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SUMMARY 12 

The cyst nematode Heterodera carotae, which parasitizes carrot roots, has been recorded in 13 

many countries in Europe (Italy, The Netherlands, Switzerland, France, Denmark, …), in 14 

South Africa and in North America (Canada, USA). To date, there is a lack of knowledge 15 

about the genetic structure of the populations of this economically important nematode. The 16 

aim of this work was to study the structuration of the genetic diversity of the carrot cyst 17 

nematode at the European scale. We have developed a set of thirteen polymorphic 18 

microsatellite markers and used it to genotype seventeen European populations of H. carotae 19 

coming from France, Switzerland, Italy, Denmark and one non-European population from 20 

Canada. As previously showed for other cyst nematode species, the H. carotae populations 21 

were characterised by a strong heterozygote deficit. A Bayesian clustering analysis revealed 22 

two distinct genetic clusters, with one group located in the north of Europe and a second one 23 

located in the south of Europe. Moreover, our results highlighted rather limited gene flow at 24 

small spatial scale and some events of long distance migration. This first investigation of the 25 

genetic diversity of H. carotae populations would be useful to develop sustainable control 26 

strategies. 27 

 28 

 29 

 30 

Keywords: Daucus carota; Genetic diversity; Heterozygote deficit; Isolation By Distance, 31 

Phytoparasitic nematode; SSR markers  32 
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HIGHLIGHTS 33 

- A set of 13 polymorphic microsatellite markers was developed for H. carotae 34 

- High heterozygote deficit was found among populations 35 

- Genetic diversity was structured into two clusters: a north group and a south group at 36 

the European scale 37 

- Significant isolation by distance pattern was highlighted between H. carotae 38 

populations   39 
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1. INTRODUCTION 40 

Population genetics have been applied to diverse plant-parasitic pest and pathogen species 41 

(Milgroom, 2015). These studies are of particular importance to understand disease evolution, 42 

host parasite interactions and to design efficient control methods against plant parasites. 43 

Predicting of where, when and how fast adaptation may occur, is a very challenging scientific 44 

question and has also strong practical interest (Lebarbenchon et al., 2008). The extent and 45 

speed of adaptation processes depend on species and/or population life history traits including 46 

dispersal abilities, population size and reproduction mode. These features strongly contribute 47 

to the genetic diversity level in pest populations and therefore, to their ability to adapt to 48 

control methods (e.g. phytosanitary products and plant resistances) and environmental 49 

conditions. Population genetic approaches allow to estimate the evolutionary potential of a 50 

pest and help to predict how and in which conditions, adaptation may appear and spread in 51 

populations (McDonald and Linde, 2002). As a result investigating the genetic diversity of 52 

plant-parasitic populations, at different spatial scales, could help to predict the potential 53 

efficiency and durability of control methods and also to give some new information about the 54 

evolutionary history of pest populations.  55 

Plant-parasitic nematodes are harmful pests of cultivated crops causing important 56 

economic losses to a wide variety of crops, estimated at $US 100 billion (Bird and Kaloshian, 57 

2003; Nicol et al., 2011). Most of the damages are caused by some species belonging to two 58 

major groups, root-knot nematodes such as Meloidogyne spp. and cyst nematodes such as 59 

Heterodera and Globodera spp (Molinari, 2011). Among the different solutions to control 60 

plant-parasitic nematodes, chemical nematicides, such as the fumigant methyl bromide or the 61 

dichloropropane, are the most efficient, but many of them have already been banned in France 62 

and Europe and withdrawn from the market due to their harmful effects on human health and 63 

the environment (Oka et al., 2000). These regulatory changes promote alternative control 64 
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solutions, such as biocontrol solutions and an extensive use of plant resistances. There is 65 

already some strong evidences of the adaptive potential of nematodes and in particular for 66 

cysts nematodes species to the use of resistant plants (Fournet et al., 2013; Niere et al., 2014; 67 

Phillips and Blok, 2008), but also some evidences that such adaptive abilities can be different 68 

between populations and strongly correlated to their evolutionary history (e.g. Zaheer et al. 69 

(1993) and Castagnone‐Sereno et al. (2015) for nematodes and Xhaard et al. (2012; 2011) for 70 

a fungus).  71 

Cyst nematodes are sedentary endoparasites of plants with a survival stage, the cyst, 72 

which is the body hardened of dead female containing eggs. Basically, second-stage juvenile 73 

(J2) hatch from the cyst thanks to the perception of root exudates released by the host plant 74 

(Perry, 1986). The juveniles migrate freely into the soil to the root tip and penetrate inside  to 75 

establish a feeding site, the syncytium, which is an important nutrient sink for the plant (Jones 76 

and Northcote, 1972). Nematodes realize successive moults through the third (J3) and fourth 77 

(J4) stages to become either male or female. Adult males leave the root in order to mate 78 

females, which are growing through burst on the epidermal layers of the root and become 79 

visible on the root surface. After mating, females die and form a cyst (their cuticle turns 80 

brown and hardens) that remains in the soil after harvest. The cyst constitutes an effective 81 

stage to spread and survive in which juveniles stay viable for several years in the soil (Lilley 82 

et al., 2005). 83 

The genetic structure and the evolutionary history of several cyst nematodes have been 84 

previously studied at different spatial scales, e.g. the potato cyst nematodes Globodera pallida 85 

(Eves‐van den Akker et al., 2015; Picard et al., 2004; Picard et al., 2007; Plantard et al., 2008) 86 

and G. rostochiensis (Boucher et al., 2013; Mimee et al., 2015), the tobacco cyst nematode G. 87 

tabacum (Alenda et al., 2014; Marché et al., 2001), the beet cyst nematode Heterodera 88 

schachtii (Kim et al., 2018; Plantard and Porte, 2004), the cereal cyst nematode H. avenae 89 



6 
 

(Wang et al., 2018) or the soybean cyst nematode H. glycines (St-Marseille et al., 2018; Wang 90 

et al., 2015). However, to our knowledge, no study has been conducted to describe the genetic 91 

structure of the carrot cyst nematode Heterodera carotae, except two recent studies using 92 

genic markers with a diagnostic purpose (Escobar-Avila et al., 2018; Madani et al., 2017).  93 

 H. carotae was first reported in England in 1931 and described by Jones in 1950 and 94 

is distributed worldwide (see Subbotin et al., 2010 for a review). It causes remarkable yield 95 

losses to carrot in Europe (Greco et al., 1993; Mugniery and Bossis, 1988) and in the USA 96 

(Berney and Bird, 1992). It has been recently described in Canada (Yu et al., 2017). A 97 

contrario to its sister species H. cruciferae, H. carotae is highly specific and develop on the 98 

genera of Daucus and Torilis (Aubert, 1986) and only controlled since decades with chemical 99 

nematicides which are banned today. The time frame and geographic regions of the first 100 

domestication of its cultivated host, Daucus carota L. subsp sativus Hoffm., remain still 101 

unclear. However, it has been generally accepted that wild carrots, which are indigenous of 102 

Europe and Central Asia, are the ancestors of domesticated carrots (i.e. cultivated), and that 103 

cultivated carrots are originated from Central Asia during the 10th century (Grzebelus et al., 104 

2014; Iorizzo et al., 2013). Then, carrot crops spread in Europe between the 11th and 15th 105 

centuries. The orange-rooted carrots, the most recent evolution of cultivated carrots, are 106 

probably the result of selection in the early 17th century. Finally, orange carrots spread from 107 

Europe to other continents such as North America (Baranski et al., 2012). 108 

Over the last decades, microsatellite markers have proved to be good candidates for 109 

investigating the population genetic structure of nematodes because these markers are highly 110 

polymorphic, codominant and broadly neutral (Selkoe and Toonen, 2006). Microsatellites, 111 

also known as simple sequence repeats (SSR), consist of motifs of one to six nucleotides 112 

tandemly repeated in different frequencies among populations. 113 
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The goals of this study were 1) to develop polymorphic microsatellite markers 114 

amplifiable in all H. carotae populations and 2) to investigate, for the first time, the genetic 115 

structure of H. carotae populations at the European scale.  116 

 117 

2. MATERIAL AND METHODS 118 

2.1 Nematode populations 119 

Eighteen populations of the carrot cyst nematode, H. carotae, were collected at the field 120 

spatial scale (10 samplings randomized in the field) and multiplied on the cultivar “Carottes 121 

nantaises” (Vilmorin) in greenhouse for this study. Thirteen of these populations were 122 

sampled in fields in France, one in Italy, one in Switzerland, two in Denmark and the last one 123 

was sampled outside Europe in a field in Canada. Cyst were extracted from soil samples by a 124 

Kort elutriator and stored at 5°C in moistened sandy soil. 125 

 126 

2.2 DNA extraction 127 

One J2 from forty cysts was used for each population (i.e. 720 individuals). An extraction 128 

procedure using sodium hydroxide, adapted from Stanton et al. (1998) was conducted. Each 129 

J2 was incubated at room temperature overnight in 20 µL of NaOH 0.25 M in microtube. 130 

Tubes were then centrifuged at 3,700 rpm during 3 min and incubated in a thermocycler at 131 

99°C for 2 min before the addition of 20 µL of lysis buffer (10 µL HCl 0.25 M, 5 µL Tris HCl 132 

0.5 M pH 8, 5 µL Triton X100 2%) follow by incubation for 2 min at 99°C. Subsequently, 10 133 

µL of a second buffer (5 µL Tris 0.1 M pH 8, 0.5 µL EDTA 0.1 M, 0.5 µL Tergitol® type 134 

NP-40, 0.25 µL Proteinase K at 20 mg/mL, adjusted with sterile distilled water) were added 135 

and the tubes were incubated at 55°C for 1h and then at 94°C for 10 min. Tubes were 136 

centrifuged (3,700 rpm, 30 s) and the supernatants were used for PCR.  137 

 138 
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2.3 Microsatellite genotyping 139 

In order to assess the genetic variability of H. carotae populations, 13 polymorphic 140 

microsatellite markers (Hc07, Hc29, Hc35, Hc40, Hc49, Hc55, Hc59, Hc63, Hc72, Hc76, 141 

Hc87, Hc91 and Hc94) were developed according to the procedure developed by Malausa et 142 

al. (2011) using library enrichment and next generation sequencing. All the details regarding 143 

the choice and the development of the microsatellite loci used in this study can be found in the 144 

Appendix A. PCR reaction in multiplex contained 5 µL of 2X Type-it Microsatellite PCR kit 145 

(Qiagen), 1 µL of 2 µM primer mix, 2 µL of template DNA and 2 µL of sterile water distilled. 146 

Cycling conditions included an initial denaturation at 95 °C for 5 min, followed by 30 cycles 147 

of denaturation at 95 °C for 30 s, annealing at 57 °C for 90 s and extension at 72 °C for 30 s, 148 

followed by a final extension at 60 °C for 30 min. PCR products were then diluted 1:40 in 149 

sterile water and 3 µL of this dilution was mixed with 7.5 µL of GeneScan 500 LIZ Size 150 

Standard: formamide (Applied Biosystems) = 1:100 (volume ratio). Analysis of PCR products 151 

were conducted on ABI 3730XL sequencer (GENTYANE Platform, INRA, Clermont-152 

Ferrand, France). Allele size determinations were achieved using the GeneMapper software 153 

v5.0 (Applied Biosystems) by manual identification of peaks. A second round of PCR and 154 

electrophoresis was performed for 10% of the global number of individuals. Among the 720 155 

individuals, 665 are successfully genotyped and this dataset was used for all genetic analyses 156 

except for STRUCTURE analysis. 157 

 158 

2.4 Data analysis 159 

Linkage disequilibrium between loci was calculated using GENEPOP 4.0.7 (Raymond, 1995), 160 

with default Markov chain parameters, to count the number of locus pairs showing significant 161 

linkage disequilibrium across all populations. A Bonferroni correction (adjusted α = 0.0006 162 

for 78 comparisons) was applied to take into account multiple testing. Null allele frequencies 163 
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were estimated for each locus across all populations using the likelihood-based method of 164 

Chybicki and Burczyk (2009) implemented in the INEst program.  165 

To investigate the genetic diversity, unbiased estimates of gene diversity (Hnb 166 

according to Nei (1978)) and allelic richness (Ar) were estimated for each population using 167 

respectively GENETIX 4.05.2 (Belkhir et al, 2004) and the rarefaction method (El Mousadik 168 

and Petit, 1996) implemented in POPULATION 1.2.32 (Langella, 1999). Deviations from 169 

random mating (FIS) were computed for each population using GENETIX 4.05.2, and 170 

significances of FIS were tested using the allelic permutation method (10,000 permutations).  171 

To explore the genetic structure of H. carotae individuals without taking into account 172 

their geographic origin, the Bayesian clustering algorithms implemented in STRUCTURE 173 

2.3.4 (Falush et al., 2003; Pritchard et al., 2000) were run on a dataset without missing data 174 

(i.e. 320 individuals), in order to obtain the best assignment for each individuals (Lombaert et 175 

al., 2018; Smith and Wang, 2014). Following the recent recommendations of Wang (2017), 176 

and because the sizes of samples from the different populations were unbalanced, the 177 

alternative ancestry prior, a nondefault ALPHA value (i.e. 1/p with p being the number of 178 

populations) and the uncorrelated allele frequency model were used. Simulations were 179 

performed using the admixture model. H. carotae individuals were assigned to K genetic 180 

clusters, with K varying from 1 to 19 (i.e. p + 1). For each assumed K value, thirty 181 

independent runs were conducted to assess the consistency of the results across runs, and each 182 

run was based on 3 x 106 iterations after a burn-in period of 1 x 106 iterations. The most likely 183 

number of genetic clusters (K) was statistically determined using the ad-hoc Evanno statistic 184 

ΔK (Evanno et al., 2005). To confirm the accuracy of individual assignments provide by 185 

STRUCTURE, a principal component analysis (PCA) was also performed using the 186 

procedure available in the package adegenet (Jombart, 2008) for the statistical freeware R 187 
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version 3.4.3 (R Core Team, 2017). Individuals from each obtained genetic clusters were then 188 

used to explore the substructure within each cluster following the same procedure. 189 

Genetic differentiation coefficients (FST) were estimated using GENEPOP 4.5.1 190 

according to Weir and Cockerham (1984) for each pair of populations. Patterns of isolation by 191 

distance (IBD) were tested by calculating the correlation between the matrices of pairwise 192 

genetic distances (FST / (1 - FST) (Slatkin, 1995) and the natural logarithm of geographic 193 

distance for each pair of populations in the entire dataset and within each genetic cluster 194 

(Rousset, 1997). The statistical significance of correlations was assessed with a Mantel test 195 

(10,000 permutations) using XLSTAT 2018.7 (Addinsoft SARL, Paris, France). 196 

 197 

3. RESULTS 198 

3.1 Genetic diversity of H. carotae populations 199 

Among the 665 genotyped individuals from the eighteen H. carotae populations, our set of 13 200 

microsatellites markers allowed the identification of 63 distinct alleles, with two to nine 201 

alleles per locus (Table 1). Only three locus pairs (Hc55 - Hc87, Hc59 – Hc87 and Hc40 - 202 

Hc59) among the 78 pairs showed a significant linkage disequilibrium with the Bonferroni’s 203 

adjustment. The percentage of estimated null allele averaged 8.94% among all microsatellite 204 

markers (Table 1). This low number of null alleles will not have an important effect on the 205 

estimations of population differentiation and heterozygote deficit (Carlsson, 2008; Wang et 206 

al., 2015). 207 

The allelic richness (Ar) estimated on a reduced sample of fourteen individuals varied 208 

between 1.62 and 2.63 alleles per populations. The unbiased heterozygoty (Hnb) ranged from 209 

0.15 to 0.43. The relationship among the unbiased estimates of gene diversity (Hnb) and the 210 

allelic richness showed populations with low diversity (0.1 < Hnb < 0.25 and 1.5 < Ar < 2.0), 211 
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which corresponded to populations from Denmark, Canada, Swiss, France (3001 and 0101), 212 

and populations with high diversity (Hnb > 0.3 and Ar > 2.0) for all the other ones (Figure 1).  213 

Among the eighteen populations, only four populations were at the Hardy-Weinberg 214 

equilibrium (FIS not significantly different to zero), and all the fourteen remaining populations 215 

showed a significant positive value of FIS (from 0.11 to 0.38), highlighting heterozygote 216 

deficits (Table 2).  217 

 218 

3.2 Genetic structuration and clustering analysis 219 

Results from the Bayesian clustering analysis showed clearly that, according to the Evanno’s 220 

ΔK, the best way to explain the structuration of individuals was to group them into K = 2 221 

genetic clusters (Figure 2A). The thirty replicate runs gave the same result. STUCTURE 222 

results indicated that 94% of individuals were very well assigned (with a percentage of 223 

assignation to one or the other cluster higher than 90%), and the genetic differentiation 224 

between cluster 1 and 2 was high (FST = 0.16). Principal component analysis (PCA) supported 225 

the existence of two major genetic clusters (1 and 2) with axis 1 and 2 explaining 27.3% and 226 

3.1% respectively of total genetic variability (Figure 2B). Regarding both the geographical 227 

position of the seventeen European populations with their cluster’s membership highlighted 228 

two geographical groups, with a south group corresponding to cluster 1 and a north group 229 

corresponding to cluster 2, even if some individuals of the cluster 1 were located in the north 230 

and vice versa (Figure 3). The Canadian population clustered with populations from the 231 

northern group (Figure 3).  232 

To see a possible substructure into these two clusters, two other STRUCTURE 233 

analyses were performed using individuals from each obtained cluster. The cluster 1, which 234 

contained six populations, divided in two sub-clusters (1a and 1b; Figure 4A), which were 235 

supported by PCA results (Figure 4B). The cluster 2, which contained twelve populations 236 
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divided in four sub-clusters (2a, 2b, 2c and 2d; Figure 4C), which were supported by PCA 237 

results (Figure 4D). 238 

 239 

3.3 Genetic differentiation between H. carotae populations 240 

At the large spatial scale explored here, the genetic differentiation was significant for all pairs 241 

of H. carotae populations. The pairwise FST values ranged from 0.01 to 0.69 (Figure 5). The 242 

lowest pairwise FST values were observed between populations from the north group (e.g. 243 

between populations 50170, 2902, Cre7, 5601, 4402, 7201 – Figure 5). In the genetic cluster 244 

1, the highest FST values were observed for the population ZAP, which is also the most 245 

geographically distant. In the genetic cluster 2, the highest FST values were observed for the 246 

population 3001, which is geographically distant from other French populations but far less 247 

distant than Danish and Canadian populations. However, the relationships between the genetic 248 

distance (FST / 1 - FST) and the ln(geographic distance) were significantly correlated, either for 249 

the entire dataset (r² = 0.09; P < 0.0001), or within genetic cluster 2  (r² = 0.13; P < 0.0001), 250 

except for genetic cluster 1 (r² = 0.20; P = 0.131) (Appendix B). 251 

 252 

4. DISCUSSION 253 

The present study has provided a set of 13 polymorphic microsatellite markers, multiplexible 254 

in four panels, which constitutes a powerful tool to perform population genetics studies in the 255 

carrot cyst nematode Heterodera carotae. Moreover, we have performed here the first study 256 

of the genetic structure of H. carotae populations at the European scale, which highlights a 257 

high heterozygote deficit and two distinct genetic clusters in this species. 258 

Among the eighteen H. carotae populations, fourteen deviate from the Hardy-259 

Weinberg equilibrium and show significant positive FIS values. Such a heterozygote deficit 260 

appears to be shared between cyst nematode species, as it has been also described for 261 
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Globodera pallida (Picard et al., 2004), Heterodera schachtii (Plantard and Porte, 2004), G. 262 

tabacum (Alenda et al., 2014), H. glycines (Wang et al., 2015) and H. avenae (Wang et al., 263 

2018), which attack respectively potato, sugar-beet, tobacco, soybean and wheat. The cause of 264 

this feature is the low active dispersal abilities of nematode juveniles in the soil, which leads 265 

either to consanguineous mating (between individuals from the same cyst) or to substructure 266 

(Wahlund effect) at the spatial scale of the rhizosphere of a host plant. According to the recent 267 

results of Montarry et al. (2015) showing that heterozygote deficits were due to consanguinity 268 

for monovoltine species (G. pallida) and to substructure for polyvoltine species (H. schachtii 269 

and G. tabacum), we can hypothesize that the heterozygote deficit highlighted in H. carotae 270 

populations, which performed several generations per year, is mostly due to a Wahlund effect. 271 

Samples collected at the plant scale will be helpful now to further disentangle consanguinity 272 

from Wahlund effect in the carrot cyst nematode.  273 

Our results showed that H. carotae populations are gathered into two genetic clusters. 274 

Geographical position of the different genotyped populations showed a clear spatial 275 

separation of both clusters, with one group located in the north of Europe and a second one 276 

located in the south of Europe, even if some populations included individuals from both 277 

genetic clusters. The significant isolation by distance pattern suggests a short-range dispersal 278 

among H. carotae populations leading to some genetic relationships between the closest 279 

populations. Although the Italian population was geographically and genetically distant from 280 

the other populations of the cluster 1, the IBD pattern was not significant within this cluster, 281 

but this is probably due to the low statistical power (only six populations). Conversely, the 282 

IBD pattern was significant within the cluster 2, whereas the most geographically distant 283 

populations (i.e. the Danish and the Canadian populations) were not the most genetically 284 

distant ones. Altogether, those results reveal i) a gradual migration between the closest 285 

populations, mainly due to agricultural practices, which have been showed to contribute to the 286 
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passive dispersion of cyst nematodes (Alenda et al., 2014), and also ii) some events of long 287 

distance migration which are more rare events and probably owing to the plant material 288 

transfer within a country or among countries. Because the genetic diversity is much smaller 289 

for one French population (3001) and for Danish and Canadian populations than for the other 290 

populations of the cluster 2, we can hypothesize that those populations were introduced (i.e. 291 

sink populations) and came from the north group (i.e. source populations). Moreover, and 292 

because the Canadian population clustered with two French populations in the substructure 293 

analysis (sub-cluster 2a), contrary to the Danish populations and the population 3001 which 294 

were genetically differentiated in the sub-cluster 2c and 2d, respectively, the event of 295 

introduction in Canada could be more recent, at least in this production area. Moreover, at the 296 

spatial scale studied here, FST within each cluster were strong (0.40 for cluster 1 and 0.32 for 297 

cluster 2), indicating low gene flow among populations in each cluster. Nevertheless, previous 298 

studies on potato, sugar beet and tobacco cyst nematodes, have reported an important gene 299 

flow at a fine-scale (Alenda et al., 2014; Plantard et al., 2008; Plantard and Porte, 2004). 300 

Alenda et al. (2014) revealed a leading role of the human activities and more specifically of 301 

the transport of soil during harvesting in the passive dispersal of plant-parasitic nematodes. 302 

Important soil losses from potato, sugar beet and carrot fields, during harvesting, have been 303 

notified (Parlak et al., 2016; Ruysschaert et al., 2007a; Ruysschaert et al., 2007b). In the 304 

framework of development of sustainable control strategies such as plant resistances or 305 

biocontrol products, studying gene flow at a lower spatial scale may be the next essential step.  306 

Population genetic studies may also help in understanding the evolutionary history of 307 

pest species. Here, the genetic structure analysis revealed two distinct clusters with the same 308 

level of genetic diversity. However, to date, we do not know if the structure observed for 309 

nematode populations is the result of the history of cultivated carrots or the history of H. 310 

carotae on wild carrots with multiple host switches from wild plants to the cultivated ones. 311 
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The first scenario is, with no doubt, the most realistic and simple to explore. Indeed, H. 312 

carotae is highly specific of cultivated carrots, wild carrots are not natives of North America 313 

and the center of domestication has generally been accepted to be Central Asia (Grzebelus et 314 

al., 2014; Iorizzo et al., 2013). These arguments support i) a recent introduction of the 315 

Canadian population of H. carotae in North America, probably through plant commercial 316 

exchanges with European countries and ii) for European populations, a colonization of 317 

cultivated areas associated with the domestication process, either between the 11th and 15th 318 

from the center of domestication or more recently, with the spread of orange carrots. To 319 

explore the origin of our both H. carotae clusters, some information argue to identify both 320 

Afghanistan and Turkey to be two reliable places of domestication and of diversity (Simon, 321 

2000; Stolarczyk and Janick, 2011) where cultivated and wild carrots still cohabit today.  It 322 

would then require to sample and analyse additional field populations in these regions to 323 

determine whether the genetic clusters highlighted here could be found in these potential 324 

source populations leading to the description of invasion routes. The second scenario is 325 

clearly more difficult to explore. Indeed, even if there is increasing proof that pest species can 326 

develop on wild host plants (Gracianne et al., 2014; Monteil et al., 2013; Rouxel et al., 2014), 327 

there is no clear evidence of the occurrence of H. carotae populations on wild relatives 328 

species. Moreover, favouring the scenario of multiple switches from wild host plants to 329 

cultivated ones should lead to a more complex genetic structure than the one we observed. 330 

Although it may thus represent an extensive and costly effort, sampling wild populations of 331 

H. carotae on wild relative species may be a first step to strengthen this scenario, which 332 

seems to be more speculative. . For both scenarios, new genetic analysis must be done with a 333 

new set of populations to determine the possible origin of our two clusters.       334 

In the current context of reduction of chemical nematicides, predicting the 335 

effectiveness of control means of nematodes, such as resistant crops or biocontrol solutions, is 336 
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a key challenge. Hence, the description of the genetic diversity and its structuration in space 337 

may help to predict the efficiency of new alternative solutions, to design sustainable control 338 

strategies (McDonald and Linde, 2002; Pilet-Nayel et al., 2017; Zhu and Zhan, 2012), and 339 

from the farmer point of view, to choose the good control solution at the right place. To do so, 340 

and rather than working with randomly chosen populations, representative populations of both 341 

genetic clusters have to be used in biotest. Thus, we suggest to use the results of the 342 

substructure analysis and to test the different control means on six populations belonging to 343 

each sub-clusters (sub-clusters 1a, 1b, 2a, 2b, 2c and 2d). Furthermore, we also know that 344 

species with large geographical distribution, such as H. carotae, are supposed to comprise 345 

populations exhibiting different life history traits in response to their adaptation to different 346 

local climate conditions (Fournet et al., 2018). A complementary study may be thus to 347 

phenotypically characterize H. carotae populations from each genetic cluster under different 348 

climatic conditions (e.g. different temperatures).  349 

 350 
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FIGURE LEGENDS 556 

 557 

Fig. 1. Graphical representation of populations in term of allelic richness and gene diversity. 558 

Allelic richness (Ar), in x-axis was obtained by using de rarefraction method implemented in 559 

population software with a reduced sample size of 14 individuals. Gene diversity (Hnb) was 560 

estimated by using the unbiased estimate of Nei (1978). The most diverse populations were in 561 

top right corner and the less diverse populations were in the bottom left corner of the graph. 562 

 563 

Fig. 2. (A) Clustering results of all H. carotae individuals by STRUCTURE. Each sample is 564 

indicated by a bar divided in K=2 colored section showing the individual's membership for 565 

each clusters. Vertical dotted bars separate individuals from different populations which are 566 

indicated below. (B) Scatter plot of the first two principal components of the same data used 567 

for the Bayesian clustering analyses. Groups corresponding to the different clusters are plotted 568 

using the same colours as in (A). 569 

 570 

Fig. 3. Geographical location of the eighteen H. carotae populations with their membership 571 

proportion of clusters. The colours are the same as Figure 2A and correspond to K=2. The 572 

diameter of the circle corresponds to the allelic richness.   573 

 574 

Fig. 4. Sub-clustering results of cluster 1 (A) and cluster 2 (C) H. carotae individuals by 575 

STRUCTURE. Each sample is indicated by a bar divided into K clusters represented by 576 

different colours. Vertical dotted bars separate individuals from different populations which 577 

are indicated below. 578 
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Scatter plot of the first two principal components of the same data used for the Bayesian 579 

clustering analyses for cluster 1 (B) and for cluster 2 (D). Groups corresponding to the 580 

different sub-clusters are plotted using the same colours as in (A) for K = 2 and (C) for K = 4. 581 

 582 

Fig. 5. Matrix of pairwise FST between H. carotae populations. The distribution of pairwise 583 

FST into cluster 1 and cluster 2 is represented by the box plots. 584 

  585 
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Table 1: The thirteen microsatellites markers used in this study (primer sequences, motif, size, number of allele per locus, percentage of null 586 

allele) 587 

 588 

Code Primer left sequence Primer right sequence Motif Size (bp) Nbr of allele Null allele (%) 

Hc07 GCAGAATAGACGTCCACTAGCA GAAAGAAAGATATAGCCAAAAGCG (tgtc)5 140 2 4.07 

Hc29 TGTTTGATTGGATTCCCTGG CAGTTGAATGGTTTTGTGGG (acag)6 145 4 0.00 

Hc35 GCGCCACCTTTTGATGTTAT CAATTTAAGGAATAAGCGAAAGAA (ct)8 103 2 0.01 

Hc40 CGTCCAGTCTCTTTTCGTTT ATTTGTTCAGCTTTTATTTGACCG (ag)8 190 4 11.71 

Hc49 ATAATGAAAAGCGAGGGGCT GCATCACCCATTTCCTTTGT (ag)6 106 3 0.00 

Hc55 GTGGGCGTCGTCAAATCAT ACATTGTTATCAGAGGCAAATCA (gt)5 140 3 7.95 

Hc59 ACAAGTCGTGTCCACTTCCC TGTGATTTTGTATGGCATAGGTG (ct)5 158 7 14.97 

Hc63 ATCGTTGAGAAGTTTATTTTGCTTG CTACGCCCAAAAGGTCAAAA (ac)8 140 8 9.48 

Hc72 CCCTTAATGGTTTTCTCAACTG AGTATGTGGTTGCCGAAGAA (ct)7 141 5 17.88 

Hc76 AGCTTGCGATGAGTCTCCTG ATCGCTATGGTGATGCCAA (tg)7 145 6 0.00 

Hc87 TTAATCCTTTTGGATGAGATATTGG CTTTCGAGTGCACACCCTG (tc)7 140 9 18.51 

Hc91 GCATTATGTTTGCTTTGCCA TTGATCAAATCGGCATGCTA (ag)7 133 5 28.70 

Hc94 CTGGGGCGAAACTTTTATGA TTTGGTTAATATTGGAATGAATGC (ac)9 101 5 2.92 
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Table 2: Sampling site, population code, number of genotyped individuals per population (n) 589 

and deviation from random mating (FIS). FIS significantly higher than zero are indicated with 590 

an asterisk. 591 

 592 

  593 

Country Code n F
is
 

France. Ain 0101 37 0.109* 

France. Bouches du Rhône  1302 38 0.183* 

France. Bouches du Rhône  1303 40 0.224* 

France. Finistère 2902 40 0.246* 

France. Gard 3001 40 0.039 

France. Loire Atlantique 4401 35 0.375* 

France. Loire Atlantique 4402 39 0.224* 

France. Manche 50170 40 0.223* 

France. Morbihan 5601 36 0.045 

France. Mayenne 7201 34 0.137* 

France. Vaucluse 8401 39 0.252* 

Switzerland FU 40 0.178* 

Italy ZAP 38 0.274* 

France. Créance Cre7 39 -0.022 

Canada. Ontarrio Can1 14 0.327* 

Denmark. Odsherred Dan1 38 0.077 

Denmark. Holbaek Dk 38 0.118* 

France. Aisne Hca02 40 0.285* 
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Figure 5  607 

 608 

  609 



35 
 

Appendix A. Microsatellite marker development 610 

Microsatellite markers were developed according to the procedure described by Malausa et al. 611 

(2011) using next-generation sequencing and library enrichment. Twelve Heterodera carotae 612 

populations (0101, 1303, 3001, 4401, 4402, 5601, 7201, 8401, FU, ZAP, Hca02, which were 613 

then also used for the genetic structure analysis, and 5001, a population from the north-west 614 

of France [Manche], which has been lost before the genetic structure analysis) were used to 615 

identify microsatellite markers. DNA of each population was extracted from 100 cysts using a 616 

DNeasy Blood & Tissue kit (QIAGEN) and pooled altogether. Enriched libraries were 617 

constructed employing eight microsatellites probes ((TG), (TC), (AAC), (AAG), (AGG), 618 

(ACG), (ACAT) and (ACTC)) and were sequenced by Genoscreen (Lille, France) using the 619 

454 GS-FLX titanium pyrosequencing technology (ROCHE Diagnostics). 620 

To explore the 241,190 reads obtained from next-generation sequencing and to design 621 

primers for microsatellite amplification, the QDD program (Meglécz et al., 2010) was used. 622 

Among those reads, 1,134 sequences harboured microsatellite motifs and primers were 623 

successfully defined for 199 of them. We have then discarded all tri-nucleotide motifs, all di-624 

nucleotide motifs with less than six repetitions and all the loci showing an amplification size 625 

below 92 bp, leading to a set of 95 loci with perfect microsatellite motifs. 626 

A biological validation of these loci was carried out on single juveniles (J2) from four 627 

populations (3001, 5601, ZAP and FU). The procedure of DNA extraction was described in 628 

the main text. A PCR was carried out in a final volume of 10 µL using 5 µL of 2X Type-it 629 

Microsatellite PCR kit (Qiagen), 0.25 µL of 10 µM forward primer, 0.25 µL of 10 µM reverse 630 

primer and 2 µL of template DNA. Volumes were adjusted to 10 µL with sterile water 631 

distilled. Cycling conditions included an initial denaturation at 95 °C for 5 min, followed by 632 

39 cycles of denaturation at 95 °C for 30 s, annealing at 57 °C for 90 s and extension at 72 °C 633 

for 30 s, ended by a final elongation step at 72 °C during 5 min. The amplification of these 634 



36 
 

PCR products was revealed by electrophoresis on a 2 % agarose gel. We discarded loci with 635 

no or low amplification and multiband amplification and kept 36 pairs of primers with a good 636 

amplification of the four populations.  637 

To explore the reproducibility and the polymorphism of the selected loci, two 638 

juveniles from two distinct cysts from the four populations (3001, 5601, ZAP and FU) were 639 

used. The forward primer of each pair was tailed with M13F [5’- CAC GAC GTT GTA AAA 640 

CGA C -3’] to facilitate labelling. A PCR was realized twice in a final volume of 10 µL using 641 

5 µL of 2X Type-it Microsatellite PCR kit (Qiagen), 0.25 µL of 10 µM fluorescent-labeled 642 

M13 primer (VIC, Applied biosystem), 0.25 µL of 10 µM forward primer, 0.25 µL of 10 µM 643 

reverse primer and 2 µL of template DNA. Volumes were adjusted to 10 µL with sterile water 644 

distilled. Cycling conditions included an initial denaturation at 95 °C for 5 min, followed by 645 

20 cycles of denaturation at 95 °C for 30 s, annealing at 57 °C for 90 s and extension at 72 °C 646 

for 30 s, followed by 20 cycles of denaturation at 95 °C for 30 s, annealing at 53 °C for 90 s, 647 

extension at 72 °C for 30 s and a final extension at 60 °C for 30 min. PCR products were then 648 

diluted 1:40 in sterile water and 3 µL of this dilution was mixed with 7.5 µL of GeneScan 500 649 

LIZ Size Standard: formamide (Applied Biosystems) = 1:100 (volume ratio). Analysis of 650 

PCR products were conducted on ABI 3730XL sequencer (Applied Biosystems). Allele size 651 

determinations were achieved using the GeneMapper software v5.0 (Applied Biosystems) by 652 

manual identification of peaks. This step allowed to validate a set of 13 polymorphic 653 

microsatellite markers showing a reproducible amplification. 654 

Multiplex manager Software (Holleley and Geerts, 2009) was used to define the best 655 

combinations of these 13 microsatellites markers for multiplex reactions. Four multiplex 656 

combinations (Fig below) were identified and contained between three to four markers (each 657 

2µM) per panels with a different fluorescent dye (FAM, VIC, NED, PET).  658 

 659 



37 
 

 660 

 661 

  662 



38 
 

Appendix B. Relationship between the genetic distance (FST / 1 - FST) and ln(geographical 663 

distance) in Heterodera carotae populations for the entire dataset (A), for cluster 1 (B) and 664 

for cluster 2 (C). 665 
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