al. (2019)), and theoretical models supporting that a plant infection inducing benefits to the 760 vector can have an impact on the transmission ((Sisterson 2008); (Roosien et al. 2013); (Eigenbrode and 761 Gomulkiewicz 2022); (Cunniffe et al. 2021)), our study provides to our knowledge the first experimental 762 correlation between a pathogen-induced deregulation of plant-defense genes against vectors and Time-dependent deregulations of differentially accumulated metabolites (red) in non-infected 769 A. thaliana Col-0 upon aphid (M. persicae) infestation for 6, 24, 48, 72 and 96 h. 770 Experimental set-up for the high throughput metabolomic and transcriptomic analyses. 771 Arabidopsis plants were inoculated with TuYV-viruliferous (upper panel) or non-viruliferous (lower panel) 772M. persicae aphids. After three weeks, the two batches of plants were infested with 30 non-viruliferous 773 aphids for 6 or 72 h before harvesting (samples 3-4 and 5-6 respectively). Plants that were not infested 774 with aphids were similarly processed (samples 1 and 2).
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 35678 Comparison of the number of differentially expressed genes (DEG) obtained in the various 776 conditions. A. Table illustrating the seven conditions analyzed in the next figures. The data of the five 777 samples (Fig. 2 samples 1, 3, 4, 5 and 6) were normalized to data from mock-treated plants (sample 2) or 778 to data from virus-infected plants (sample 1), to obtain the data of the seven experimental conditions A 779 to G. These conditions will be resumed in the high throughput transcriptomic and metabolomic analyses. 780 B. Number and representation of DEG found in the seven conditions. Arabidopsis thaliana plants (TuYV-781 infected or mock-inoculated) were treated with aphids for 0, 6 or 72 h. The total number of DEG are given 782 for each condition below the graph, with the number of up and down-regulated genes below. 783 Figure 4: A. Comparison of gene expression between RNA-seq data and qRT-PCR. Samples of two 784 biological repeats were used for qRT-PCR on a subset of twelve selected genes (in green and yellow). The 785 data obtained were normalized using data from mock-inoculated plants and the results in the form of 786 Log 2 FC are presented for the conditions A to E (see Fig. 3A). B. Comparison of the Log-transformed gene 787 expression ratios obtained from the RNA-seq data and qRT-PCR data for the twelve selected genes by a 788 Pearson correlation test. 789 Hierarchical clustering analysis using the TIGR MultiExperiment Viewer (MeV). Six clusters were 790 extracted from the DEG obtained in conditions B and C (plants only aphid-infested) and F and G (plants 791 treated with aphids and TuYV). Cluster 1 corresponds to DEG from Arabidopsis plants infested with aphids 792 at both 6 h and 72 h, cluster 2 at only 6 h infestation, cluster 3 at only 72 h infestation. Cluster 4, 5 and 6 793 contain genes specifically deregulated by aphids in TuYV-infected plants at both time points (cluster 4), at 794 6 h (cluster 5) and at 72 h (cluster 6) respectively. DEG that were found deregulated in any other 795 conditions (e.g. at 6 h aphid infestation and 6 h aphid and TuYV treatment) were discarded. The number 796 of DEG in each cluster is given in brackets next to the cluster number. The Log 2 FC are given by shades of 797 red and green colors according to the scale bar (red for down-regulated, green for up-regulated genes). 798 Differentially expressed genes (DEG) categorized into major Mapman bin code ontologies from 799 A. thaliana infested by M. persicae only for 6 h or 72 h (conditions B and C, in yellow (6 h), red (72 h) and 800 orange for the genes found at both time points, bars at the left from the separation bar) or in TuYV-thaliana infested by M. persicae for 6 h or 72 h (conditions F and G, in light and dark green 802 respectively and intermediate green for the genes found at both time points, bars at the right from the 803 separation bar). The scale is the same for DEG at the right and left. 804 Representation of the mRNA deregulations affecting the transcription factors (TFs) genes by 805 clustering them into different families and according to their down or up-deregulation. The TFs were 806 extracted from data corresponding to A. thaliana plants infested by M. persicae only for 6 h or 72 h 807 (conditions B and C) and normalized to/with those of mock-treated plants or in TuYV-infected A. thaliana 808 infested by M. persicae for 6 h or 72 h (conditions F and G) and normalized to those of viral-infected 809 plants. The size of the circles is proportional to the number of deregulated TF genes (indicated in each 810 circle). 811 Heatmap of significantly relative changes in metabolite patterns in A. thaliana plants treated by 812 either TuYV (A), aphids alone for 6 h (condition B) or 72 h (condition C) or both pathogens for 6 h 813 (conditions D and F) or 72 h (conditions E and G) aphid infestation. The data were normalized to mock-814 treated plants as indicated below the lanes (conditions A to E), or to viral-infected plants (conditions F and 815 G). Metabolites were grouped accordingly to their functional or chemical family as amino acids, 816 flavonoids, glucosinolates, hormones, alkaloids, organic acids, sugars and isothiocyanates, and their 817 specific names is given at the right. Statistical analyses were performed using the Tukey's Honest 818 Significant Difference method followed by a false discovery rate (FDR) correction, with FDR < 0.05. For 819 FDR ≥ 0.05, Log 2 FC were set to 0. The Log 2 FC of significant metabolites for pairwise comparisons are given 820 by shades of red or blue colors according to the scale bar at the right.
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 2 Figure 2: Experimental set-up for the high throughput transcriptomic and metabolomic analyses.Arabidopsis plants were inoculated with TuYV-viruliferous (upper panel) or non-viruliferous (lower panel) M. persicae aphids. After three weeks, the two batches of plants were infested with 30 nonviruliferous aphids for 6 or 72 h before harvesting (samples 3-4 and 5-6 respectively). Plants that were not infested with aphids were similarly processed (samples 1 and 2).
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 3 Figure 3: Comparison of the number of differentially expressed genes (DEG) obtained in the various conditions. A. Table illustrating the seven conditions analyzed in the next figures. The data of the five samples (Fig. 2samples 1, 3, 4, 5 and 6) were normalized to data from mocktreated plants (sample 2) or to data from virus-infected plants (sample 1), to obtain the data of the seven experimental conditions A to G. These conditions will be resumed in the high throughput transcriptomic and metabolomic analyses. B. Number and representation of DEG found in the seven conditions. Arabidopsis thaliana plants (TuYV-infected or mock-inoculated) were infested with aphids for 0, 6 or 72 h. The total number of DEG are given for each condition below the graph, with the number of up and down-regulated genes below.
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 4 Figure 4: A. Comparison of gene expression between RNA-seq data and RT-qPCR analysis.Samples of two biological repeats were used for RT-qPCR on a subset of twelve selected genes (in green and yellow). The data obtained were normalized using data from mock-inoculated plants and the results in the form of log 2 FC are presented for the conditions A to E (see Fig.3A). B. Comparison of the log-transformed gene expression ratios obtained from the RNA-seq data and RT-qPCR data for the twelve selected genes by a Pearson correlation test.
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 5 Figure5: Hierarchical clustering analysis using the TIGR MultiExperiment Viewer (MeV). Six clusters were extracted from the DEG obtained in conditions B and C (plants only aphidinfested) and F and G (plants treated with aphids and TuYV). Cluster 1 corresponds to DEG from Arabidopsis plants infested with aphids at both 6 h and 72 h, cluster 2 at only 6 h infestation, cluster 3 at only 72 h infestation. Cluster 4, 5 and 6 contain genes specifically deregulated by aphids in TuYV-infected plants at both time points (cluster 4), at 6 h (cluster 5) and at 72 h (cluster 6) respectively. DEG that were found deregulated in any other conditions (e.g. at 6 h aphid infestation and 6 h aphid and TuYV treatment) were discarded. The number of DEG in each cluster is given in brackets next to the cluster number. The log 2 FC are given by shades of red and green colors according to the scale bar (red for down-regulated, green for up-regulated genes).
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 7 Figure 7: Representation of the mRNA deregulations affecting the transcription factors (TFs) genes by clustering them into different families and according to their down or up-deregulation.The TFs were extracted from data corresponding to A. thaliana plants infested by M. persicae only for 6 h or 72 h (conditions B and C) and normalized to/with those of mock-treated plants or in TuYV-infected A. thaliana infested by M. persicae for 6 h or 72 h (conditions F and G) and normalized to those of viral-infected plants. The size of the circles is proportional to the number of deregulated TF genes (indicated in each circle).
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 8 Figure 8: Heatmap of significant relative changes in metabolite patterns in A. thaliana plants treated with either TuYV (A), aphids alone for 6 h (condition B) or 72 h (condition C) or both TuYV and aphids for 6 h (conditions D and F) or 72 h (conditions E and G) aphid infestation. The data were normalized to mock-treated plants as indicated below the lanes (conditions A to E), or to viralinfected plants(conditions F and G). Metabolites were grouped accordingly to their functional or chemical family as amino acids, flavonoids, glucosinolates, hormones, alkaloids, organic acids, sugars and isothiocyanates, and their specific names are given at the right. Statistical analyses were performed using the Tukey's Honest Significant Difference method followed by a false discovery rate (FDR) correction, with FDR < 0.05. For FDR ≥ 0.05, log 2 FC were set to 0. The log 2 FC of significant metabolites for pairwise comparisons are given by shades of red or blue colors according to the scale bar at the right.

1 :

 1 Venn diagram representing the overlap among DEG in the mockand TuYV-infected plants after 6 and 72 h of aphid infestation. Green numbers indicate upregulated DEG, red numbers indicate the down-regulated genes and the black numbers are the sum of up and down-regulated genes.
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 5 Clustering of mRNA deregulations of genes implicated in (A) hormonal responses and (B) genes fitting in the "protein" category. DEG were extracted from data corresponding to A. thaliana plants infested only by M. persicae for 6 h or 72 h (conditions B and C) and normalized to/with those of mock-treated plants or in TuYV-infected A. thaliana infested by M. persicae for 6 h or 72 h (conditions F and G) and normalized to those of viral-infected plants. Up-and down-regulated genes are grouped. The size of the circles is proportional to the number of deregulated genes (indicated in each circle).
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	208	obiwarp function using the followings settings of the function group.density: bw = 10, mzwid = 0.0025.
	209	This allowed the alignment of 1,967 and 4,678 ions in the negative and positive mode, respectively.
	210	Metabolic features were annotated automatically by XCMS as MxxxTyyy, where xxx is the m/z and yyy the
	211	retention time in seconds.
	212	For differential analyses, the log 2 (FC) was calculated on the means of the samples of both experiments.
	213	Statistical analyses were performed using the Tukey's Honest Significant Difference method followed by
	214	a false discovery rate (FDR) correction using the Benjamini-Hochberg procedure. Metabolites of interest
	215	were considered differentially accumulated when the false discovery rate was below 5 % (FDR < 0.05).
	216	F
	o r P e e r 0.2 µg of total RNA extracted from plant was reversed-transcribed using the reverse primer Quantification of viral 221 217 R 222 (5' GGAGACGAACTCCAAAATGAC 3') hybridizing to the major coat protein sequence and the Moloney e v 223 murine leukemia virus (MMLV) reverse transcriptase (Promega corporation). The PCR was performed
	224 225	i ® Green Supermix (Biorad) according to the manufacturer's using the iTaq™ Universal SYBR e w recommendations with the aforementioned reverse primer and the forward primer
	226	(5' AAGACAATCTCGCGGGAAG 3'). PCR runs were performed on a CFX96 Touch™ Real-Time PCR Detection
	227	System apparatus. Serial 10-fold dilutions of TuYV-cDNA (from 10E+08 to 10E+03 copies of viral cDNA/µL)
	228	prepared from 100 ng of viral RNA extracted from purified TuYV particles were used to establish standard
	229	curves for each plate. The data were analyzed using the CFX Manager Version 3.0.1224.1015 software.
	230	
	231	
	232	Results
	233	Analysis
		9

To measure TuYV accumulation in infected plants, total RNA from leaf tissues was extracted using the 219

RNeasy minikit (Qiagen, Hilden Germany) following the manufacturer's recommendations and the 220 concentration was measured by quantification at 260 nm (Nanodrop 2000; Thermo Fischer Scientific).

of Arabidopsis global metabolic response to non-viruliferous aphids over time
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	234	To investigate the global dynamic metabolomic changes in A. thaliana Col-0 infested by aphids, we first
	235	performed a non-targeted metabolomic analysis on non-infected plants that were infested by non-
	236	viruliferous M. persicae for different time laps (6 h, 24 h, 48 h, 72 h and 96 h). We observed that among
	237	the total 1376 ions detected in the negative mode of Liquid Chromatography-Mass Spectrometry (LC-MS),
	238	259 accumulated differentially in at least one condition (Fig. 1). Moreover, the pattern of these
	239	differentially accumulated metabolites (DAM) varied remarkably over the time course and reflected a
	240	dynamic plant response to aphids. For instance, most deregulations occurring during the two first days of
	241	aphid infestation (6, 24 and 48 h) were transient and did not persist after 72 h whereas the metabolite
	242	F profiles at 72 h and 96 h looked more similar (Fig. 1). This indicates that aphids induce waves of metabolic
	243 244 245 246 247 248 249	changes in plants, depending on the infestation time. These observations are in agreement with the o r results by (Tzin et al. 2015) who found a dynamic shift in plant responses to aphid feeding between the P first hours of infestation by the aphid Rhopalosiphum maidis and later time points (after 48h) in maize. e Such metabolic deregulations in non-infected A. thaliana plants are likely to be affected by additional e r biotic stresses, like the infection by an aphid-transmitted virus. We therefore selected two time points R with contrasted, and not overlapping metabolite deregulations (6 h and 72 h post aphid-infestation), to e v investigate at the metabolomic and transcriptomic levels modifications of the plant response to aphids in
	250 251	presence or absence of the polerovirus TuYV.	i e w
	252	Changes	
			10

in plant transcriptomic response to aphids upon TuYV infection
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	259	detection (by DAS-ELISA), before transcriptomic or metabolomic analyses. Three replicates were
	260	generated and processed for transcriptomic analysis (see Material and Methods).
	261	The transcriptomic data obtained in the different conditions were first compared with those of the
	262	control, mock-inoculated and non-infested plants (Mock-0 h aphids; Fig. 2, sample 2; Fig. 3A, conditions
	263	A-E) and then filtered using the significance criteria of FDR ≤ 0.05 and |log 2 (FC)|≥ 0.75. TuYV infection
	264	triggered the deregulation of 1231 genes with 505 up-regulated and 726 down-regulated genes (Fig. 3B,
	265	condition A). Aphid-infestation induced the deregulation of 3434 and 2693 genes after 6 h and 72 h of
	266	aphid infestation respectively (Fig. 3B, conditions B and C). When plants were infected by TuYV and
	267	F infested with aphids, a higher number of DEG was observed in both conditions, 5130 and 4207 DEG at 6 h
	268 269 270 271	and 72 h respectively (Fig. 3B, conditions D and E). The number of genes deregulated in plants subjected o r to both pests (virus and aphid) compared to mock-inoculated plants (Fig. 3B, condition D and E) was close P to the sum of the DEG observed in plants submitted to virus infection and those of plants submitted to e r e aphid infestation (Fig. 3B, conditions A + B for 6 h or A + C for 72 h).
		R e v
		i e w
	253	The experimental set up designed to decipher the plant response to aphid infestation upon viral infection
	254	is described outlined in Fig. 2. A. thaliana Col-0 were first inoculated with TuYV-viruliferous, or non-
	255	viruliferous aphids that were thereafter manually removed following a 72 h-inoculation period. Three
	256	weeks later, non-viruliferous aphids were placed on TuYV-or mock-inoculated plants for 6 h or 72 h (30
	257	aphids per plant) to trigger the plant response to aphids in a viral or a non-viral context. The aerial plant
	258	tissues were then collected and each plant extract was split into three pools to be first processed for virus
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of our expression profiles of aphid-infested Arabidopsis with those of the literature
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	285 311	DEG when the plants were only challenged by aphids during similar times (Fig. 3B, conditions B and C). different gene expression profiling technologies (RNA-seq versus microarrays), these results strongly
	286 312	The reduction of the DEG number observed in the doubled treated plants was particularly stressed at support our data. We further analyzed the enrichment of GO terms by DAVIDavid functional annotation
	287 313	72 h, highlighting a decrease of 93.7% of DEG compared to plants similarly infested by aphids but without tool
	288	viral infection. Venn diagrams (Suppl. Fig. 1) indicated showed the common DEG between mock and
	289	infected conditions upon both aphid infestation times. These results underpin that the Arabidopsis
	290	response to M. persicae infestation at the transcriptional level differs considerably according to the viral
	291	infectious status of the plant and suggest that TuYV infection can impact the transcription profile of genes
	292	normally deregulated by aphid infestation.
	293	F F
	o r P e e r R e v o r Before further investigations on the gene deregulation in the different conditions described, we compared Comparison 295 294 296 P our data in conditions B and C (aphid-deregulated genes) with data in the literature from similar 297 experiments performed on A. thaliana Col-0 infested by M. persicae. The closest experiments that 298 e e r generated transcriptomic data for early time points of aphid infestation were those of Bricchi et al. (2012) 299 and of Jaouannet et al. (2015) and, for later times, the experiments performed by De Vos et al. (2005). As 300 these data resulted from microarray assays, they were first retrieved and reanalyzed as indicated in R e v
	301 302	i e w Material and Methods using our former significance standards (log 2 FC and p-value). We then compared the DEG of these studies with our corresponding analyses. After 5 or 6 h of aphid infestation, 31 common i e w
	303	DEG were retrieved (Suppl. Fig. 2; Suppl. Table 34). More common DEG were obtained when the data of
	304	Bricchi et al. (2012) were compared to ours, highlighting 419 common DEG compared to 96 common DEG
	305	between Jaouannet's data and ours. In summary for the early aphid treatment, we obtained 484 DEG
	306	common between our data and either one of the two reports, 197 up-regulated and 287 down-regulated
	307	(Suppl. Fig. 2). By comparing the data obtained after 72 h post-aphid infestation (our data and those of
	282 308	and virus-infected conditions. We therefore normalized the data obtained in doubled challenged plants (De Vos et al. 2005), 661 common DEG were found, 249 up-regulated and 412 down-regulated (Suppl.
	283 309	with those of TuYV-infected plants. Strikingly, this analysis led to a drastic reduction of the DEG numbers, Fig. 2). Taking into account that these experiments were performed in other laboratories with different
	284 310	1490 and 190 respectively at 6 h and 72 h (Fig. 3B, conditions F and G), compared to the 3434 and 2693 biological variables (other M. persicae clones, other plant species and aphid growing conditions) and
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  Aphids were eliminated and the test plants were assayed by DAS-ELISA three 473 weeks later. TuYV was transmitted to 68 to 95% of the test plants when aphids acquired TuYV on source

	438 463	data from infected plants (Fig. 8, condition G), suggesting that there were induced by aphid infestation in The aforementioned transcriptomic and metabolomics analyses revealed different patterns in the
	439 464	infected plants but only at a late time of infestation. A similar effect in normalized data was found for accumulation of mRNA and metabolites in plants infected with TuYV and infested with aphids for 6 h or
	440 465	salicylic acid at 72 h post-infestation only (Fig. 8, condition G), suggesting that the effect was induced by 72 h compared to plants only infected with TuYV. To address the effect of such deregulations on
	441 466	aphids in a viral context. transmission, we performed a series of TuYV transmission assays by M. persicae using as virus source
	442 467	Glucosinolates (GSL) are a class of plant defensive compounds produced specifically in the Brassicacae A. thaliana Col-0 plants only infected with TuYV or infected and infested with aphids for 6 h or 72 h
	443 468	family and conferring resistance against herbivores (Wittstock, Ute, Burow 2010). Their adverse effect on (corresponding to samples 1, 2 3 and 5, Fig. 2). The aphids used to pre-infest the plants for 6 h were
	444 469	M. persicae is essentially due the consumption of the indole GLS present in phloem sap (Kim and Jander manual removed and new non-viruliferous aphids were deposited on the infected plants for a 24 h
	445 470	2007). We found that among the 14 quantified GSL, only glucoesquerellin was reduced in plants after 72 h acquisition period to analyze the capacity of these latter aphids to transmit the virus. After the 24 h
	F o r P e e r R e v i e w plants. Globally these results indicate that the level of a few specific indole GSL derived from the F P e e r R e v i e w acquisition period, the potentially viruliferous aphids were transferred to new Col-0 test plants for a 3-of aphid-457 446 471 r o 472 day inoculation period.
	458	glucobrassicin compound increased in double aphid and viral-challenged plants mainly 72 h after aphid
	459	infestation. This increase in GLS triggered either by the virus or the aphid infestation could be responsible
	460	for specific effects on aphids in infected plants at a late stage of infestation.
	461	
	462	Impact of aphid infestation on TuYV transmission

infestation and in doubled treated plants (Fig. 8, conditions C and E). 1-hydroxy-glucobrassicin 447 was the only GLS which accumulation increased massively in TuYV-infected plants (Fig. 8, condition A) and 448 in doubled-treated plants (Fig. 8, conditions D and E). but Tthis effect was however strongly alleviated 449 when the data were normalized with data from virus-infected plants (Fig. 8, conditions F and G), 450 suggesting that this change was essentially triggered by TuYV. The situation was more puzzling for 4-451 hydroxy-glucobrassicin, which accumulated only in infected plants after 72 h of aphid treatment. This 452 effect was also observed at both time points when the data were normalized with those of TuYV-infected 453 plants, pointing towards an aphid-deregulation specifically induced upon viral infection (Fig. 8, conditions 454 F and G). Finally, a substantial over-accumulation of neoglucobracissin was found after 72 h post-455 treatment upon aphid and viral infection but only when the data were normalized with virus-infected 456 plants data (Fig. 8, condition G). This effect could therefore be due to the aphids alone in TuYV-infected 474 plants that were not previously pre-infested (

Table 1). We observed a statistically significant reduction of 475 TuYV transmission by aphids when the source plants were previously infested by aphids for 6 h (42% and 476 57% of the test plants infected; Table 1, Exp.1 and 2), whereas no difference was observed when the virus 477 source plants were previously infested for 72 h (53% to 68% of the test plants got infected; Table 1, Exp.3 478 to 5). The lower TuYV transmissibility from plants infected and infested with aphids for 6 h was not related 479 to a lower virus titer in the virus source plants as TuYV accumulation measured by qRT-qPCR showed a 480 similar virus titer in all source plants (plants only infected or infested with aphids for 6 h or 72 h) (Table

  Members of this gene family have already been 523reported to be affected in A. thaliana in response to another aphid species Brevicorynae brassicae(Barah 524 et al. 2013). Another Several TF categories highlighted in Fig.7ywhose aphid-induced gene deregulation 525 was alleviated by TuYV-infection is the bZIP family known to regulate ABA-responsive genes, are key[START_REF] Wang | Molecular response of gall induction 1097 by aphid schlechtendalia chinensis (Bell) attack on Rhus chinensis mill[END_REF]. A WRKY TF containing ankyrin domains was 542 previously associated with wheat resistance to the aphid Diuraphis noxia[START_REF] Nicolis | Silencing of a unique integrated domain nucleotide-binding leucine-1041 rich repeat gene in wheat abolishes diuraphis noxia resistance[END_REF].543 Finally, FAR1 TFs play a crucial role in plant growth and development[START_REF] Ma | FAR1-RELATED SEQUENCE (FRS) AND FRS-RELATED FACTOR (FRF) family 1012 proteins in arabidopsis growth and development[END_REF], and were reported

		Krieger et al., Phytopathology
	541 interactions with aphids inducing galls (544 to negatively modulate plant immunity and cell death., FAR1 TFs possibly by interfering interfere with
	545	biosynthesis of chlorophyll biosynthesis, ROS accumulation and SA signaling (Wang et al. 2016). FAR1 TFs
	546	were found deregulated in brown planthopper-induced or -constitutive resistance in rice, and
	547	represented the predominant family of TFs in the constitutive resistance to the insect (Wang et al. 2012).
	548	Interestingly, FAR1 genes were also involved in glucosinolate synthesis with a potential effect on plant-
	549	F aphid interactions (Fernández-Calvo et al. 2020). Lastly, several auxin response factors (ARF) from the B3-
	550 551 552 553 554 555 556	superfamily of TFs were found to play a role in virus-plant interactions ((Zhao et al. 2022); (Müllender et o r al. 2021)). P e Major gene deregulation in hormone biosynthesis and signaling, and protein degradation processes e r Many of these TFs are directly or indirectly related to phytohormones which play a critical role in the R regulation of plant-insect interactions. JA, SA and ET mediate plant defense against a wide range of e v herbivores including phloem-feeding insects like aphids ((Howe and Jander 2008); (Casteel et al. 2015);
	531 532 557	Previous studies showed that NAC TFs could positively or negatively regulate plant defense responses but, at this point, it is hard to draw a general scheme of the mode of action of NAC TFs in our experimental i w e (Chapman et al. 2018);
	533	set-up showing deregulation of these genes. However, considering their broad implication in hormone
	534	signaling (SA, JA, ABA, ET), any expression deregulation of these factors could have a subsequent effect
	535	on aphid behavior. Moreover, evidence of implication of these TFs in plant-virus interactions have been
	536	provided by several studies ((Yoshii et al. 2009); (Huang et al. 2017); (Selth et al. 2005)) suggesting that
	537	these deregulations could have a double impact on aphid infestation and virus infection.
	538	MYB and WRKY TFs families are involved in plant defense responses to biotic stresses, in particular,
		22

526

regulators of biotic and abiotic stress responses

[START_REF] Lee | ABA signal transduction at the crossroad of biotic and abiotic stress 995 responses[END_REF]

. For instance, the bZIP family is 527 known to regulate ABA-responsive genes (Lee and Luan 2012), Among the C2H2 family is AtZAT6 of the 528 C2H2 family which controls salicylic acid (SA) and reactive oxygen accumulation shown to be involved in 529 multi-stress plant responses (Shi et al. 2014) and the. NAC TFs are are widely involved in different signaling 530 pathways in response to different phytohormones and to abiotic or biotic stresses (Bian et al. 2021). 539 following soybean response to aphids ((Yao et al. 2020); (Prochaska et al. 2015)), or aphid attack of 540 A. thaliana ((Barah et al. 2013); (Louis and Shah 2013)). Several WRKY genes were found involved in plant

  671Tthese toxic compounds over-accumulating at a late time of aphid infestation could therefore trigger 672 aphid dispersion of the viruliferous aphids, as 72 h of aphid feeding is widely long enough for the aphids 673 to acquire a sufficient amount of virus particles to transmit the virus.

	567 593 619 645	2018)). but Wwhether these modifications impact the aphid vector behavior, and therefore virus jasmonic acid defense pathway which inhibition is mediated by the TYLCV C2 protein (Li et al. 2019). In could provide a positive effect on aphid growth and feeding behavior ((Mittler 1967)Mittler, 1967;
	568 594 620 646	transmission, has not been addressed. Several genes involved in brassinosteroid biosynthesis and our study, subunits of several ubiquitin E3 ligases are among the most represented genes in the "Protein" Metabolomic profiles affected by aphid infestation and virus infection (Ahmed et al. 2022)Ahmed et al., 2022) with a potential downstream effect on virus acquisition, especially
	569 595 621 647	signaling pathways were found specifically deregulated by aphids only but not in presence of TuYV (Suppl. category which deregulation upon aphids was relieved by TuYV infection. These proteins are part of the Our preliminary observationsexperiments designed to set up the time of aphid infestation in the dual at later time. Proline, a non-essential amino acid, was among the amino acids which accumulation raised
	570 596 622 648	Fig. 5A). Theses hormones are known to play a role in response to pathogens (Nolan et al. 2020), but little ubiquitin-proteasome system (UPS) and are classified into subfamilies based on their subunit responsible transcriptomic and metabolomic analyses, showed that aphids triggered two main waves of metabolic specifically upon the double pathogen treatment, and particularly strongly at 72 h post-infestation.
	571 597 623 649	is known in response to viral infection or to aphid infestation. for the target recognition (ex HECT, RING…Miricescu et al., 2018). UPS has been reported to play an changes, before and after 48 h post-infestation. These are in agreement with the results by (Tzin et al. Proline is a multifunctional amino acid which level has been reported to increase in pathogen-related
	572 598 624 650	The JA pathway is one of the most efficient to inhibit herbivory (Howe and Jander 2008). Several plant important role in plant defense response to biotic and abiotic stresses by regulating the biosynthesis and 2015) who found a dynamic shift in the plant responses to aphid feeding, between the first hours of conditions, and could contribute to stress tolerance (Alvarez et al. 2022). Among the sugars analyzed, we
	573 599 625 651	viruses have been reported to manipulate the JA pathway to attract insect vectors ((Wu and Ye 2020); signaling of defense-related phytohormones or other related components ((Zhang et al. 2021); (Miricescu infestation by the aphid Rhopalosiphum maidis and the later time points (after 48h) in maize. By choosing observed a massive and specific increase in sucrose and raffinose in double treated plants at both times
	574 600 626 652	(Pan et al. 2021)). Some viral proteins responsible for these changes were identified. For instance, the 2b et al. 2018); (Kelley and Estelle 2012)). It is therefore conceivable that deregulations affecting protein 6 and 72 h infestation, we Such metabolic deregulations in non-infected A. thaliana plants are likely to post aphid infestation, and not in single aphid infested plants. Sucrose is considered to be the sugar with
	575 601 627 653	F protein of cucumber mosaic virus (CMV) 2b protein directly interacts and inhibits the degradation of JAZ F degradation can subsequently affect vector behavior and virus uptake. F be affected by additional biotic stresses, like the infection by an aphid-transmitted virus. Beside F the highest nutritional value for aphids. Moreover, sucrose is preferred to other sugars by aphids, F
	576 577 578 582 602 603 604 605 606 607 608 628 629 630 631 632 633 634 654 655 656 657 658 659 660	o r P e e r R e v proteins which are transcriptional repressors of JA (Wu et al. 2017). The NS nonstructural protein of the tomato spotted wilt orthotospovirus and the ßC1 satellite of TYLCV bind MYC2 to impair JA activation pathway (2017), alleviation of JOX3 repression could induce a potential beneficial effect on M. persicae. Following a o r P e e r R e v Interestingly, there is a tight interplay between hormonal and protein degradation pathways (Kelley and Estelle 2012) with potential consequences on vector behavior. Some viral proteins affect the JA pathway through a modification of the protein degradation pathway. For example, the P6 of the barley yellow striate mosaic rhabdovirus modified the SCF (Skp1/Cullin1/F-box) complex (Gao et al. 2022) with a subsequent effect on the JA-signaling pathway. Another example is the C2 protein of the monopartite begomovirus TYLCV, which interacts with plant ubiquitin 40S ribosomal protein S27a compromising JAZ degradation and the downstream expression of defense genes like the MYC2-regulated terpene synthase o r P e e r R e v transcriptome deregulations, our experiments also addressed some plant metabolomic modifications triggered by aphid infestation and virus infection. We observed distinct metabolic alterations in the presence of TuYV. Pthat lants treated by both aphids and virus displayed changes that were significantly more important than those of aphid-treated plants. Moreover, the changes observed at 6 h post-infestation lasted up to 72 h. Conversely, in plants infested by aphids alone showed only faint alterations in metabolite accumulations were only slightly modified compared to mock-treated plants, while changes occurring in plants treated by both aphids and virus were significantly more important and these tended o r P e e r R e v including M. persicae, followed by raffinose (Hewer et al. 2010). As this effect was essentially induced by o r the virus, this indicates that TuYV is able tocan promote metabolic changes that favor aphid feeding, and P therefore virus acquisition. Surprisingly, some glucosinolates (GLS,) which are expected to display a repellent effect, were also highly e e r increased in plants treated with both pathogenspests. This was the case for 1-OH glucobrassicin, 4-OH glucobrassicin and neoglucobrassicin, three indole GSL known to have an inhibitory effect on aphid proliferation ((Kim and Jander 2007); (Kim et al. 2008); (Pfalz et al. 2009)). Although GSL themselves are R e v
	583 584 609 610 635 636 661 662	i e w targeted approach, (Patton et al. 2019) showed inhibition of expression of genes involved in phytohormone signaling pathways in plants aphid-infested and infected by the polerovirus potato leafroll i e w genes. This leads to alleviation of plant resistance to whitefly vectors (Li et al. 2019). A direct link between protein degradation and vector interaction was recently provided by Bera et al. (2022) who showed that i e w to dissipate after 72 h (Fig. 8 compare conditions B D and C E with D B and EC). Interestingly, these changes occurred at 6 h post-infestation and lasted up to 72 h post-infestation, while in the case of plants only i e w not toxic, their breakdown products generated by myrosinases, that are normally stored in separate cell types, act as defensive compounds against insect herbivores (Wittstock, Ute, Burow 2010). As aphids feed i e w
	585 611 637 663	virus (PLRV), when compared to plants only aphid-infested. Although the effect of these gene turnip mosaic virus (TuMV) 6K1 protein could reprogram the plant protein degradation pathway. The viral infested by aphids, the changes observed after 6 h tend to dissipate after 72 h. Most of tThese by causing minimal physical damage to cells surrounding the phloem, the negative effect of GSL on aphids
	586 612 638 664	deregulations on PLRV transmission was not addressed, these results are perfectly in line with our large-protein reduced the abundance of JA biosynthesis-related transcripts and decreased plant protease modifications could be mostly attributed to the aphids but only when plants were virus-infected by virus. is limited but however realpresent but to a limited extent (Kim et al. 2008). Except 1-OH glucobrassicin
	587 613 639 665	scale analysis. activity in infected plants. In addition, TuMV infection downregulated expression of protease genes and This was particularly visible for amino acids, organic acids and sugars. which accumulation is induced by viral infection, accumulation of 4-OH glucobrassicin and
	588 614 640 666	upregulated expression of some autophagy and proteasome-related genes (Bera et al. 2022). As aphids cannot synthesize essential amino acids, which are usually in short supply in phloem sap, they. neoglucobrassicin is specifically due to aphids in the presence of TuYV. Interestingly, these latter
	589 615 641 667	Another major category reprogrammed after virus infection is the "Protein" category with genes involved As remarkably highlighted by Ray and Casteel (Ray and Casteel 2022) in their review, viral and vector Aphids therefore mostly rely on their symbionts to synthesize these amino acids (Hansen and Moran metabolites did accumulate massively at 72 h post-aphid infestation and could therefore constitute a
	590 616 642 668	in protein synthesis and, responsible for post-translational modifications or protein degradation. There is effectors have common host targets including transcription factors and protein turnover, suggesting that 2011). Sandström et al., (2000) showed that the aphid Schizaphis graminum increased the content of signal for aphid dispersion under the control of the virus. Indeed, TuYV transmission follows a circulative
	591 617 643 669	increasing evidence that plant viruses affect protein degradation pathways to promote virus accumulation these interconnected pathways could play important functions in plant manipulation by vector-essential amino acids present in the phloem of host plants. The increase in aAmino acids and sugars mode and requires a latent period of several hours to circulate into the aphid's body and reach the
	592 618 644 670	and attract their vectors by inhibiting plant defense responses,. This is achieved mainly mediated by the transmitted viruses. content increase in viral-infected and aphid-infesteddouble-challenged plants, especially at later time, accessory salivary glands before being inoculated (Brault et al. 2010). It is therefore considered that

Westwood et al. 2013b)

;

(Xie et al. (Li et al. 2014)

;

[START_REF] Wu | The orthotospovirus nonstructural 1117 protein NSs suppresses plant MYC-regulated jasmonate signaling leading to enhanced vector 1118 attraction and performance[END_REF]

). Among the plant genes deregulated by only by aphids in our 579 experiments, and which were common with previous studies, is Jasmonate regulating gene 21 (also 580 referred to as JOX3). It was down-regulated in both aphid infestation conditions (6 h and 72 h), but not in 581 viral-infected plants. As JOX (Jasmonate-induced oxygenase) enzymes inactivate JA-Ile (Caarls et al.

Table :

 : Number of aligned reads for transcriptome profiling

	1150	TABLE 1. TuYV aphid transmission assays from TuYV-infected and infested plants	
	1151		Nb plants infected/ inoculated a		
	1152	Source plants	Exp. 1	Exp. 2	Exp. 3	Exp. 4	Exp. 5
	1153	TuYV	41/60 (68%)	57/60 (95%)	45/60 (75%)	43/60 (72%)	48/60 (80%)
	1154	TuYV + 6h aphid infestation	25/60 (42%)	34/60 (57%)	/	/	/
	1155	TuYV + 72h aphid infestation	/	/	37/60 (62%)	32/60 (53%) 41/60 (68%)
	1156	pvalue b	0.005	9.13e-7	0.17	0.17	0.21
	1157	a Number of plants infected/total number of plants inoculated and assayed by DAS-ELISA. Percentage of infected
	1158 1159 1160	F o r F o r F o r F o r F o r F o r F o r F o r F o r F o r F o r F o r F o r plants in brackets. A plant is considered infected when the optical density (OD) value of the leaf extract is above F twice the mean OD values of three non-infected plants plus three times the standard deviation of these values. o r b Mann-Whitney U test
	1161		P P P P P P P P P P P P P P				
	1162 1163		e e r e e r e e r e e r e e r e e r e e r e e r e e r e e r e e r e e r e e r e e r			
	1164 1165			R e v R e v R e v R e v R e v R e v R e v R e v R e v R e v R e v R e v R e v R v e		
				i e w i e w i e w i e w i e w i e w i e w i e w i e w i e w i e w i e w i e w i e w		
	824	Supplementary Table 2: List of primers used in real time PCR quantification (qRT-PCR) of selected genes
	825	or TuYV genome					

TABLE 2 .

 2 TuYV genome accumulation measured by RT-qPCR in source plants

	1166

Phytopathology

This research was financed by the French National Agency for Research (ANR) in the frame of 17

VIRAPHIPLANT (ANR-14-CE19-0010-01) (CK, DH, FB, EP).

826

Supplementary Table 3 : List of the 31 DEG common to plants infested by aphids for 5 or 6 h found in the 827 data by [START_REF] Jaouannet | Characterization of Arabidopsis 980 Transcriptional Responses to Different Aphid Species Reveals Genes that Contribute to Host 981 Susceptibility and Non-host Resistance[END_REF] data, [START_REF] Bricchi | Dynamics of 905 Membrane Potential Variation and Gene Expression Induced by Spodoptera littoralis, Myzus 906 persicae, and Pseudomonas syringae in Arabidopsis[END_REF]