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Introduction

Because of the threat caused by crop pathogens to global food security, control methods to limit yield losses and maintain sustainable productions are needed. If pesticides have been successfully employed for years, the current societal and political demand for a reduction of their use is strong. In most cases, resistant cultivars are now the chosen alternative, as they can be highly effective, organism-specific, economically and environmentally sustainable.

However, this control method can be limited by evolutionary capacities of targeted pathogens, which can adapt to plant resistances [START_REF] Mcdonald | Pathogen population genetics, evolutionary potential, and durable resistance[END_REF]. Resistance breakdowns have been documented in a wide range of crop pathogens, such as virus, bacteria, nematodes, fungi or oomycetes (e.g., [START_REF] Castagnone-Sereno | Genetic variability of nematodes: a threat to the durability of plant resistance genes?[END_REF][START_REF] Mcdonald | Pathogen population genetics, evolutionary potential, and durable resistance[END_REF][START_REF] Janzac | Constraints on evolution of virus avirulence factors predict the durability of corresponding plant resistances[END_REF], whereas the development of resistant cultivars is a long process, in the order of decades, i.e. usually longer than the time needed for pathogen populations to overcome resistances.

Consequently, the design of strategies allowing an increase in resistance durability has been a major goal in plant pathology research over the last 50 years, especially as resistance genes or QTLs remain a scarce resource. To be efficient, such strategies have to integrate knowledge on the adaptation of pathogen populations to the selective pressure imposed by the resistant plant. Consequently, a significant step towards a better management of resistance durability could be taken by identifying the genetic determinants of adaptation to plant resistances, which would represent direct predictors allowing to link dynamics and genetics of resistance breakdown.

Plant-parasitic nematodes are major agricultural pathogens causing severe damages in crops worldwide [START_REF] Nicol | Current nematode threats to world agriculture[END_REF], but sources of resistance against them remain scarce.

Several studies have been conducted to optimize the management of these resistances [START_REF] Djian-Caporalino | Pyramiding, alternating or mixing: comparative performances of deployment strategies of nematode resistance genes to promote plant resistance efficiency and durability[END_REF][START_REF] Barbary | Host genetic resistance to root-knot nematodes, Meloidogyne spp., in Solanaceae: from genes to the field[END_REF]. Cyst nematodes are among the most economically damaging plant-parasitic nematodes. Over the last few years, increased knowledge about characteristics of cyst nematode populations allowed to better predict the global evolutionary potential of these populations. In particular it was showed that cyst nematode populations represent a real threat to the durability of plant resistances due to an important passive dispersion [START_REF] Picard | Inbreeding and population structure of the potato cyst nematode (Globodera pallida) in its native area (Peru)[END_REF][START_REF] Plantard | Population genetic structure of the sugar beet cyst nematode Heterodera schachtii: a gonochoristic and amphimictic species with highly inbred but weakly differentiated populations[END_REF][START_REF] Alenda | Human influence on the dispersal and genetic structure of French Globodera tabacum populations[END_REF] and favored expression of recessives virulence genes due to inbreeding [START_REF] Montarry | Heterozygote deficits in cyst plant-parasitic nematodes: possible causes and consequences[END_REF]. The adaptation speed of nematode populations would also be modulated by the number and the nature of genetic mutations required to overcome the plant resistance, and by the presence and, if any, the frequency, of virulent individuals in fields.

The cyst nematode Globodera pallida (Stone) is a major pest of potato crop [START_REF] Oerke | Crop production and crop protection: estimated losses in major food and cash crop[END_REF][START_REF] Van Riel | Potato cyst nematodes (Globodera species) in western Europe[END_REF] and Solanum vernei, a wild potato species, is an interesting source of resistance against G. pallida as it is highly effective. The resistance, which leads to the development of most nematodes into adult males, is explained at 61% by the major QTL GpaV vrn mapped on the potato chromosome V (Rouppe van der [START_REF] Van Der Voort | Two additive QTLs conferring broad-spectrum resistance in potato to Globodera pallida are localized on resistance gene clusters[END_REF]. This source of resistance is to date the only one exploited in commercial potato cultivars at the European level. The resistant cultivar Iledher, carrying GpaV vrn , has been registered in 2009 in the French catalogue as the first cultivar showing a high level of resistance to G. pallida. However, [START_REF] Fournet | Selection of nematodes by resistant plants has implications for local adaptation and cross-virulence[END_REF] highlighted that G. pallida populations were able to completely overcome the resistance of Iledher in only few generations in experimental evolution. Identifying the determinants of virulence thus appears to be crucial to better anticipate the speed of adaptation of G. pallida populations.

In organisms with relatively small genomes, such as RNA viruses with 10-15 kb genomes, it is possible since several years to sequence the entire genome and to directly compare sequences of virulent and avirulent strains in order to find the mutation responsible for resistance adaptation [START_REF] Meshi | Two concomitant base substitutions in the putative replicase genes of tobacco mosaic virus confer the ability to overcome the effects of a tomato resistance gene, Tm-1[END_REF][START_REF] Díaz | Molecular characterization of a Melon necrotic spot virus strain that overcomes the resistance in melon and nonhost plants[END_REF][START_REF] Ayme | Different mutations in the genome-linked protein VPg of Potato virus Y confer virulence on the pvr2 3 resistance in pepper[END_REF][START_REF] Mardis | The impact of next-generation sequencing technology on genetics[END_REF][START_REF] Janzac | A point mutation in the polymeras Potato Virus Y confers virulence toward the Pvr4 resistance of pepper and a high competitiveness cost in susceptible cultivar[END_REF]. However, this approach cannot be considered in eukaryotic organisms whose genomes range from one to hundreds of thousands megabases. Genome scans represent an efficient alternative to target genomic regions involved in adaptation in such organisms, as they analyze genome-wide variations at the light of theoretical predictions about the effects of selection, in order to detect locus specific signatures of positive directional selection [START_REF] Luikart | The power and promise of population genomics: from genotyping to genome typing[END_REF][START_REF] Storz | Using genome scans of DNA polymorphism to infer adaptive population divergence[END_REF]). Despite their strong potential to elucidate the genetic bases of adaptation, genome scans have never been used to identify the determinants of virulence in nematodes. However, [START_REF] Bekal | A SNARElike protein and biotin are implicated in soybean cyst nematode virulence[END_REF] recently opened the way for population genomic approach in cyst nematodes. They performed a whole genome allelic imbalance analysis of SNP in Heterodera glycines inbred lines grown in the laboratory for over 30 generations on resistant and susceptible soybean plants. This study revealed two new candidate virulence genes: HgBioB, a gene encoded biotin synthase and HgSLP-1, a gene that appears to have entered H. glycines genome via horizontal gene transfer and which encode a protein containing a putative SNARE domain. Virulence is based on sequence polymorphisms for the first gene and on a reduced copy number for the second gene. In potato cyst nematodes, (a)virulence genes known to date were identified only through candidate gene approaches. In Globodera rostochiensis, the venom allergen Gr-VAP1 was identified as an avirulence gene product triggering a cell death response in tomato (Lycopersicon esculentum) plants containing the Cf-2 and Rcr3pim resistant genes [START_REF] Lozano-Torres | Dual disease resistance mediated by the immune receptor Cf-2 in tomato requires a common virulence target of a fungus and a nematode[END_REF], 2014). In G. pallida, only one avirulence gene, Gp-RBP-1, coding for a SPRYSEC which interacts with the GPA2 resistant protein in potato, has been described [START_REF] Sacco | The cyst nematode SPRYSEC protein RBP-1 elicits Gpa2-and RanGAP2-dependent plant cell death[END_REF]. Virulence is due to a single amino-acid polymorphism, however this mutation is widely distributed in European populations [START_REF] Carpentier | The evolution of the Gp-Rbp-1 gene in Globodera pallida includes multiple selective replacements[END_REF]) and therefore potato carrying Gpa2 resistance gene is of very limited interest for control of G. pallida. On the contrary, the resistant cultivar Iledher shows a high level of resistance to a wide range of European G. pallida populations.

The aim of the present study was to investigate the G. pallida genomic regions involved in the breakdown of the resistance of potato cultivar Iledher. By analyzing microsatellite data, [START_REF] Eoche-Bosy | Experimentally evolved populations of the potato cyst nematode Globodera pallida allow the targeting of genomic footprints of selection due to host adaptation[END_REF] already showed that a genome scan on the G. pallida lineages coming from the experimental evolution performed by [START_REF] Fournet | Selection of nematodes by resistant plants has implications for local adaptation and cross-virulence[END_REF] was feasible. Here, we took advantage of the same biological material to perform a high density genome scan using data from a whole genome resequencing of pools of individuals (Pool-Seq, [START_REF] Futschik | The next generation of molecular markers from massively parallel sequencing of pooled DNA samples[END_REF][START_REF] Zhu | Empirical validation of pooled whole genome population re-sequencing in Drosophila melanogaster[END_REF][START_REF] Ferretti | Population genomics from pool sequencing[END_REF][START_REF] Gautier | Estimation of population allele frequencies from next-generation sequencing data: pool-versus individual-based genotyping[END_REF][START_REF] Schlötterer | Sequencing pools of individualsmining genome-wide polymorphism data without big funding[END_REF]) and a recent model testing for adaptive differentiation and association to population-specific covariables (BayPass, [START_REF] Gautier | Genome-wide scan for adaptive differentiation and association analysis with population-specific covariables[END_REF].

Materials and methods

Study system: Globodera pallida

Globodera pallida is a gonochoristic diploid organism with obligate sexual reproduction, which achieves one generation per year in European climatic conditions [START_REF] Jones | Observations on the beet eelworm and other cyst-forming species of Heterodera[END_REF]. This obligate parasite enters the plant roots as second-stage juveniles (J2) and establishes a specialized feeding structure, the syncytium [START_REF] Jones | Nematode-induced syncytiuma multinucleate transfer cell[END_REF], which is a severe nutrient sink for the plant. In this species, sex is environmentally determined and depends on the size and efficiency of the syncytium [START_REF] Sobczak | Cyst nematodes and syncytia[END_REF]. Adult males leave the root to mate females, which can be fertilized by several males [START_REF] Green | The influence of multiple mating on the reproduction and genetics of Heterodera rostochiensis and H. schachtii[END_REF][START_REF] Triantaphyllou | Demonstration of multiple mating in Heterodera glycines with biochemical markers[END_REF]. After mating, the females continue to feed from the syncytium and when eggs development is completed, they die and form a cyst, enclosing hundreds of eggs, which can stay viable for several years in soils.

The genome of G. pallida has been recently sequenced (Gpal.v1.0, [START_REF] Cotton | The genome and life-stage specific transcriptomes of Globodera pallida elucidate key aspects of plant parasitism by a cyst nematode[END_REF].

It is available as an assembly of 124.7 Mb in 6,873 scaffolds, with a N50 of 122 kb and a GC content of 36.7% [START_REF] Cotton | The genome and life-stage specific transcriptomes of Globodera pallida elucidate key aspects of plant parasitism by a cyst nematode[END_REF]. Combining transcriptomic data with manual curation, a total of 16,419 genes were predicted. The genome of G. rostochiensis has also been recently sequenced (nGr.v1.0, Eves-van den Akker et al. 2016) and could be a more accurate representation of a Globodera genome, as suggested by its higher completeness and low level of gene duplication. This genome is available as an assembly of 95.9 Mb in 4,377 scaffolds, with a N50 of 88 kb and a GC content of 38.1%. Annotation of G. rostochiensis genome could also be of better quality as a manual annotation phase followed the initial phase of automated annotation, resulting in the prediction of 14,378 genes.

Selection of virulent and avirulent G. pallida lineages

This study relies on the biological material coming from the experimental evolution performed by [START_REF] Fournet | Selection of nematodes by resistant plants has implications for local adaptation and cross-virulence[END_REF]. Briefly, nematode lineages were established from cysts of two French natural G. pallida populations, SM (near Saint-Malo, Brittany, north-western France) and N (from the island of Noirmoutier, western France) coming from infested fields (Fig. 1). The lineages used here were obtained by rearing both populations during eight successive cycles (i.e. eight generations) on the susceptible potato cultivar Désirée (D) and on the resistant cultivar Iledher (I). The present study was conducted with the eighth generation of the four lineages: two lineages adapted to the resistance of Iledher (named hereafter SMI and NI), and two lineages which remained unadapted (named hereafter SMD and ND).

Pool sequencing

As the amount of DNA in a single G. pallida individual is very low, pooling individuals from a same lineage was an efficient way to increase the amount of DNA while allowing the accurate estimation of population allele frequencies (e.g., [START_REF] Gautier | Estimation of population allele frequencies from next-generation sequencing data: pool-versus individual-based genotyping[END_REF]. To accurately represent the genetic variability of each lineage, we chose to sample individuals from different cysts, rather than different individuals from a same cyst, to constitute the pools. We therefore sampled 300 cysts in each lineage, which was the maximum available, and crushed them individually in sterile water. Two J2 (siblings) were sampled from each cyst and attributed to two different pools, resulting in two pools of 300 individuals for each lineage, i.e. two biological replicates. Water in samples was then vacuum-evaporated in a heated Speed Vac Concentrator (MiVac, Genevac Ltd., Ipswich, UK). As the cuticle of the nematode could prevent the lysis of tissues by the proteinase K, samples were stored at -80°C during two hours and then rapidly heated at ambient temperature, just before DNA extraction. DNA was extracted directly from each pool using Qiagen DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) following the manufacturer's instructions. A pooled DNA extraction has been favored over an individual DNA extraction following by a pooling of the DNA in equimolar proportions because this last strategy can lead to heterogeneity in the amount of each individual DNA due to measurement (poor estimations of individuals DNA concentration) or pipetting errors [START_REF] Gautier | Estimation of population allele frequencies from next-generation sequencing data: pool-versus individual-based genotyping[END_REF]. Extracted genomic DNA was quantified using a Qubit® 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA) and quality was estimated using a Nanodrop® ND-2000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). The DNA samples conformed to the required purity criteria (A260/A230 and A260/A280 > 1.8) for gDNA library preparation for sequencing, but not to the required concentration criterion, as the amount of DNA obtained from a 300 individuals pool was still very low (i.e. 17 ng of DNA per pool on average). Paired-end libraries were therefore constructed from the totality of DNA available in each pool (i.e. each biological replicate in each lineage) contained in 100 µL AE buffer (Qiagen), using the TruSeq Nano DNA Sample Preparation Kits (Illumina, San Diego, CA, USA), according to the manufacturer's instructions. Briefly, DNA was fragmented using a Covaris M220 ultrasonicator (Covaris, Woburn, MA, USA) and, after a purification step, end repaired. A bead-based size selection was performed, then DNA was A-tailed and ligated to indexed sequencing adapters (60 bp on each side), each biological replicate being identified by a different index. After a double-purification, libraries were enriched by eight PCR cycles, followed by a final purification. Library profiles were controlled using a DNA High Sensitivity chip on a BioAnalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA), showing that the average size of the eight libraries was 513 bp (i.e. average insert size of 493 bp). Libraries were then quantified by qPCR on ABI7900HT (Applied Biosystems) in order to pool them in equimolar proportions. The final pool was again quantified by qPCR on ABI7900HT in order to load on each lane a volume corresponding to a DNA concentration of 8 pM. In order to sequence the eight libraries at an expected 150X coverage depth, four lanes were necessary. Sequencing was performed on an Illumina HiSeq™ 2500 platform (Illumina).

Three lanes were sequenced with HiSeq v4 reagent kits (HiSeq PE Cluster Kit v4 and HiSeq SBS Kit v4, Illumina) providing 2x125 bp paired-end reads and the fourth lane was sequenced with TruSeq v3 reagents kit (TruSeq PE Cluster Kit v3 and TruSeq SBS Kit v3, Illumina) providing 2x100 bp paired-end reads. Libraries preparation and sequencing were performed at the GeT-PlaGe France Genomics sequencing platform (Toulouse, France). All the obtained data were submitted to the BBRIC Archive network (https://bbricarchive.toulouse.inra.fr/web/index.html) in Project Gpool.

Mapping and SNP calling

Reads from the 64 fastq files (4 lineages x 2 biological replicates x 4 lanes x 2 (paired-end))

were aligned to the G. pallida reference genome using Bowtie2 version 2.1.0 [START_REF] Langmead | Ultrafast and memory-efficient alignment of short DNA sequences to the human genome[END_REF] [START_REF] Li | The Sequence Alignment/Map format and SAMtools[END_REF] with minimum mapping quality and minimum base quality set to 20. The whole previous workflow was performed on the Galaxy platform (https://galaxyproject.org/, [START_REF] Blankenberg | Galaxy: a web-based genome analysis tool for experimentalists[END_REF]. The mpileup file was further processed to perform SNP calling and derive read counts for each alternative base, after discarding bases with a Base Alignment Quality score below 25. Genomic positions kept in the dataset had to show only two different bases across all the samples, however, the triallelic positions for which the third allele was represented by only one read were included in the analysis as bi-allelic SNPs (after filtering the third allele as a sequencing error). To evaluate the reproducibility of the sequencing results across the technical replicates (sequencing lanes), we carried out a Principal Component Analysis (PCA) based on the allele frequency counts (Fig. S1, Supporting information). A last filtering step based on the coverage and the minimum allele count (MAC) was performed: a SNP was kept in the dataset if i) it had a coverage of more than 30 reads and less than 300 reads (corresponding approximately to the 95% percentile of the empirical coverage distribution) in each sample and ii) the minor allele was represented by at least two reads in two different pool samples.

Genome scan for adaptive divergence and association with the virulent/avirulent status

To detect genomic signatures of selection, we used the package BayPass version 2.1 [START_REF] Gautier | Genome-wide scan for adaptive differentiation and association analysis with population-specific covariables[END_REF]) that provides a reimplementation of the Bayesian hierarchical model initially proposed by [START_REF] Coop | Using environmental correlations to identify loci underlying local adaptation[END_REF] and includes several extensions that improve accuracy and decision criteria. The underlying BayPass framework allows both to identify overly differentiated SNPs (candidate for adaptive selection) in a robust fashion, through the computation of the XtX genetic differentiation statistics [START_REF] Günther | Robust identification of local adaptation from allele frequencies[END_REF], and to perform genome-wide association with population-specific covariables. The underlying models explicitly account for the covariance structure among the population allele frequencies that originates from the shared history of the populations under study, through the estimation of the population covariance matrix Ω, which renders the identification of SNPs subjected to selection less sensitive to the confounding effect of demography [START_REF] Bonhomme | Detecting selection in population trees: the Lewontin and Krakauer test extended[END_REF][START_REF] Günther | Robust identification of local adaptation from allele frequencies[END_REF]. BayPass is generic enough to be suited for the analyses of data from experimental evolution in which the allele frequency covariance structure is simpler, and can handle data derived from Pool-Seq experiments [START_REF] Gautier | Genome-wide scan for adaptive differentiation and association analysis with population-specific covariables[END_REF].

The allele count dataset was analyzed under all the models implemented in BayPass with all the parameter set to default, considering the virulence/avirulence status (coded as a binary variable with value -1 and 1 respectively) of each sample for the association analysis.

First, analysis under the core model allowed to estimate the XtX for each SNP that were calibrated after analyzing a pseudo-observed dataset (POD) simulated under the inference model with parameters set equal to those estimated in the real data. Second, we relied on the Bayes Factor (BF) calculated under the auxiliary covariate model to evaluate association of SNPs to the virulent/avirulent status of the lineages. The auxiliary covariate model involves the introduction of a binary auxiliary variable to classify each locus as associated or not. This allows to easily compute Posterior Inclusion Probability (and BF) for each locus while explicitly accounting for multiple testing issues. For each SNP, the Bayes Factor (denoted BF mc as in Gautier 2015) was expressed in deciban units (dB) via the transformation 10 log 10 (BF). As a decision rule, we then followed the popular Jeffreys' rule [START_REF] Jeffreys | Theory of Probability[END_REF]) that quantifies the strength of evidence (here in favor of association of the SNP with the covariable) as 'strong' when 10 dB < BF < 15 dB, 'very strong' when 15 dB < BF < 20 dB and 'decisive' when BF > 20 dB.

Three independent BayPass analyses were carried out for each model, giving different values to initial seed of the (pseudo-) Random Number Generator. Under the core model in particular, the posterior estimates of Ω were found almost identical with a FMD distance [START_REF] Förstner | A metric for covariance matrices[END_REF] between each pair of matrices always lower than 0.01. For prioritization purposes, only SNPs that were overly differentiated if XtX > 1% POD significance threshold and if BF mc > 20 in the three independent analyses were further considered as candidate.

As we were interested in identifying genomic regions involved in the adaptation to Iledher, we precisely had to consider only SNPs showing footprints of selection in the Iledher lineages (SMI and NI) and not in the Désirée lineages. It is in fact possible to pinpoint genomic regions involved in host adaptation (rather than resistance adaptation), which can occur both in nematode lineages having evolved on Iledher and in the ones having evolved on Désirée, as highlighted in [START_REF] Eoche-Bosy | Experimentally evolved populations of the potato cyst nematode Globodera pallida allow the targeting of genomic footprints of selection due to host adaptation[END_REF]. For this purpose, we used the lnRH test [START_REF] Kauer | A microsatellite variability screen for positive selection associated with the "Out of Africa" habitat expansion of Drosophila melanogaster[END_REF][START_REF] Schlötterer | A novel test statistic for the identification of local selective sweeps based on microsatellite gene diversity[END_REF]. LnRH is traditionally used for microsatellite datasets, but as it is not based on a particular mutation model [START_REF] Kauer | A microsatellite variability screen for positive selection associated with the "Out of Africa" habitat expansion of Drosophila melanogaster[END_REF], it can also be applied to SNP datasets (Mc Evoy et al. 2006;[START_REF] Vasemägi | Screen for footprints of selection during domestication/captive breeding of Atlantic Salmon[END_REF].

This test, based on the assumption that markers linked to loci under selection will show reduced levels of diversity within populations [START_REF] Schlötterer | A novel test statistic for the identification of local selective sweeps based on microsatellite gene diversity[END_REF], uses the expected heterozygosity H to compute the lnRH statistics. We merged allelic counts of biological replicates and derived from it allelic frequencies at each SNP in SMI, SMD, NI and ND. We computed the lnRH statistic for each locus in lineage pairs SMI/SMD and NI/ND by calculating the natural logarithm (ln) of the gene diversity ratio

[(1/(1-H lineage1 ))²-1] / [(1/(1- H lineage2 ))²-1].
For lineages with monomorphic loci, one different allele was added to one individual, as null values of heterozygosity prevent the estimation of lnRH due to division by zero [START_REF] Kauer | A microsatellite variability screen for positive selection associated with the "Out of Africa" habitat expansion of Drosophila melanogaster[END_REF]. LnRH estimates were standardized to obtain a mean of 0 and a standard deviation of 1. As the lnRH is approximately normally distributed under the null hypothesis of neutrality [START_REF] Schlötterer | A novel test statistic for the identification of local selective sweeps based on microsatellite gene diversity[END_REF], loci with lnRH values lower than -1.96 were considered outliers at the 0.05 threshold, indicating reduced variability in SMI and NI lineages as compared to SMD and ND, respectively. Only outliers in both lnRH pairwise comparisons were considered, and common outliers to BayPass and lnRH were retained to further investigation of their genic environment.

Genic environment of outlier loci

We searched for predicted genes located in a window of 120-kb around outlier loci (60-kb either side) in the annotated G. pallida genome. The choice of this value was based on the AFLP-based genetic linkage map of G. rostochiensis giving a physical:genetic distance ratio of 120 kb.cM -1 (Rouppe van der Voort et al. 1999), as no data on the extent of recombination and linkage disequilibrium was available in G. pallida. As the majority of virulence factors identified in plant parasitic nematodes are effectors [START_REF] Haegeman | Functional roles of effectors of plantparasitic nematodes[END_REF][START_REF] Mitchum | Nematode effector proteins: an emerging paradigm of parasitism[END_REF], we searched as a priority for genes coding for secreted proteins, i.e. harboring N-terminal signal peptides in the predicted proteins, using SIGNALP v4.1 [START_REF] Petersen | SIGNALP 4.0: discriminating signal peptides from transmembrane regions[END_REF].

We also performed a BLAST search of the predicted genes against the annotated G. 

Results

Sequencing, mapping and SNP calling

Sequencing was carried out on duplicates of the lineages SMI, SMD, NI and ND. Despite the low amount of DNA used for each lineage, the generated sequencing data corresponded to the expectations from a quantitative and qualitative point of view. Sequencing produced two billion reads, i.e. 62.5 million reads/sample (biological replicate)/lane, and 76% mapped on the G. pallida reference genome, but 24% of these mapping reads mapped more than once on the genome. Duplicate filtering resulted in removing 13.5% of mapped reads. Remaining reads covered 95% of the ungapped assembly at an average depth of 34X/sample/lane. Processed mpileup contained 2,383,040 SNPs. PCA based on the allele frequency counts showed that the main axes of variation of genetic variability across the different samples were clearly associated with (i) the population origin and (ii) the virulence status. A very low variation was observed among the sequencing replicates in each pool sample. This prompted us to merge allele count data from the four sequencing replicates (lanes) for each of the eight pool samples (Fig. S1, Supporting information). The final dataset filtered on coverage and MAC consisted of read count data for 1,631,158 SNPs in the eight different selected lineages, corresponding to a density of polymorphic sites of 16/kb on average.

Genome scan for adaptive divergence and association with the virulent/avirulent status

Analysis of the dataset under the BayPass core model allowed us to estimate the scaled covariance matrix of population allele frequencies Ω that quantifies the genetic relationship among each pairs of populations. The resulting estimates of Ω accurately reflected the known structure between samples, i.e. a clustering at the higher level by population geographical origin, then by the virulence status and finally by biological replicate within each lineage (Fig. 2). XtX for each SNP were also estimated and calibrated by analyses of a POD containing 1,600,000 SNPs. At the 1% POD significance threshold, about 33,000 SNPs were identified as overly differentiated (Fig. 3). However, analysis under the auxiliary covariate model drastically reduced this outlier list, as less than 400 had also a BF mc < 20 (355, 361 and 357 SNPs in each analysis, respectively) (Fig. 3). Overall, 275 outliers were shared by the three analyses (outlier loci found in only one or two analyses actually exhibited XtX and/or BF mc values close to the thresholds, which explains that they were not found in all analyses). Among these 275 SNPs showing an increase of genetic differentiation between Iledher and Désirée lineages, 31 of them also showed a decrease of genetic diversity in both SMI and NI lineages (Fig. 4) as identified by lnRH.

Genic environment of outlier loci

The 31 selected outlier loci were distributed on 23 different scaffolds. Among these outlier loci for which the genic environment has been investigated, three outliers were located on scaffolds which do not harbor any predicted gene, 16 were located in intergenic area and 12 were directly located into genes (Table S2, Supporting information). Among the latter, five were located in exons, and four of them corresponded to synonymous mutations. The outlier SNP located on the scaffold 1777 corresponded to a non-synonymous mutation that changes an arginine into a histidine in GPLIN_001438500, which is annotated as a transcribed hypothetical protein. Despite the fragmentation of the G. pallida genome in numerous scaffolds that precluded a clear analysis of the physical distances among most of the identified outliers, it appeared that several outlier loci were sometimes found in the same scaffold. The most significant was the scaffold 988 which contains four outlier SNPs close to each other (< 200 bp). Four other scaffolds (44, 85, 182 and 283) harbored outlier SNPs close to each other (< 200 bp) and a fifth scaffold (66) harbored also two outlier SNPs but that are 75 kb apart.

The number of outlier SNPs found in a scaffold was not dependent on the size of this scaffold: for instance, scaffold 988, which is one of the smallest scaffold of interest identified, contains four outlier loci. Overall, 258 predicted genes were identified in a 120-kb window around the 31 outlier loci (Table S2, Supporting information). About 47% (121) of them have unknown function in G. pallida, but 15 harbored a signal peptide, indicating that they potentially encode for secreted proteins, and one, GPLIN_000314000, is similar to an effector in G. rostochiensis [START_REF] Cotton | The genome and life-stage specific transcriptomes of Globodera pallida elucidate key aspects of plant parasitism by a cyst nematode[END_REF]. Fourteen predicted genes with known functions also harbored a peptide signal. Fifteen genes coding for proteins harboring a SPRY domain were found at the proximity of eight outlier loci, and three of them were paralog of SPRYSECs (Secreted protein with a SPRY domain), which are known in nematodes of the genus Globodera to be involved in pathogenicity but also in (a)virulence [START_REF] Rehman | A secreted SPRY domain-containing protein (SPRYSEC) from the plant-parasitic nematode Globodera rostochiensis interacts with a CC-NB-LRR protein from a susceptible tomato[END_REF][START_REF] Sacco | The cyst nematode SPRYSEC protein RBP-1 elicits Gpa2-and RanGAP2-dependent plant cell death[END_REF]. Two of them, located on scaffolds 182 and 782, were paralog of RBP-1, the only virulence gene identified in G. pallida [START_REF] Sacco | The cyst nematode SPRYSEC protein RBP-1 elicits Gpa2-and RanGAP2-dependent plant cell death[END_REF][START_REF] Carpentier | The evolution of the Gp-Rbp-1 gene in Globodera pallida includes multiple selective replacements[END_REF]. It is likely that some of the other genes coding for proteins harboring a SPRY domain could actually be SPRYSECs, the absence of signal peptide being not ascertained as they are 5' truncated (N's region) in the reference genome. Other genes were also interesting as they encode proteins which have functions linked to G. pallida pathogenicity, e.g., cell wall modifying proteins, or they encode proteins which are known to be secreted by the dorsal pharyngeal gland of G. pallida. The pharyngeal glands are cells in which effectors are produced, and thus can be regarded as a toolbox for infection (Eves-van den Akker & Birch 2016). Cyst nematodes have two sets, subventral and dorsal: the former are primarily active while the nematode migrates through host tissue, while the latter are primarily active during the sedentary parasitic stages [START_REF] Endo | Ultrastructure of esophageal gland secretory granules in juveniles of Heterodera glycines[END_REF][START_REF] Von Mende | Invasion and migration behaviour of sedentary nematodes[END_REF][START_REF] Davis | Nematode parasitism genes[END_REF]. Some genes with unknown function in G. pallida had homologues with predicted function in G. rostochiensis genome, part of them being putatively paralog of SPRYSECs or involved in pathogenicity. Three predicted genes (GPLIN_000832500, GPLIN_001056700 and GPLIN_001258100) harbored DOG Boxes in their promoter region, two of them having unknown function and the third coding for a SPRYSEC protein.

Discussion

In this study, we investigated Globodera pallida genomic regions involved in the adaptation to the QTL GpaV vrn , a resistance factor against this potato parasite, by performing a genome scan on Pool-Seq data derived from experimentally evolved lineages, adapted or not to the resistant potato cultivar Iledher.

Elucidating the molecular bases of virulence is a central challenge in nematology. So far, a few plant-nematode interactions have been studied to characterize the molecular determinants of (a)virulence. In G. pallida, only one virulence gene has been described [START_REF] Sacco | The cyst nematode SPRYSEC protein RBP-1 elicits Gpa2-and RanGAP2-dependent plant cell death[END_REF][START_REF] Carpentier | The evolution of the Gp-Rbp-1 gene in Globodera pallida includes multiple selective replacements[END_REF]. A priori methods based on candidate genes to identify new or unknown virulence genes are therefore not the most adapted ones at the moment. Our study is the first to exploit genome scan to target genetic bases of adaptation to plant resistance in nematode populations. We demonstrated in a previous study the feasibility of a genome scan approach on our specific biological materiel coming from short experimental evolution (Eoche-Bosy et al. 2016), which was achieved here by the identification of 275 outlier loci and 31 candidates of a strong interest among them, distributed on 23 scaffolds. Several genomic regions are therefore putatively linked to adaptation to the resistance of Iledher, however this number should be put in perspective with respects to the moderate quality of the G. pallida reference genome. In fact, the genome assembly is still relatively fragmented (6,873 scaffolds), which could suggest that different genomic regions identified as outliers in our study could in fact form only one or a few. Evesvan den Akker et al. (2016) highlighted that some effector islands identified in G. rostochiensis genome were split across different scaffolds in G. pallida genome. This prevents to make realistic assumptions on the number of genes that could be involved in the overcoming of Iledher resistance. However, we assume that only a few virulence genes should be involved as few resistance genetic factors are expected in Iledher because of the major effect of the QTL GpaV vrn which is present in the potato cultivar Iledher and the fast overcoming of this resistance observed in experimental evolution that support rather the view of a mono-or oligogenic resistance.

The moderate quality of the genome involved other limitations in mapping of sequencing reads, leading to the loss of a substantial part of the data. First, 24% of the sequencing reads did not map on the reference genome, while in the same time, the assembly contains 17% of N's and has a CEGMA completeness score of 74% for complete genes and 81% for partial genes [START_REF] Parra | CEGMA: A pipeline to accurately annotate core genes in eukaryotic genomes[END_REF]Eves-van den Akker et al. 2016). This suggests that a large part of unmapped reads could actually belongs to the G. pallida genome, but corresponding sequences would be absent from the assemblage. These missing sequences could putatively comprise candidate genomic regions to adaptation. Second, heterozygosity of the reference genome is suspected, as about 24% of the sequencing reads mapped more than once on the genome, this hypothesis being supported by the difference between the length of the assembly (124.7 Mb) and the estimated genome size (100 Mb). Sequencing data mapping on these genomic regions were further discarded because of poor mapping score due to the multiple positions mapping, and once again, genomic information about these regions and their possible link to resistance adaptation were lost.

Pool-Seq is now commonly adopted in many studies, included population genomics studies [START_REF] Rubin | Whole-genome resequencing reveals loci under selection during chicken domestication[END_REF][START_REF] Rubin | Strong signatures of selection in the domestic pig genome[END_REF][START_REF] Clément | Private selective sweeps identified from nextgeneration pool-sequencing reveal convergent pathways under selection in two inbred Schistosoma mansoni strains[END_REF][START_REF] Ferretti | Population genomics from pool sequencing[END_REF]Fisher et al. 2013), because it provides more accurate estimation of allele frequencies, at reduced sequencing and library preparation costs [START_REF] Futschik | The next generation of molecular markers from massively parallel sequencing of pooled DNA samples[END_REF][START_REF] Zhu | Empirical validation of pooled whole genome population re-sequencing in Drosophila melanogaster[END_REF][START_REF] Gautier | Estimation of population allele frequencies from next-generation sequencing data: pool-versus individual-based genotyping[END_REF][START_REF] Rellstab | Validation of SNP allele frequencies determined by pooled next-generation sequencing in natural populations of a non-model plant species[END_REF][START_REF] Schlötterer | Sequencing pools of individualsmining genome-wide polymorphism data without big funding[END_REF]. Here, we emphasize the interest of using such an approach for population genomic studies of non-clonal microorganisms, as it allowed to increase the amount of DNA while keeping information about allele frequencies. The good quality of our results also relies on library preparation protocol, which fit the recommendations [START_REF] Rhodes | Illuminating choices for library prep: a comparison of library preparation methods for whole genome sequencing of Cryptococcus neoformans using Illumina HiSeq[END_REF][START_REF] Kofler | The impact of library preparation protocols on the consistency of allele frequency estimates in Pool-Seq data[END_REF]. The TruSeq Nano DNA kit has been shown to be highly accurate and even some duplicates were obtained due to the PCR cycles, [START_REF] Kofler | The impact of library preparation protocols on the consistency of allele frequency estimates in Pool-Seq data[END_REF] showed that duplicates were also obtained with free-PCR library preparation kits. Nevertheless, [START_REF] Kofler | The impact of library preparation protocols on the consistency of allele frequency estimates in Pool-Seq data[END_REF] highlighted the superior impact of the genome quality over the library preparation protocol on the mapping quality. Numbers of individuals in pools and depth of coverage used have also been determined to improve sequencing results and allelic frequency estimations [START_REF] Gautier | Estimation of population allele frequencies from next-generation sequencing data: pool-versus individual-based genotyping[END_REF][START_REF] Kofler | The impact of library preparation protocols on the consistency of allele frequency estimates in Pool-Seq data[END_REF]. Consideration of a categorical population specific covariable in the genome scan allowed us to refine the list of outlier loci. Analysis of association further conducted by running the auxiliary covariate model allowed to retain only SNPs associated with the virulence status of the lineages, and not those corresponding to other selective pressures (e.g., local adaptation), which helped to reduce the risk of a misleading biological interpretation, a main limitation of genome scans [START_REF] Pavlidis | A critical assessment of storytelling: gene ontology categories and the importance of validating genomic scans[END_REF]. Moreover, evaluating the reduction of diversity allowed us to refine the outlier loci list to those linked only to the adaptation to the resistant cultivar Iledher. A direct link between those candidate loci and the adaptation to the resistance cannot yet be done at this stage. Indeed, footprints of selection detected in lineages having evolved on Iledher might well be linked to adaptation to the plant resistance or to the plant itself (including all its genetic background). Also, at this stage, we are unable to definitively link the identified SNPs to the resistance factor GpaV vrn or to another resistance factor present in the genetic background of the cultivar Iledher. Although these different situations will only be deciphering by functional validation, there is a strong possibility that at least some of the candidate genomic regions identified in this study are involved in adaptation to Iledher resistance and in particular to its major resistance QTL GpaV vrn .

Sixteen over the 31 outlier loci investigated for their genic environment have at least one gene coding for a secreted protein in their neighboring region (even if all secreted proteins are not effectors, all effectors are secreted protein) and several outliers are at the vicinity of genes coding for proteins specifically secreted in the nematode dorsal gland.

Particularly, some of these secreted proteins are SPRYSECs effectors which act as a versatile protein-binding platform for the nematodes to target a wide range of host proteins during parasitism including plant resistance proteins [START_REF] Rehman | A secreted SPRY domain-containing protein (SPRYSEC) from the plant-parasitic nematode Globodera rostochiensis interacts with a CC-NB-LRR protein from a susceptible tomato[END_REF][START_REF] Sacco | The cyst nematode SPRYSEC protein RBP-1 elicits Gpa2-and RanGAP2-dependent plant cell death[END_REF][START_REF] Diaz-Granados | SPRYSEC effectors: a versatile protein-binding platform to disrupt plant innate immunity[END_REF]. The fact that a considerable part of the outlier loci are found near genes coding for a SPRY domain containing protein or even in or at the vicinity of SPRYSECs cannot be only explained by the huge size of this family gene or the prevalence of the SPRY domain in the G. pallida genome. In fact, 299 SPRY domain containing proteins are present in the G. pallida genome (which can be moreover cluster into islands), i.e. 1 for 334 kb, and 30 of them are SPRYSECs, i.e. 1 SPRYSEC for 3.33 Mb [START_REF] Mei | Only a small subset of the SPRY domain gene family in Globodera pallida is likely to encode effectors, two of which suppress host defences induced by the potato resistance gene Gpa2[END_REF]Eves-van den Akker et al. 2016). When looking at the genic environment of outlier loci, we explored a total of 2 Mb of the genome and we identified 15 SPRY domain containing proteins, i.e. 1 for 133 kb, and 3 SPRYSECs, i.e. 1 for 660 kb. This is more than expected by chance in both cases and therefore support the view that some SPRYSEC proteins should be well indeed involved in the adaptation of G. pallida to Iledher.

It can be noticed that the lnRH test also identified, among the 275 outlier loci, six SNPs showing a decrease of genetic diversity in both Désirée lineages (data not shown).

These loci were distributed on four scaffolds, different from those on which the 31 outliers were located. Although we did not consider them in this study, those results could further be used to study adaptation to the potato cultivar Désirée. Only one of the 13 microsatellite markers identified as outliers by [START_REF] Eoche-Bosy | Experimentally evolved populations of the potato cyst nematode Globodera pallida allow the targeting of genomic footprints of selection due to host adaptation[END_REF] was located on the same scaffold as one of the 31 outlier SNPs identified here, and no one was located on the same scaffold as the six outlier SNPs involved in Désirée adaptation. The microsatellite marker Gp235 was indeed located at about 150 bp from the outlier SNP identified here on the scaffold 216. The fact that the other outlier microsatellites were not found on the same scaffold that outlier SNPs is not surprising, due to the small number of microsatellites used and to the fragmentation of the genome.

By identifying genomic regions putatively involved in the adaptation to the resistance from S. vernei, the present study has taken a further step towards understanding and identifying the determinants of virulence. In the aim of pinpointing, among the candidate loci, those actually involved in the adaptation to the potato cultivar Iledher, a first step of validation could consist of studying allele frequencies of candidate SNPs in natural populations showing different virulence level to Iledher, which could allow to validate some of them whose variations in allelic frequencies would correlate with variations in virulence level. Even if those loci are not the mutation responsible for the adaptation, they can be enough linked to it to be used as molecular tools to determine virulence allele frequencies in field populations before the deployment of resistant cultivars, and to study more accurately the potential fitness costs or benefits linked to the mutation from avirulence to virulence. Indeed, a recent study suggested that adaptation to Iledher involves an increase of fitness on a susceptible potato cultivar [START_REF] Fournet | Adaptation to resistant hosts increases fitness on susceptible hosts in the plant parasitic nematode Globodera pallida[END_REF]. However, this study did not test for competition between avirulent and virulent individuals, because of the lack of molecular markers allowing to follow (a)virulence alleles. And it was shown in the Potato Virus Y that a cost of competitiveness could occur, even in absence of fitness cost in simple inoculation [START_REF] Janzac | A point mutation in the polymeras Potato Virus Y confers virulence toward the Pvr4 resistance of pepper and a high competitiveness cost in susceptible cultivar[END_REF]. The identified outlier loci will also allow to target more precisely the best candidate genes involved in the adaptation, which will have to be functionally validated. 
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  rostochiensis genome in order to potentially obtain more precise information on their functional annotation. Eves-van den Akker et al. (2016) identified in G. rostochiensis and subsequently in G. pallida genomes a dorsal gland promoter element motif, termed DOG Box, which may be a strong predictor of secretion, and thus likely effector function. We thus searched for the presence of the predicted genes identified around outlier loci in the G. pallida putative DOG effectors list established by Eves-van den Akker et al. (2016).

Fig. 1

 1 Fig. 1 Selection of the four experimental Globodera pallida lineages. Nematode lineages were established from two French natural G. pallida populations, SM (near Saint-Malo, Brittany, north-western France) and N (from the island of Noirmoutier, western France), reared during eight successive cycles (i.e. eight generations) on the susceptible potato cultivar Désirée (D) and on the resistant cultivar Iledher (I). Each sample name indicates its geographical origin (SM for Saint-Malo and N for Noirmoutier) and the potato cultivar on which it evolved (I for Iledher and D for Désirée).

Fig. 2

 2 Fig. 2 Inferred relationship among the eight G. pallida lineages represented by a correlation plot and a hierarchical clustering tree derived from the matrix Ω estimated under the core model. Each sample name indicates its geographical origin (SM for Saint-Malo and N for Noirmoutier), the potato cultivar on which it evolved (I for Iledher and D for Désirée) and the replicate number (1 or 2).

Fig. 3

 3 Fig. 3 SNP XtX as a function of the BF mc for association with the virulence status covariable, estimated in one of the three independent analyses. The vertical dotted line represents the 1% POD significance threshold (XtX = 14.0) and the horizontal dotted line represents the 20 dB threshold for BF mc . Black dots represent the 275 outlier loci of interest (i.e. outliers for both XtX and BF mc values) and red dots represent the 31 outlier loci of strong interest (i.e. outliers also identified with lnRH).

Fig. 4

 4 Fig. 4 Example of increase of genetic differentiation (represented as XtX estimates computed in BayPass across the whole dataset) and decrease of genetic diversity (represented as expected heterozygosity H in each lineages having evolved on Iledher) in a candidate genomic region. The scaffold represented is the scaffold 988 and the grey line indicates the location of the four outlier SNPs on the scaffold.
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  ; Langmead & Salzberg 2012) with default parameters. Duplicate reads were removed using Picard version 1.122.0 (http://broadinstitute.github.io/picard/) and remaining reads were realigned around indels using Realigner Target Creator and Indel Realigner from the Genome Analysis Toolkit, GATK version 2.8.0 (McKenna et al. 2010; DePristo et al. 2011; Van der Auwera et al. 2013). The 32 BAM files obtained were merged in a single mpileup file using SAMtools MPileup version 0.1.19
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Figure S1

Principal Component Analysis (PCA) of the sequencing data from eight G. pallida pools sequenced on four lanes (technical replicates), based on read counts at 2,383,040 SNPs.

Table S2 Putative functions of the predicted genes located in a 120-kb window centered on the 31 outlier loci on the Globodera pallida genome assembly version Gpal.v1.0 [START_REF] Cotton | The genome and life-stage specific transcriptomes of Globodera pallida elucidate key aspects of plant parasitism by a cyst nematode[END_REF].

Supporting Information

Supplementary Figure S1 Principal Component Analysis (PCA) of the sequencing data from eight G. pallida pools sequenced on four different lanes (technical replicates), based on read counts at 2,383,040 SNPs. Each sample name indicates its geographical origin (SM for Saint-Malo and N for Noirmoutier), the potato cultivar on which it evolved (I for Iledher and D for Désirée), the number of the biological replicate (1 or 2) and the number of the lane (L) on which it has been sequenced. The first axis explains 32.61% of the variance and clusters the samples according to the population geographical origin. Even if the second and third axes explain a small part of the variance, i.e. 4.41% for PC2 and 4.22% for PCA3, they tend to cluster N and SM samples, respectively, according to their virulence status. Note however that for each of the eight pools, replicate sequenced on the first sequencing lane systematically depart from the three others. This patterns most probably results from a lower sequencing coverage for lane 1 (that was sequenced in 2x100 bp paired end) compared to the three others (that were sequenced in 2x125 bp paired-end) 

Supplementary Table S2

Putative functions of the predicted genes located in a 120-kb window centered on the 31 outlier loci on the Globodera pallida genome assembly version Gpal.v1.0 [START_REF] Cotton | The genome and life-stage specific transcriptomes of Globodera pallida elucidate key aspects of plant parasitism by a cyst nematode[END_REF]. Relevant results of the BLAST search of the predicted genes against the annotated G.

rostochiensis genome version nGr.v1.0 (Eves-van den Akker et al. 2016)