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Evidence of strong gene flow among French populations of the carrot cyst nematode Heterodera carotae

Keywords: AMOVA, Genetic structure, Heterozygote deficit, Isolation by distance, Microsatellite markers, Migration

The recent ban of the most efficient chemical nematicides lets growers without method to control the carrot cyst nematode Heterodera carotae. This phytoparasitic nematode species has a very narrow host range and causes severe crop losses in the main carrot-growing regions worldwide. The development of alternative means of management of H. carotae is thus essential and need knowledge about the adaptive abilities of H. carotae, which mainly depend on gene flow among populations. The goal of this study was to describe the genetic structure of H. carotae populations at the spatial scale of the main infested French carrot-producing region, i.e. Lower Normandy, and to disentangle the causes of the heterozygote deficit in this polyvoltine species. Our results, obtained thought the microsatellite genotyping of populations collected at the plant and at the field scales, showed i) that the heterozygote deficit is mainly due to sub-structure, and ii) strong gene flow among populations, leading to low FST and to no clear genetic structure at the explored spatial scale. Soil transport through both agricultural machinery and the transport of leek seedlings is probably responsible of the very strong H. carotae migration among fields and among production areas. Measures should be considered to limit the passive spread of H. carotae.

Introduction

Plant-parasitic nematodes are distributed worldwide and pose a major threat for numerous crops of high agricultural interest. They are obligatory parasites and feed only on their host plants leading to poor plant growth and severe crop losses [START_REF] Nicol | Current nematode threats to world agriculture[END_REF]. In Europe, the ban of the chemical nematicide 1,3 dichloropropene (CE 2076(CE /2002)), which was used thanks to dispensations (CE 1107(CE /2009) ) until 2018 in France, gives a strong opportunity to the use of new control solutions, such as plant resistances and biocontrol products. However, these new control methods may be more dependent on the evolutionary potential of nematode population (i.e. the ability for a population to adapt and evolve in its environment), which mainly depends on gene flow among populations [START_REF] Mcdonald | Pathogen population genetics, evolutionary potential, and durable resistance[END_REF]. In cyst nematode species, population genetic structure are mainly the result of the active dispersal of free-living stages in the soil (i.e. second-stage juveniles and males) at short distances, leading to strong heterozygote deficits (e.g. [START_REF] Montarry | Heterozygote deficits in cyst plant-parasitic nematodes: possible causes and consequences[END_REF], and of the passive dispersal of cysts at long distances. Indeed, massive gene flow were revealed for the potato cyst nematode Globodera pallida [START_REF] Picard | Inbreeding and population structure of the potato cyst nematode (Globodera pallida) in its native area (Peru)[END_REF], the beet cyst nematode Heterodera schachtii [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]) and the tobacco cyst nematode G. tabacum [START_REF] Alenda | Human influence on the dispersal and genetic structure of French Globodera tabacum populations[END_REF]. The migration of cysts was subsequent to commercial trades at large geographical scales, resulting in a strong geographical structure [START_REF] Plantard | Origin and genetic diversity of Western European populations of the potato cyst nematode (Globodera pallida) inferred from mitochondrial sequences and microsatellite loci[END_REF][START_REF] Boucher | Genetic diversity of the golden potato cyst nematode Globodera rostochiensis and determination of the origin of populations in Quebec, Canada[END_REF][START_REF] Alenda | Human influence on the dispersal and genetic structure of French Globodera tabacum populations[END_REF] and also to agricultural activities resulting in a lack of structure at finer geographical scales (e.g. [START_REF] Alenda | Human influence on the dispersal and genetic structure of French Globodera tabacum populations[END_REF]. As a new recent example, the study of the genetic structure of seventeen European populations of the carrot cyst nematode Heterodera carotae revealed that i) H. carotae populations were characterised by a strong heterozygote deficit, ii) they were grouped into two genetic clusters geographically structured and iii) gene flow were low among populations in each cluster [START_REF] Gautier | Microsatellite markers reveal two genetic groups in European populations of the carrot cyst nematode Heterodera carotae[END_REF]. However, there is a lack of knowledge of the genetic structure of the populations of this nematode at a more restricted spatial scale.

Heterodera carotae had a very narrow host range constituted of different subspecies of Daucus carota L. and a wild Apiaceae, Torilis leptophylla L. [START_REF] Mugniery | Heterodera carotae Jones, 1950 -Gamme d'hôtes, vitesse de développement, cycle[END_REF]. It is a polyvoltine species able to perform up to four generations during a growing season in favourable conditions [START_REF] Subbotin | Systematics of Cyst Nematodes (Nematodes: Heteroderinae)[END_REF]. As a result, infestations in the field correspond to irregular areas of stunted plants, characterised by small, abnormally developed and unmarketable carrots. Heterodera carotae is present in most of carrot-growing regions worldwide: in the state of Michigan in the USA [START_REF] Berney | Distribution of Heterodera carotae and Meloidogyne hapla in Michigan carrot production[END_REF], in the province of Ontario in Canada (Yu et al., 2017), in an important Mexican carrot producing area [START_REF] Escobar-Avila | First report of carrot cyst nematode Heterodera carotae in Mexico: morphological, molecular characterization and host range study[END_REF], in sixteen countries of Europe including France [START_REF] Osborne | First record of Heterodera catotae in Scotland[END_REF]Mugniéry & Bossis 1988;[START_REF] Gautier | Microsatellite markers reveal two genetic groups in European populations of the carrot cyst nematode Heterodera carotae[END_REF] and in South-Africa [START_REF] Subbotin | Systematics of Cyst Nematodes (Nematodes: Heteroderinae)[END_REF]. Ranges of estimated carrot crop-losses related to H. carotae were estimated from 20 to 90% in Italy [START_REF] Greco | Damage to Italian crops caused by cystforming nematodes[END_REF] and more than 35% in Ontario (Yu et al., 2017). Till now, the French carrot production system relied on the dispensations granted for the chemical nematicide 1,3 dichloropropene. The development of alternative means of management of H. carotae, economically and environmentally safe, is thus essential in carrotgrowing regions. Since 10 years, several alternatives to current chemical nematicides have been explored: soil solarisation, biofumigation, biological control and plant genetic resistance (e.g. [START_REF] Grevsen | Biofumigation with Brassica juncea pellets and leek material in carrot crop rotations[END_REF][START_REF] D'addabbo | Nematicidal potential of Artemisia annua and its main metabolites[END_REF]. Whatever the alternative control measure, the knowledge of the adaptive abilities of H. carotae populations constitutes a key factor in the development of sustainable strategies, i.e. strategies that reduce the probability of adaptive events.

The first goal of the present study was thus to investigate the genetic diversity and structure of H. carotae populations using microsatellite genotyping of individuals collected within Lower Normandy, the major carrot producing region infested by H. carotae in France, which includes three distinct production areas: Créances, Val-de-Saire and Mont St-Michel.

The second goal was to estimate the relative contribution of inbreeding and Wahlund effect to the heterozygote deficit highlighted in this polyvoltine species [START_REF] Gautier | Microsatellite markers reveal two genetic groups in European populations of the carrot cyst nematode Heterodera carotae[END_REF], using H. carotae populations sampled at the plant scale.

Materials and methods

Sampling of nematode cysts

Cysts of the carrot cyst nematode, Heterodera carotae, were collected in December 2016 from commercial carrot fields, all located in Lower Normandy, one of the two major French regions producing carrots. In contrast with Aquitaine (the second major French region producing carrots), the extensive occurrence of H. carotae in Lower Normandy lead to important yield losses. Three distinct production areas were investigated in Lower Normandy: Créances, Valde-Saire and Mont St-Michel. A sampling strategy was conducted in order to study two types of populations: populations collected at the field scale and populations collected at the plant scale. The GPS coordinates of each field were recorded (Table 1).

Twenty-two populations were collected at the field spatial scale: two fields in the Mont St-Michel area, five fields in the Val-de-Saire area and 15 in the Créances area. According to [START_REF] Garcia | Impact of agricultural practices and environmental variables on plant-parasitic nematode communities in fields at a landscape scale[END_REF], ten sample points were defined alongside the longest diagonal of each field. The ten points (depth of 15 cm using a manual auger (diam. 2.5 cm)) were pooled, resulting in one sample per field. Geographical distances between the three production areas varied between 65-74 km (from Mont St-Michel to Créances) to 120 km (from Mont St-Michel to Val-de-Saire) and fields in each area were separated from each other by 0.1 to 14 km.

For the investigations at the plant scale, soil samples were collected around roots of individual carrot plants Daucus carota subsp. sativus alongside the diagonal of two fields located in the Créances area, named Cre4 and Den3. Nine and 10 distinct H. carotae populations were collected from distinct plants in Cre4 and Den3, respectively. Within each field, sampled populations were separated from each other by 10 m.

Nematode cysts were extracted from 100 g of soil by a Kort elutriator. The number of cysts in 100 g of soil ranged from 15 to 280 and the estimated number of second-stage juveniles per gram of soil ranged from 3.4 to 64.3. To obtain at least 40 cysts per population, up to 500 g of soil were extracted for some populations.

Microsatellite genotyping

In order to assess the genetic diversity of the carrot cyst nematode populations, we used a set of 13 microsatellite markers developed by [START_REF] Gautier | Microsatellite markers reveal two genetic groups in European populations of the carrot cyst nematode Heterodera carotae[END_REF]. For each population, 40 secondstage juveniles (J2) from 40 distinct cysts, randomly chosen, were genotyped. DNA extractions were performed as described in [START_REF] Gautier | Microsatellite markers reveal two genetic groups in European populations of the carrot cyst nematode Heterodera carotae[END_REF]. DNAs were diluted with a 1:2 dilution ratio, and 2 µL was used for the microsatellite genotyping. PCR multiplex was performed in 5 µL of working volume, containing 1X of Type-it Microsatellite PCR kit (Qiagen) and 0.2 µM of each primer. Cycling conditions are the same as those described by [START_REF] Gautier | Microsatellite markers reveal two genetic groups in European populations of the carrot cyst nematode Heterodera carotae[END_REF], i.e.

an initial denaturation at 95 °C for 5 min, followed by 30 cycles of denaturation at 95 °C for 30 s, annealing at 57 °C for 90 s and extension at 72 °C for 30 s, followed by a final extension at 60 °C for 30 min. PCR products were then diluted to 1:40 in sterile water, and 3 µL of this dilution was mixed with 0.05 µL of GeneScan 500 LIZ Size Standard (Applied Biosystems) and 5 µL of formamide (Applied Biosystems). Analyses of PCR products were conducted on an ABI Prism®3130xl sequencer (Applied Biosystems). Allele sizes were identified using the automatic calling and binning procedure of GeneMapper v4.1 (Applied Biosystems) and completed by a manual examination of irregular results.

Dataset cleaning

Among the 13 microsatellite loci (Hc07,Hc29,Hc35,Hc40,Hc49,Hc55,Hc59,Hc63,Hc72,Hc76,Hc87,Hc91 and Hc94), 12 markers were retained. Hc91 was discarded because the amplification of this locus failed for 55 % of our individuals. This marker was also the one showing the highest frequency of potential null alleles (i.e. 28.7%) in the study of [START_REF] Gautier | Microsatellite markers reveal two genetic groups in European populations of the carrot cyst nematode Heterodera carotae[END_REF], which comforted us in the decision to remove it. For each collected population, 33 to 40 J2 from distinct cysts were successfully genotyped.

A preliminary factorial correspondence analysis (FCA) was performed using GENETIX 4.05.2 [START_REF] Belkhir | GENETIX 4.05, logiciel sous Windows TM pour la génétique des populations[END_REF]) on all individuals from the cysts collected at the field scale (i.e. 822 individuals) and showed that all individuals were closely grouped, except for 114 individuals from four populations from the Val-de-Saire area (all individuals from populations VDS3 and VDS6, 33/39 individuals from SIL1 and 11/33 individuals from VDS4) which were grouped separately. The high genetic distance between the two groups suggested the presence of the cabbage cyst nematode Heterodera cruciferae which resembles H. carotae. In order to check the possible membership of those 114 individuals to the H. cruciferae species, 32 J2 from 32 distinct cysts of two H. cruciferae populations, maintained in our lab collection (and multiplied on cauliflower), were genotyped and included to the dataset before rerunning the FCA. Moreover, to confirm the membership of our populations to the H. carotae species, two reference H. carotae populations (i.e. 36 individuals) from [START_REF] Gautier | Microsatellite markers reveal two genetic groups in European populations of the carrot cyst nematode Heterodera carotae[END_REF], both multiplied on carrot, were added to this analysis. The FCA revealed two groups: the 114 J2 were clearly grouped with all H. cruciferae individuals from the reference populations and all the other individuals were clearly grouped with the reference H. carotae populations (Fig. S1, Supporting information). Consequently, the H. cruciferae individuals were excluded from the final dataset as well as the six H. carotae remaining individuals of the population SIL1, insufficient to constitute a population.

We finally analysed 19 H. carotae populations (i.e. two from the Mont St-Michel area, two from the Val-de-Saire area and 15 from the Créances area) at the field scale (i.e. 702 individuals) and 19 H. carotae populations (i.e. 768 individuals) at the plant scale, which were genotyped using a set of 12 polymorphic microsatellite markers.

Data analysis

Analyses at the field scale

Genotypic linkage disequilibrium among all pairs of loci was assessed using a Markov Chain approximation of the Fisher's exact test, as implemented in GENEPOP 4.0.7 [START_REF] Raymond | Genepop Version1.2: population genetics software for exact tests and ecumenicism[END_REF]. A Bonferroni adjustement was applied to take into account multiple testing, i.e. α = 0.05 was lowered to α = 0.00076 for 66 comparisons.

Null allele frequencies were estimated for each locus across all populations using the likelihood-based method of [START_REF] Chybicki | Simultaneous estimation of null alleles and inbreeding coefficients[END_REF] implemented in the INEst program.

Moreover, the relationship between the percentage of missing data for each locus and FIS was examined [START_REF] Beaumont | Genetic diversity and introgression in the Scottish wildcat[END_REF] with the Spearman's rank correlation coefficient rho using the statistical software R version 3.6.1. A positive relationship between FIS and missing data would indicate that amplification failure is due to individuals bearing a null allele at the homozygous state.

Allelic richness (Ar) was estimated using the rarefaction method implemented in POPULATIONS 1.2.32 (Langella, 1999), which estimated the mean number of alleles per locus for a reduced sample size. An unbiased estimate of gene diversity (Hnb according to [START_REF] Nei | Estimation of average heterozygosity and genetic distance from a small number of individuals[END_REF] and deviation from random mating (FIS) were computed using GENETIX 4.05.2 [START_REF] Belkhir | GENETIX 4.05, logiciel sous Windows TM pour la génétique des populations[END_REF]. The statistical significances of FIS were estimated using the allelic permutation method (10,000 permutations) implemented in GENETIX.

To explore the genetic structure of the 19 H. carotae populations at the regional spatial scale, the Bayesian clustering algorithms implemented in STRUCTURE 2.3.4 [START_REF] Pritchard | Inference of population structure using multilocus genotype data[END_REF] was run on a reduced dataset free of any missing data (i.e. 595 individuals). According to [START_REF] Gautier | Microsatellite markers reveal two genetic groups in European populations of the carrot cyst nematode Heterodera carotae[END_REF], which followed the recommendations of [START_REF] Wang | The computer program structure for assigning individuals to populations: easy to use but easier to misuse[END_REF], default priors were chosen except for alpha, for which the value was set to 0.0526 (i.e. 1 / p, p being the number of populations) and the uncorrelated allele frequency model was used. The initial burnin period consisted of 1,000,000 iterations and the number of Markov chain Monte Carlo (MCMC) repetitions was 3,000,000. The K value was set from 1 to 20 (i.e. p + 1) and thirty different runs were executed for each K. We applied Structure Harvester Web ver.0.6.94 [START_REF] Earl | STRUCTURE HARVESTER: a website and program for visualizing STRUCTURE output and implementing the Evanno method[END_REF] to determine the most likely number of clusters statistically determined using the ad-hoc Evanno statistic ΔK [START_REF] Evanno | Detecting the number of clusters of individuals using the software STRUCTURE: a simulation study[END_REF].

The hierarchical structuring was assessed with an AMOVA model using ARLEQUIN v.3.5 [START_REF] Excoffier | Arlequin suite ver 3.5: a new series of programs to perform population genetics analyses under Linux and Windows[END_REF] and considering three hierarchical levels: among production areas (Créances, Val-de-Saire and Mont St-Michel), among populations within each production area and within populations.

The differentiation coefficients between each pair of populations (FST) were computed using GENEPOP 4.5.1 according to [START_REF] Weir | Estimating F-statistics for the analysis of population structure[END_REF], and their statistical significances were estimated by 5,000 random permutations of individuals among populations.

A Bonferroni adjustement was applied to take into account multiple testing, i.e. α = 0.05 was lowered to α = 0.00029 for 171 comparisons. A pattern of isolation by distance (IBD) was tested by calculating the correlation between the matrices of pairwise genetic distances (FST / (1 -FST)) and the natural logarithm of geographic distance for each pair of populations [START_REF] Rousset | Genetic differentiation and estimation of gene flow from F-statistics under isolation by distance[END_REF]. The statistical significance of the correlation was assessed through a Mantel test (10,000 permutations) using XLSTAT 2019.3.1 (Addinsoft SARL).

The unbiased estimate of gene diversity (Hnb) and the FIS were computed for each of the 19 H. carotae populations collected at the plant scale as described above. The statistical significance of FIS values for each population was tested using the allelic permutation method (10,000 permutations) implemented in GENETIX.

Because heterozygote deficits in cyst nematodes could be due to a Wahlund effect (i.e. sub-structure) and/or to consanguinity [START_REF] Montarry | Heterozygote deficits in cyst plant-parasitic nematodes: possible causes and consequences[END_REF], we used the method of [START_REF] Overall | A method for distinguishing consanguinity and population substructure using multilocus genotype data[END_REF] in order to calculate a likelihood surface for the genetic correlation due to population subdivision (θ) and the proportion of the population practicing consanguinity (C).

The method, which is based on the argument that consanguinity and sub-structure generate distinctive patterns of homozygosity in multilocus data, was applied assuming a degree of relatedness of 1/4 (see [START_REF] Montarry | Heterozygote deficits in cyst plant-parasitic nematodes: possible causes and consequences[END_REF] to all H. carotae populations showing significant heterozygote deficits. Likelihood estimates where obtained by searching for the maximum of the likelihood function over a grid of 10,000 combinations of θ and C values. Moreover, graphs of the likelihood surface were obtained for each nematode population using the statistical software R version 3.6.1.

Results

Genetic features of H. carotae field populations

At the fields scale, using our set of 12 microsatellites, we identified 54 alleles among the 19 H. carotae populations (i.e. 702 individuals) genotyped, with two (for Hca-07) to 10 (for Hca-63) alleles per locus. Using the Bonferroni's adjustment no significant linkage disequilibrium was detected among the 66 pairs of loci.

The percentage of null allele estimated by INEst averaged 6.23% among our 12 microsatellite markers. The percentage of potential null allele ranged from 0% (locus Hca-29) to 15% (locus Hca-63) and there was no significant correlation between the percentage of missing data and FIS (rho = 0.253; P = 0.297). Consequently, we assumed that null alleles would have no strong effect on the population genetics analyses performed hereafter.

The genetic diversity was quite similar among the different H. carotae populations: the allelic richness (Ar), estimated on a reduced sample of 16 individuals, ranged from 2.28 to 2.77 alleles per locus and the unbiased expected heterozygoty (Hnb) ranged from 0.30 to 0.45 (Table 1). Among the 19 populations, only four populations were at the Hardy-Weinberg equilibrium (FIS not significantly different to zero). All the 15 remaining populations showed strong heterozygote deficits (FIS ranging from 0.088 to 0.198 -Table 1).

Genetic structure among H. carotae field populations

Although the Bayesian clustering analysis identified K = 3 as the optimal number of genetic clusters, there was no clear genetic structure. Indeed, only a small proportion of individuals were well assigned to one or the other clusters: only 10.6% of individuals were assigned to a cluster with a percentage of assignation higher than 95% (6.9% to cluster 1, 1.7% to cluster 2 and 2.0% to cluster 3). Moreover, the three clusters were represented in each of the 19 populations (Fig. 1), even if Bre1 was mainly assigned to cluster 1, StM4 and Sil5 were mainly assigned to cluster 2 and Den3 was mainly assigned to cluster 3 (the average percentages of assignation of those populations to the corresponding clusters being 75.1%, 72.4%, 65.7% and 60.2%, respectively). Anyway, the three genetic clusters did not correspond to the three production areas (Fig. 1).

The AMOVA performed on H. carotae populations partitioned according to the three carrot production areas revealed that only 3.24% of the genetic diversity was explained by the productions areas and only 3.93% by the populations within each production area, while the diversity within populations explained 92.83% of the total variation.

Genetic differentiation between H. carotae populations

At the field scale, FST values were low, ranging from 0 to 0.18 (Fig. 2). Among the 171 pairwise comparisons, only 96 were significant after Bonferroni adjustement. The lowest pairwise FST values were observed between populations from the Créances production area, except for the population Bre1 (Fig. 2). Bre1 displayed the highest FST values observed (from 0.05 to 0.18), significant for all of the pairwise comparisons, indicating some degree of differentiation between Bre1 and all other populations. High FST values were also observed for populations Sil5 and StM3 from Val-de-Saire and Mont-St-Michel, respectively, while VDS4 and StM4, collected also from those production areas, showed low FST values in most comparisons (Fig. 2). Altogether, this suggests that important gene flow occured, even between the different production areas in Lower Normandy.

Moreover, the positive correlation between genetic and geographic distances (Fig. 3) highlighted an IBD pattern, showing that gene flow occurred among H. carotae populations and that their intensity was higher between the closest fields.

The heterozygote deficit in H. carotae populations

Among the 19 H. carotae populations sampled at the plant scale, 12 showed a significant heterozygote deficit, eight in the field Cre4 and four in the field Den3, the remaining populations being at the Hardy-Weinberg equilibrium (Table 2).

Among those 12 populations, the heterozygote deficit was attributed only to consanguineous mating for Cre4.1 and Cre4.7 populations (Table 2 and Fig. S2 supporting information). For all other populations, the most likely parameter combination for explaining the heterozygote deficit included a high level of sub-structure (a Wahlund effect), and there was even no evidence of consanguinity for three populations, Cre4.3, Cre4.4 and Den3.3 (Table 2 and Fig. S2 supporting information).

Discussion

The goal of this study was to describe the genetic structure of H. carotae populations at a spatial scale corresponding to the main infested French carrot-producing region, i.e. Lower Normandy, and to disentangle the causes of the heterozygote deficit in this polyvoltine species. Through the microsatellite genotyping of populations collected at the plant and at the field scales, we showed i) that the heterozygote deficit is mainly due to sub-structure, and ii) strong gene flow among populations, leading to low FST and to no clear genetic structure at the explored spatial scale.

To determine the extent of H. carotae distribution and to better control this nematode in carrot-producing regions, the accurate detection and identification of the carrot cyst nematode is a fundamental prerequisite. H. carotae belongs to the Goettingiana group which includes H. goettingiana, H. carotae, H. urticae, and H. cruciferae [START_REF] Subbotin | Systematics of Cyst Nematodes (Nematodes: Heteroderinae)[END_REF]. H. carotae is morphologically and genetically very close to the cabbage cyst nematode, H. cruciferae and the correct diagnosis is difficult and time consuming. rRNA and mitochondrial molecular markers such as ITS, cytochrome c oxidase 1 subunit (coxI) region [START_REF] Vovlas | Hostsuitability of black medick (Medicago lupulina L.) and additional molecular markers for identification of the pea cyst nematode Heterodera goettingiana[END_REF][START_REF] Escobar-Avila | First report of carrot cyst nematode Heterodera carotae in Mexico: morphological, molecular characterization and host range study[END_REF] and coxI derived primers set [START_REF] Madani | Integrative diagnosis of carrot cyst nematode (Heterodera carotae) using morphology and several molecular markers for an accurate identification[END_REF] can help in the identification of members of the Goettingiana group, but none are able to provide an unequivocal distinction between H. carotae and H. cruciferae. As a result, only a host range test using carrot allowed to accurately distinguish these two species [START_REF] Escobar-Avila | First report of carrot cyst nematode Heterodera carotae in Mexico: morphological, molecular characterization and host range study[END_REF]. The microsatellite markers used in the present study successfully amplified both H. carotae and H. cruciferae, and the high degree of genetic differentiation observed between reference H. carotae populations and reference H. cruciferae populations allowed us to well distinguish H. carotae and H. cruciferae individuals in our dataset. Due to the conservation of microsatellite loci among taxa, the set of microsatellite markers initially developed for H. carotae [START_REF] Gautier | Microsatellite markers reveal two genetic groups in European populations of the carrot cyst nematode Heterodera carotae[END_REF] could be used i) to explore the genetic diversity of H. cruciferae, but also ii) to develop a diagnostic tool able to differentiate H. carotae from H. cruciferae. Indeed, combined into a single realtime PCR assay, diagnostic markers for three cyst nematode species, G. pallida, G. rostochiensis and H. schachtii, were identified and developed from microsatellite loci [START_REF] Gamel | Development and validation of realtime PCR assays based on novel molecular markers for the simultaneous detection and identification of Globodera pallida, G. rostochiensis and Heterodera schachtii[END_REF]. We thus propose to investigate H. carotae microsatellite loci, including the large number of discarded loci (monomorphic loci or loci that contain few repeats of the microsatellite motif), to develop a molecular tool for the diagnosis of H. carotae and H.

cruciferae.

If an accurate diagnosis is the first step in selecting appropriate control measures, a fine knowledge of the active and passive dispersal capabilities of the nematode is essential to promote the best and sustainable management strategies. Our results showed that 15/19 H. carotae populations sampled at the field scale and 12/19 populations sampled at the plant scale deviate from the Hardy-Weinberg equilibrium and show significant positive FIS values. Such heterozygote deficit was previously highlighted for several cyst nematode species at the field scale (for Globodera pallida [START_REF] Picard | Inbreeding and population structure of the potato cyst nematode (Globodera pallida) in its native area (Peru)[END_REF], Heterodera schachtii -Plantard & Porte, 2004, G. tabacum -Alenda et al., 2014, H. glycines -Wang et al., 2015, H. avenae -Wang et al., 2018and H. carotae -Gautier et al., 2019) and at the plant scale (for G. pallida, G. tabacum and H. schachtii - [START_REF] Montarry | Heterozygote deficits in cyst plant-parasitic nematodes: possible causes and consequences[END_REF]. As for G. tabacum and H. schachtii, which performed also several generations per growing season, the heterozygote deficit of H. carotae populations was mainly attributed to substructure (Wahlund effect) at the spatial scale of the carrot's rhizosphere. The fact that footprints of consanguineous mating were also detected supports the hypothesis that from an isolated cyst, the restricted active dispersal capabilities of second-stage juveniles lead in a first time to consanguineous mating and then to the differentiation of subpopulations during the next generations [START_REF] Montarry | Heterozygote deficits in cyst plant-parasitic nematodes: possible causes and consequences[END_REF].

The analysis of partitioning of molecular variability (AMOVA) showed that a very small part of the genetic variability was observed among the three carrot production areas (Créances, Val-de-Saire and Mont St-Michel) and among populations within each production area. This result combined with the absence of genetic structure within Lower Normandy revealed the occurrence of strong gene flow among H. carotae populations. While H. carotae juveniles exhibit limited active dispersion capabilities in the soil, dormant eggs are able to disperse over long distances within the cysts through natural means and human activities. In the present case, we can for instance easily imagine that sea winds can lift up both sandy soil and cysts. However, human activities and the resulting soil movements play most certainly an important role in the H. carotae dispersion. Extensive gene flow among populations were also highlighted at comparable spatial scales for other cyst nematodes, such as the pale potato cyst nematode (e.g. [START_REF] Picard | Inbreeding and population structure of the potato cyst nematode (Globodera pallida) in its native area (Peru)[END_REF] and the beet cyst nematode [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]. It is most probable that such extensive gene flow occur thanks to soil transport through agricultural machinery, especially during the harvest process, and to the exchange of plant material [START_REF] Goeminne | Detection of field infestations of potato cyst nematodes (PCN) by sampling soil from harvested potatoes[END_REF]. During a carrot-growing season, only few cultural practices lead to soil transports. Cysts can be transported from fields to fields in the soil stuck on farm implement, but there is no exchange of carrot plants (and soil) as in the case of seed potato tubers. However, fields in Lower Normandy are cultivated with leeks and carrots and unlike the carrot that is sown directly, the young leek plants (two months old) are traditionally transplanted into the field. Thus, passive spread of H. carotae by the transport of infected soil bound to leek seedlings is probably responsible of the extensive gene flow observed among production areas, and soil transport thought both agricultural machinery and the transport of leek seedlings are probably responsible of the very strong H. carotae migration among fields within each production area.

Considering the geographical localization of each field, a significant isolation by distance pattern was highlighted, showing that the intensity of gene flow was higher among close fields than among distant fields. This pattern is congruent with the different means of soil transport identified, i.e. agricultural machinery and leek seedlings within a production area and only leek seedlings among the different production areas. Moreover, the variability in the intensities of gene flow is true at the scale of the Lower Normandy, with FST higher between fields of different production areas than between fields of the same production area, but also at a finer spatial scale. Indeed, within the Créances production area, FST values observed between the Bre1 population and the others ones were the highest of the FST matrix. In this production area, all H. carotae populations were collected in infested fields located around the Créances town or along the main south-north road, while Bre1 was sampled in a more isolated field, located near the sea (about 1 km from the road).

In lower Normandy, the lack of strong genetic structure and thus the genetic homogeneity observed in H. carotae populations are both factors suggesting that the use of control means based on plant resistance may be efficient in all fields. Conversely, the strong gene flow highlighted among fields and among the three studied areas show that any adaptive events, even in a single field, is associated with a very high risk of spreading. As a result, measures should be considered to limit the passive spread of H. carotae: and therefore further investigations are required to identify the main dissemination vectors used by H. carotae. In the current context, i.e. the recent total withdrawal of 1,3 dichloropropene which lets growers without effective method to control H. carotae in Lower Normandy, growers will be tempted to exploit nematode-free fields in the coming years. But, without strong prophylactic measures, the risk to see these fields becoming also quickly infested remains high. The two first axes explained 22% and 3.5% of the genetic variability, respectively. 

Figure legends
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 1 Fig. 1 Bayesian clustering analysis (STRUCTURE) of the 595 H. carotae individuals (i.e. the
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 2 Fig. 2 Matrix of pairwise FST between the 19 H. carotae populations sampled at the field scale.
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 3 Fig. 3 Isolation by distance pattern between genetic differentiation, measured as FST / (1 -FST),
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Table 1

 1 Heterodera carotae populations collected at the field scale in three carrot production 527 areas in Lower Normandy. For each of the 19 populations, the table shows the production area, 528 the district, the GPS coordinates of each field, the number of successfully genotyped individuals 529 (N), the genetic diversity indices (Hnb and Ar) and the departure from Hardy-Weinberg 530 equilibrium (FIS). FIS values significantly different to zero are indicated by a star.

	531						
	532						
	Population Production	District	GPS	N	Hnb	Ar	FIS
		area		coordinates			(n=16)
	Bre1	Créances	Bretteville / Ay	49°15'01.90''N 1°39'02.83''O 33	0,447 2,56	0,185*
	Bre2c	Créances	Bretteville / Ay	49°15'46.95''N 1°38'34.74''O 36	0,372 2,52	0,198*
	Bre2p	Créances	Bretteville / Ay	49°15'46.95''N 1°38'34.74''O 36	0,389 2,43	0,139*
	Cre1	Créances	Créances	49°12'10.52''N 1°34'56.90''O 37	0,332 2,42	0,037
	Cre2	Créances	Créances	49°12'13.78''N 1°34'57.51''O 40	0,380 2,52	0,103*
	Cre3	Créances	Créances	49°12'27.59''N 1°34'46.36''O 39	0,366 2,45	0,154*
	Cre4	Créances	Créances	49°12'44.06''N 1°34'37.87''O 40	0,295 2,30	0,090*
	Cre5	Créances	Créances	49°12'36.14''N 1°34'46.58''O 40	0,343 2,32	0,088*
	Cre6	Créances	Créances	49°12'09.51''N 1°35'03.02''O 39	0,373 2,35	0,142*
	Cre7	Créances	Créances	49°12'42.03"N 1°35'42.04"O 39	0,356 2,47	-0,041
	Cre8	Créances	Créances	49°12'31.48"N 1°34'31.51"O 38	0,336 2,33	0,046
	StG1	Créances	Saint Germain / Ay 49°14'33.88''N 1°37'35.42''O 39	0,336 2,36	0,166*
	StG2	Créances	Saint Germain / Ay 49°14'23.13''N 1°37'27.58''O 34	0,386 2,54	0,135*
	Den2	Créances	Denneville	49°18'34.75''N 1°40'51.46''O 34	0,381 2,28	0,062
	Den3	Créances	Denneville	49°18'46.96''N 1°40'51.86''O 40	0,333 2,43	0,133*
	SIL5	Val-de-Saire Gatteville-le-Phare 49°40'9.90"N 1°16'37.57"O 36	0,427 2,52	0,094*
	VDS4	Val-de-Saire Montfarville	49°39'26.73"N 1°14'53.35"O 22	0,437 2,75	0,118*
	StM3	Mont S t -	Le Mont Saint-	48°36'56.20"N 1°31'47.51"O 40	0,346 2,35	0,195*
		Michel	Michel				
	StM4	Mont S t -	Beauvoir	48°36'19.85"N 1°31'51.02"O 40	0,438 2,77	0,119*
		Michel					
	533						

Table 2

 2 Heterodera carotae populations collected at the plant scale in two carrot fields (Cre4 and Den3). For each of the 19 populations, the table shows the number of genotyped individuals (N), the genetic diversity index (Hnb), the FIS values and their significance (values significantly different to zero are indicated by a star) and θ and C values, corresponding to the maximumlikelihood, for each population showing a significant heterozygote deficit.

	Population N	Hnb	FIS	θ	C
	Cre4-1	40	0.30 0.132*	0.00	0.57
	Cre4-2	40	0.32 0.164*	0.67	0.48
	Cre4-3	39	0.29 0.093*	0.71	0.00
	Cre4-4	39	0.28 0.121*	0.13	0.00
	Cre4-5	37	0.28 0.088*	0.68	0.51
	Cre4-6	38	0.30	0.037	.	.
	Cre4-7	39	0.30 0.205*	0.00	0.76
	Cre4-8	38	0.26 0.142*	0.72	0.48
	Cre4-9	40	0.28 0.114*	0.07	0.17
	Den3-1	39	0.31	0.055	.	.
	Den3-2	39	0.35 0.145*	0.60	0.75
	Den3-3	36	0.33 0.112*	0.11	0.00
	Den3-4	36	0.31	0.077	.	.
	Den3-5	37	0.32 -0.033	.	.
	Den3-6	40	0.34	0.056	.	.
	Den3-7	39	0.36 0.158*	0.64	0.38
	Den3-8	40	0.34 0.161*	0.05	0.43
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