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Polymorphism of the alpha-1-fucosyltransferase (FUT1) gene in several wild boar (Sus scrofa) populations in France and link to edema disease

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

In July 2013, an abnormal mortality wave in wild boars (Sus scrofa) was detected in the department of Ardèche in France (ten individuals found dead in the same commune over a period of 15 days). These wild boars presented distinct neurological disorders. Following numerous analyses (autopsy, bacteriology, toxicology, histology) and the discovery of an enterotoxigenic Escherichia coli stx2e F18 belonging to serogroup O139K82, edema disease emerged as the only explanation for this unusual mortality wave. The disease continued to progress in Ardèche from July 2013 to December 2013, with 109 cases of suspect deaths in 45 communes in central Ardèche [START_REF] Decors | Diagnostiquer un problème de santé dans la faune sauvage: exemple de la maladie de l'oedème chez le sanglier sauvage (Sus scrofa) en Ardèche[END_REF]. Starting in 2014, the detection of suspect cases evoking the disease began to decrease year by year. However, in 2016 a second outbreak occurred in France. Seventy-five wild boars were found dead in the Albères mountain range in the department of Pyrénées-Orientales. Bacteriological and histological analyses led to the diagnosis of edema disease [START_REF] Decors | Nouveau foyer de maladie de l'oedème chez le Sanglier, massif des Albères, Pyrénées-Orientales[END_REF]. The wild boars that were found dying and infected by edema disease presented similar neurological clinical signs, including paddling movements, ataxia, convulsions and trembling, as well as impairments such as transient swelling of eyelids. They were mainly young animals between 4 to 6-months old, which corresponds to the weaning period in wild boars [START_REF] Decors | Diagnostiquer un problème de santé dans la faune sauvage: exemple de la maladie de l'oedème chez le sanglier sauvage (Sus scrofa) en Ardèche[END_REF]. To our knowledge, these are the first cases of mortality caused by edema disease in a population of wild suidae. It is therefore of utmost importance to understand the origin of these cases by identifying the underlying genetic risk factors.

The alpha-1-fucosyltransferase gene (FUT1) was identified as the gene regulating the expression of the F18 receptor in the host of the bacteria causing ED [START_REF] Bao | Genetic variation at the alpha-1fucosyltransferase (FUT1) gene in Asian wild boar and Chinese and Western commercial pig breeds[END_REF][START_REF] Vögeli | A molecular test for the detection of E. coli F18 receptors: a breakthrough in the struggle against edema disease and post-weaning diarrhea in swine[END_REF]. A single nucleotide polymorphism (G/A M307 mutation) leading to the Ala → Thr amino acid substitution at position 103 of the protein has been identified in this gene [START_REF] Meijerink | A DNA polymorphism influencing α(1,2)fucosyltransferase activity of the pig FUT1 enzyme determines susceptibility of small intestinal epithelium to Escherichia coli F18 adhesion[END_REF]. Studies have been conducted to assess the effects of the three possible genotypes [START_REF] Meijerink | Two α (1, 2) fucosyltransferase genes on porcine chromosome 6q11 are closely linked to the blood group inhibitor (S) and Escherichia coli F18 receptor (ECF18R) loci[END_REF][START_REF] Frydendahl | Association between the porcine Escherichia coli F18 receptor genotype and phenotype and susceptibility to colonisation and postweaning diarrhoea caused by E. coli O138: F18[END_REF]. Following experimental inoculation of E. coli F18 serogroup O138 to 14 resistant (AA genotype) and 17 susceptible (AG or GG) pigs, 71.4% of the susceptible individuals developed clinical signs while only 5.9% of the resistant individuals did so [START_REF] Frydendahl | Association between the porcine Escherichia coli F18 receptor genotype and phenotype and susceptibility to colonisation and postweaning diarrhoea caused by E. coli O138: F18[END_REF].The AA genotype thus induces better resistance to infection by ETEC (enterotoxigenic Escherichia coli) E. coli stx2e F18 while the AG and GG genotypes are more susceptible to infection by E. coli stx2e F18, the G allele being dominant in relation to the A allele [START_REF] Bertschinger | Inheritance of resistance to oedema disease in the pig: experiments with an Escherichia coli strain expressing fimbriae 107[END_REF][START_REF] Zimmerman | Diseases of swine[END_REF]. The expression of this gene depends on the age of the piglet [START_REF] Coddens | The age-dependent expression of the F18+ E. coli receptor on porcine gut epithelial cells is positively correlated with the presence of histo-blood group antigens[END_REF]. Indeed, Bao et al. demonstrated in 2012 that its expression is most important at the time of weaning (between 3-6 weeks after birth in domestic pigs) [START_REF] Bao | Study on the age-dependent tissue expression of FUT1 gene in porcine and its relationship to E. coli F18 receptor[END_REF].

Numerous studies have been conducted to estimate the frequency of the different alleles and genotypes in various pig breeds, particularly Asian and European ones [START_REF] Bao | Genetic variation at the alpha-1fucosyltransferase (FUT1) gene in Asian wild boar and Chinese and Western commercial pig breeds[END_REF][START_REF] Vrtková | GENOMIC MARKERS IMPORTANT FOR HEALTH AND REPRODUCTIVE TRAITS IN PIGS[END_REF][START_REF] Ciobanu | Genetic variation in two conserved local Romanian pig breeds using type 1 DNA markers[END_REF][START_REF] Zhang | Analysis of polymorphisms in the FUT1 and TAP1 genes and their influence on immune performance in Pudong White pigs[END_REF][START_REF] Falková | BOAR SNP VARIABILITY IN GENETIC RESOURCE PŘEŠTICE BLACK-PIED PIG[END_REF][START_REF] Yan | Research on the genetic variations of a1fucosyltransferase (FUT1) gene in 26 pig breeds[END_REF][START_REF] Lemus-Flores | Genetic Diversity and Variation of ESR, RBP4 and FUT1 Genes in Mexican Creole and Yorkshire Pig Populations[END_REF].

Conversely, very few comparable studies have been carried out in wild boar populations [START_REF] Bao | Genetic variation at the alpha-1fucosyltransferase (FUT1) gene in Asian wild boar and Chinese and Western commercial pig breeds[END_REF][START_REF] Wang | Effects of FUT1 gene mutation on resistance to infectious disease[END_REF][START_REF] Zinovieva | POLYMORPHISM OF GENES ASSOCIATED WITH THE QUANTITATIVE TRAIT LOCI IN WILD BOAR (Sus scrofa L., 1758) IN RUSSIA. Сельскохозяйственная биология[END_REF]. Those studies involved only Asian individuals and suggest that the G allele has a frequency of 100% [START_REF] Bao | Genetic variation at the alpha-1fucosyltransferase (FUT1) gene in Asian wild boar and Chinese and Western commercial pig breeds[END_REF][START_REF] Wang | Effects of FUT1 gene mutation on resistance to infectious disease[END_REF][START_REF] Zinovieva | POLYMORPHISM OF GENES ASSOCIATED WITH THE QUANTITATIVE TRAIT LOCI IN WILD BOAR (Sus scrofa L., 1758) IN RUSSIA. Сельскохозяйственная биология[END_REF]. Two studies concluded that the three genotypes, AA, AG and GG, were represented in European pig breeds with fairly significant frequencies while the majority of Asian pig breeds had genotype GG (susceptible), although low frequencies of genotype AG (susceptible) were detected in several Asian pig breeds. As European domestic pigs originated from the domestication of European wild boars (and Asian domestic pigs originated from the domestication of Asian wild boars), the authors suggested that the resistant allele came from European wild boars [START_REF] Bao | Genetic variation at the alpha-1fucosyltransferase (FUT1) gene in Asian wild boar and Chinese and Western commercial pig breeds[END_REF][START_REF] Yan | Research on the genetic variations of a1fucosyltransferase (FUT1) gene in 26 pig breeds[END_REF].

In light of the emergence of edema disease in wild boar populations, and with a view to limit its impact on domestic pig populations when there are interactions between pigs and wild boars, it is important to determine the potential genetic susceptibility of wild boar populations as a risk factor for this disease. In the present study, we estimated the frequencies of the three genotypes for the FUT1 gene in different French wild boar samples from two departments where edema disease has been detected, and from two other departments where the disease is assumed to be absent. The genotype and allele frequencies in wild boars, as well as in different domestic pig breeds, were compared with the literature data. Finally the compatibility of wild boars' genetics with edema disease and consequential epidemiological implications as well as potential factors and mechanisms underlying variation in FUT1 alleles frequencies among wild and domestic suidae are discussed in light of the results.

Materials and methods

Samples

Between 2013 and 2017, 222 samples (ear tissue or spleen) were taken from wild boars (hunted healthy animals n = 178 or animals that died of edema disease n = 44) in four French departments (Figure 1) using opportunistic and targeted sampling.

The auricular samples (ear tips) were taken by hunters in the different departments as well as by technicians from departmental hunting federations. Once collected, the samples were frozen at -20°C to conserve them.

In Ardèche, all of the auricular samples (Figure 2) were collected in areas where there had been outbreaks of edema disease in wild boars. Of these, 41 were from wild boars suspected (or confirmed) to have been affected by edema disease between 2013 and 2015. In 2014 and 2016, samples were collected from respectively 64 and 48 hunted wild boars which presented no sign of the disease.

In the Pyrénées-Orientales, all of the samples (Figure 3) also came from disease-affected areas. These included three spleen specimens taken from wild boars which had died of edema disease in 2016, and 17 ear tissue specimens taken from wild boars which showed no sign of the disease and which were hunted between January and February 2017.

The two departments in which no cases of edema disease have been detected are Lozère (Figure 4) and Hérault (Figure 5). Their wild boar biogeographic and population characteristics are relatively similar to those of Ardèche and Pyrénées-Orientales. They were used as control territories, with 19 ear tissue samples taken from wild boars hunted in 2014 for Lozère, and 30 tissue samples (25 spleen and 5 ear) from wild boars killed during the 2016-2017 hunting season for Hérault.

Edema disease diagnostics in wild boars

Edema disease was diagnosed in wild boars using the following criteria. The location where the diseased wild boar or the wild boar carcass was discovered was considered. A diseased animal or a carcass discovered in the same commune as or in a commune adjacent to a commune where a confirmed edema disease case had already been recorded less than two months before was considered as suspicion of an edema disease case. Clinical signs and lesions recorded at the time of discovery or during the autopsy were also considered. The clinical signs on a live wild boar considered as indicative of an edema disease case were shakings/convulsions, pedalling, ataxia and lateral decubitus. The lesions observed during the autopsy of a dead wild boar considered as indicative of an edema disease case were edema on eye lids or in the mesocolon, thoracic, abdominal or pericardial effusions and congestive haemorrhagic colitis. Bacterial analyses were also undertaken on the content of the digestive tractus. The isolation and identification of O139k82 or O141k85 Escherichia coli was considered as a confirmation of an edema disease case. Finally, histological analyses were undertaken to detect neuronal vacuolisation which was also considered as a confirmation of an edema disease case. Table 1 shows the different combinations of criteria that lead to strong suspicions or confirmations of edema disease cases. Genotyping DNA was extracted using the Nucleospin Tissue kit (Macherey-Nagel, Düren, Germany). The polymorphism of the FUT1 gene was then determined using PCR (polymerase chain reaction). The primers F 3'-TGCATGGCAGGCTGGATGAAG-5' and R 3'-CCAACGCCTCCGATTCCTGTC-5' were used as the sequence coding for the sequence of the gene FUT1of GenBank. Amplification by PCR (final volume = 50 µl) was done using 25 µl of taq polymerase (Thermo Fisher Scientific, Waltham, MA, USA), 1 µl of each primer at 10 µM, and 22 µl of water, with 1 µl containing approximately 200 ng of DNA. The PCR conditions were: 94°C for 3 minutes, followed by 50 cycles (at 94°C for 1 minute, 53°C 1 minute, 72°C 1 minute), and then 72°C for 3 minutes. The PCR products were then purified by migration on gel electrophoresis (2% agarose + 7 µl of SYBR Safe stain for 100 ml of gel).

After migration, the purified DNA was extracted using the NucleoSpin ® Gel and PCR Cleanup kit (Macherey-Nagel, Düren, Germany). The purified DNA was then sequenced by the GATC laboratory. The obtained sequences were read using the Chromas lite software. For the susceptible allele G sequence was CCTGGCGCAG while the resistant allele A, it sequence was CCTGACGCAG.

Bibliographic synthesis

A bibliographic synthesis was undertaken to obtain the maximum amount of data on the frequencies of different genotypes and alleles of the FUT1 gene (Appendix). This bibliographic synthesis was conducted using Google Scholar, PubMed, and ScienceDirect search engines. The key words used were (i) pig, (ii) wild boar, (iii) FUT1 and (iv) alpha-1-fucosyltransferase. More specifically, the query was: ("pig" or "wild boar") and ("FUT1" or "alpha-1-fucosyltransferase"). Only articles that were in English and presenting genotype and allele frequencies in the populations studied were retained. The geographic origins of different pig breeds were then identified and classified in three main groups: America (combining Central and North American pigs), Europe and Asia. The same procedure was used for wild boar; with Asian and Russian wild boars regrouped under the name Asian wild boar.

Statistical analyses

Variations in genotype and allele frequencies in wild boar populations in

France

The null hypothesis of frequency homogeneity (genotype or allele) between the departments where wild boars were sampled in France was tested by applying Fisher's exact test to contingency tables displaying geographical origin and genotype or allele. This same test was used to test the null hypothesis of frequency homogeneity between French wild boars suspected of being infected by edema disease and other French wild boars that are a priori not infected.

Variations of allele frequencies between different types (wild boar and various breeds of domestic wild boar) of Sus scrofa

In addition, a more comprehensive analysis was undertaken of variations in allele frequencies that combined the data collected in French wild boar populations with data from the literature on allele frequencies of other wild boar populations and of different domestic pig breeds. To do this, a generalized linear model (GLM) was fitted in which the binomial response variable was the frequency of the A allele (number of A alleles relative to the total number of typed alleles). The GLM included the fixed effect of a categorical variable with 5 modalities (European or Asian wild boars, and American, Asian, or European domestic pigs). In this model, each combination of breed and origin (each line of the table in the annex) was considered as a statistical unit. A post-hoc Tukey test was then performed to make pairwise comparisons between the different categories. The statistical analyses were conducted using R software, and more precisely with the "multcomp" package for the post-hoc Tukey test.

Results

Polymorphism of the FUT1 gene in different French wild boar populations (experimental data)

The digestion of the PCR products produced fragments of 109 nucleotides. The genotype and allele frequencies in the samples studied are presented in Table 2 below. The frequency of the resistant A allele therefore is very low among the sampled European wild boars (0.016) irrespective of the edema disease status and the department.

Comparison of allele frequencies between pig and wild boar breeds of different origins (synthesis of data from the literature -

Appendix)

The averages of the allele frequencies appear to be different depending on the origin of the animals (Table 3). The GLM model shows that the allele frequency depends on the origin of the animals. Indeed, the explanatory variable "Origin" is highly significant (Table 4). Only the difference in allele frequency between French wild boars and Asian wild boars is not significant. However, due to the fact that no allele A was detected for the Asian wild boar category, the estimate of the parameter associated with this category is strongly negative on the logit scale with a very large standard error. This well-known artefact for parameters estimated near the bounds (0 or 1) in GLMs compromises the validity of statistical comparison tests with this category.

However, the frequency of the resistant A allele is lowest in Asian wild boars, followed by

French wild boars and Asian pig breeds, and then European pig breeds. The frequency of the resistant A allele is the highest in American domestic pig breeds. These results were confirmed using the post-hoc test (Table 5), which enabled us to refine the comparisons of allele frequencies between the different origins of domestic pigs and wild boars. 

Discussion

Wild boar genetics compatible with the emergence of edema disease?

The very low frequency of the A allele (0.016) in the wild boars sampled in four French departments is in line with the results reported in the literature for Asian wild boars [START_REF] Bao | Genetic variation at the alpha-1fucosyltransferase (FUT1) gene in Asian wild boar and Chinese and Western commercial pig breeds[END_REF][START_REF] Wang | Effects of FUT1 gene mutation on resistance to infectious disease[END_REF][START_REF] Zinovieva | POLYMORPHISM OF GENES ASSOCIATED WITH THE QUANTITATIVE TRAIT LOCI IN WILD BOAR (Sus scrofa L., 1758) IN RUSSIA. Сельскохозяйственная биология[END_REF].

These results suggest that wild boars are susceptible to edema disease, yet no case of mortality due to this disease had been recorded prior to the episode reported in France in 2013. It is possible that mortality caused by this disease existed without being detected, or that it was under-diagnosed. In France, for example, certain group mortality events in wild boars remain unexplained (personnal communication: SAGIR). An alternative hypothesis explaining the absence of documented cases of edema disease in wild boars is a recent exposure to enterotoxigenic E. coli stx2e F18. If indeed these strains come from domestic pigs, the rapid increase in wild boar populations in France [START_REF] Bourcet | EVALUATION DES RISQUES LIES A L'AUGMENTATION DES DENSITES DES SANGLIERS SAUVAGES EN FRANCE[END_REF] and the rising number of French open-air pig farms [START_REF] Hars | Évaluation des risques sanitaires liés à l'augmentation des effectifs de sangliers en France[END_REF] may have enabled an increase in direct and indirect contacts between pigs and wild boars, thereby favouring the passage of different pathogens between the domestic and wild compartments of this same species (Sus scrofa). Another hypothesis explaining the emergence of this disease in wild boars would be a change in the bacteria's pathogenic mechanism. If the bacteria was able to multiply without needing to adhere to intestinal epithelial cells or using another receptor, the genetic risk factor would no longer affect the emergence of edema disease in wild boars.

Although Asian pig breeds do not present (or present at a very low frequency) the FUT1 genotype conferring resistance to edema disease, the susceptibility of these animals to postweaning diarrhoea appears to be lower than that of western pig breeds [START_REF] Yan | Research on the genetic variations of a1fucosyltransferase (FUT1) gene in 26 pig breeds[END_REF]. One therefore may hypothesize that one or more other genes in the gene black box modulate the susceptibility of pigs to edema disease [START_REF] Sinha | Resistance to ETEC F4/F18-mediated piglet diarrhoea: opening the gene black box[END_REF]. The emergence of edema disease in wild boar populations in France could then be related to a hypothetical increase in the frequency of wild boar/domestic pig hybrids, leading to an increased susceptibility to this disease.

Genetic modification in subsequent generations of wild boar is possible following the death of susceptible wild boars. A future study is needed to clarify this point.

Difference of allele frequency between wild boars and domestic pigs Frequency of the A allele and domestication of pigs

Domesticated pigs have two main origins: Europe and Asia. European domestic pig populations are the result of the domestication of European wild boars, while Asian pigs originate from Asian wild boars [START_REF] Larson | Worldwide Phylogeography of Wild Boar Reveals Multiple Centers of Pig Domestication[END_REF][START_REF] Larson | Genetic aspect of pig domestication[END_REF]; there is a deep phylogenetic split between European and Asian wild boars [START_REF] Groenen | Analyses of pig genomes provide insight into porcine demography and evolution[END_REF]. Moreover, the frequencies of the resistant A allele in different Asian and western pig breeds already have been compared by [START_REF] Yan | Research on the genetic variations of a1fucosyltransferase (FUT1) gene in 26 pig breeds[END_REF] and Bao et al.

(2008) using samples obtained in pig farms located in China [START_REF] Bao | Genetic variation at the alpha-1fucosyltransferase (FUT1) gene in Asian wild boar and Chinese and Western commercial pig breeds[END_REF][START_REF] Yan | Research on the genetic variations of a1fucosyltransferase (FUT1) gene in 26 pig breeds[END_REF]. These studies show that the resistant A allele is much more frequent in European and American breeds than in Asian breeds, a finding confirmed by other studies identified in our bibliographic synthesis. The authors of these works deduce from these results that the resistant allele likely came from European wild boars [START_REF] Bao | Genetic variation at the alpha-1fucosyltransferase (FUT1) gene in Asian wild boar and Chinese and Western commercial pig breeds[END_REF] from which western domestic pig breeds have descended [START_REF] Larson | Worldwide Phylogeography of Wild Boar Reveals Multiple Centers of Pig Domestication[END_REF][START_REF] Fang | Mitochondrial haplotypes of European wild boars with 2n = 36 are closely related to those of European domestic pigs with 2n = 38: Mitochondrial haplotypes of European wild boars[END_REF][START_REF] Giuffra | The origin of the domestic pig: independent domestication and subsequent introgression[END_REF].

According to this phylogenetic pattern and these previous results we would have expected that the frequency of the resistant A allele in the wild boars sampled in France would be fairly similar to the frequency of the resistant A allele in European domestic pig breeds and would be substantially higher than the frequency of the resistant A allele in Asian wild boars and Asian domestic pig breeds. However, our results suggest that the frequency of the resistant A allele is much lower in French wild boars than in European domestic pig breeds and fairly similar to that in Asian wild boars, and Asian domestic pig breeds. Several hypotheses could explain this pattern.

The analysis of the genomes of European and Asian wild and domestic pigs by Frantz et al.

(2015), raised possible explanation related to the evolutionary and demographic history of European wild boars and European domestic pigs populations. Indeed their results suggest that European wild boar population experienced strong bottlenecks due to overhunting and habitat loss [START_REF] Frantz | Evidence of long-term gene flow and selection during domestication from analyses of Eurasian wild and domestic pig genomes[END_REF]. Such demographic bottlenecks are suspected to result, through the associated genetic drift, in changes in the genetic composition in wild boar populations including the loss of alleles [START_REF] Queirós | Genome-wide associations identify novel candidate loci associated with genetic susceptibility to tuberculosis in wild boar[END_REF]. The resistant A allele could have been lost during such demographic bottlenecks. Another interesting hypothesis presented by [START_REF] Frantz | Evidence of long-term gene flow and selection during domestication from analyses of Eurasian wild and domestic pig genomes[END_REF] is that some wild boar population that contributed to the current genetic pool of European domestic pigs are extinct [START_REF] Frantz | Evidence of long-term gene flow and selection during domestication from analyses of Eurasian wild and domestic pig genomes[END_REF]. The resistant A allele could originate from such extinct populations. Under these hypotheses, the few wild boar individuals (7/222) with this A allele could be the products of a (more or less recent) hybridization between pigs and wild boars.

Another scenario could be envisioned in which the frequency of the A allele would be very low or even null in the wild boar populations from which European domestic pigs originate.

Under this hypothesis the A allele would have appeared and/or been selected in domestic pig phenotypic characteristics: white tips of the legs, spotted coats, thick layer of fat, drooping ears, litters of over 10 piglets. In addition, chromosomal screening of French wild boars conducted on breeding farms and in different natural wild boar populations has demonstrated the presence of hybrids (2n = 37 or 2n = 38, whereas the Western European wild boar has 2n = 36 chromosomes), sometimes at high frequencies [START_REF] Darré | Statut chromosomique des populations de sangliers souvages et d'élevages en France[END_REF][START_REF] Popescu | Observations chromosomiques chez le sanglier français (Sus scrofa scrofa)[END_REF][START_REF] Ducos | Cytogenetic screening of livestock populations in Europe: an overview[END_REF]. Several complementary studies could be set up to corroborate the hypothesis of the ancestral nature of the G allele and of the link between domestication and the emergence of the A allele. It could then be possible to genotype non-hybridized wild boars (2n = 36 chromosomes), in natural populations of wild boars considered to be "purebred" (identified as purebred through a follow-up study of the karyotype of wild boars) or in breeding farms historically free of hybrids to confirm the absence of the A allele when there is no introgression with domestic pigs. It also would be possible to investigate variations of allele frequencies of the FUT1 gene along frequency gradients of pig-wild boar interactions. Lastly, it would be interesting to monitor on a longitudinal basis the rate of evolution of allele frequencies of the FUT1 gene in wild boar populations (following the protocol used with the Sutai breed [START_REF] Bao | Beneficial genotype of swine FUT1 gene governing resistance to E. coli F18 is associated with important economic traits[END_REF]).

Allele frequency and wild boar hunting pressure

The evolution of hunting practices and of wild boar populations is enabling a strong renewal of wild boar populations. It is possible that a selection of individuals with rapid growth, and therefore with an ability to reproduce increasingly younger, is taking place. Indeed, to enable wild boar populations to increase, some hunting organizations in certain French departments request their hunters to avoid killing female wild boars that have surpassed the threshold weight needed to reproduce. A selection of wild boars consequently is causing an artificialization of wild boar populations as hunters are allowing the survival of wild boars with higher growth rates. Given that domestic pigs with the A allele would have stronger growth and reproduction rates [START_REF] Bao | Beneficial genotype of swine FUT1 gene governing resistance to E. coli F18 is associated with important economic traits[END_REF], it is logical to hypothesize that wild boars with an AG or AA genotype also have a stronger growth rate.

Moreover, in the French departments (located in southern France) where sampling was possible, the selection of hunted wild boars is very limited, which contrasts with northern

France, where it is much more widespread.

The wild boar, a potential reservoir of the bacterium?

Wild boars, which according to our results predominately have a genotype enabling the adhesion and multiplication of enterotoxigenic E. coli stx2e F18 strains responsible for edema disease, could be potential reservoirs of the bacteria. A serological study on pig farms highlighted a seroprevalence of 96.4% for E. coli F18 for open-air domestic pigs, and 88.8%

for housed domestic pig farms [START_REF] Verdonck | Open status of pig-breeding farms is associated with slightly higher seroprevalence of F18+ Escherichia coli in northern Belgium[END_REF]. As the F18 virulence gene is one of the virulence genes identified for the bacterium found in wild boars, an equivalent study on wild boars would be useful to anticipate potential mortalities in wild boars in the event that wild boars act as a reservoir of this bacteria. With increasing pig-wild boar interactions, the passage of the bacteria from the wild to the domestic compartment should be considered. 
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 12345 Fig 1. Location of the four French departments sampled. In blue: Ardèche, in orange: Lozère, in green: Hérault, in red: Pyrénées-Orientales

Table 1 .

 1 Number of samples for each analysis

	Edema disease diagnostics	Sample
	Histological and bacteriological analyses, clinical signs, location of wild boar corpses	6/44
	Histological analyses, clinical signs, location of wild boar corpses	1/44

Bacteriological analyses, clinical signs, location of wild boar corpses 18/44 Clinical signs, location of wild boar corpses 19/44

Table 2 .

 2 Genotype and allele frequencies of the FUT1 gene in different wild boar populations in FranceThe resistant AA genotype was not detected in any of the boars sampled. AG heterozygotes were detected at a low frequency in only two departments (5/153 in Ardèche and 2/30 in Hérault), whereas the animals from the other two departments only had the homozygous GG genotype. The GG genotype thus is largely predominant in the wild boars sampled. The frequencies of the different genotypes of the FUT1 gene of the wild boars sampled in France do not vary significantly according to the department (Fisher's exact test p>0.05). These frequencies also do not vary significantly according to the animal's status with regard to edema disease (test limited to the samples from Ardèche and Pyrénées Orientales, Fisher's exact test p>0.05).

	Sample	Suspect ED	Sample	Genotype frequency (sample size)	Allele frequency
	location	/ hunted	size	AA	AG	GG	A	G
				Resistant	Susceptible	Susceptible	Resistant	Susceptible
		ED	41	0 (0)	0.049 (2)	0.951 (39)	0.024	0.976
	Ardèche							
		Hunted	112	0 (0)	0.027 (3)	0.973 (109)	0.014	0.986
	Pyrénées-	ED	3	0 (0)	0 (0)	1 (3)	0	1
	Orientales	Hunted	17	0 (0)	0 (0)	1 (17)	0	1
	Lozère	Hunted	19	0 (0)	0 (0)	1 (19)	0	1
	Hérault	Hunted	30	0 (0)	0.067 (2)	0.933 (28)	0.033	0.967

Table 3 .

 3 FUT1 allele frequencies for pigs and wild boar breeds of different origins

	American pig	European pig	Asian pig	Asian wild boar	French wild
	(n = 422)	(n = 2874)	(n = 2316)	(n = 136)	boar (our study)

Table 4 .

 4 Results of the GLM model

			GLM(A~origin), family=binomial	
		Estimate	Std.error	P-value	
	French wild boar		Reference		
	European pig	2.970	0.018	<2.2 x 10 -16	***
	American pig	3.602	0.020	<2.2 x 10 -16	***
	Asian wild boar	-14.339*	32.285	0.657	
	Asian pig	1.400	0.020	<2.2 x 10 -16	***

Table 5 .

 5 Results of the post-hoc test

		French wild boar	Asian pig	European pig
	Asian pig	1.400±0.019***	---	
	European pig	2.970±0.018***	1.570±0.006***	---
	American pig	3.601±0.020***	2.202±0.009***	0.632±0.007***
	Estimate±Std.error *** p<0.001		
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populations following domestication. It has been demonstrated in a population of Sutai breed (Asian) pigs that between 2008 and 2011 the frequency of the A allele increased. The authors of this study also examined the relationship between FUT1 gene polymorphism and growth and found that pigs with the AA genotype (resistant to edema disease) had the best growth.

The authors of this study therefore suggest that the increased frequency of the A allele is the consequence of artificial selection aimed at not only improving resistance to post-weaning diarrhoea and edema disease, but also production performance [START_REF] Bao | Beneficial genotype of swine FUT1 gene governing resistance to E. coli F18 is associated with important economic traits[END_REF]. Another study [START_REF] Buske | Analysis of association of GPX5, FUT1 and ESR2 genotypes with litter size in a commercial pig cross population[END_REF] examined the association between the genotype for the FUT1 gene and litter size. In this study, animals with the AG genotype had better group performance and larger litter sizes than those with the GG genotype (the number of individuals with the AA genotype was too small to be analyzed [START_REF] Buske | Analysis of association of GPX5, FUT1 and ESR2 genotypes with litter size in a commercial pig cross population[END_REF]). Filistowicz and Jasek also studied the effect of the FUT1 gene on fertility and reproductive success rates, but by looking at the interactions between the polymorphisms of the FUT1 [START_REF] Filistowicz | PRELIMINARY STUDY ON THE EFFECT OF FUT1 AND MUC4 LOCI ON THE FERTILITY OF SOWS AND ON BREEDING SUCCESS OF PIGLETS[END_REF] and MUC4 (gene associated with the receptors of bacteria responsible for neonatal diarrhoea) genes [START_REF] Pastoret | Detection of disease resistance and susceptibility alleles in pigs using oligonucleotide microarray hybridization[END_REF]. They detected a positive interaction between the MUC4 B/B and FUT1 A/G genotypes on fertility and a negative interaction between the MUC4 A/A and FUT A/G genotypes on fertility [START_REF] Filistowicz | PRELIMINARY STUDY ON THE EFFECT OF FUT1 AND MUC4 LOCI ON THE FERTILITY OF SOWS AND ON BREEDING SUCCESS OF PIGLETS[END_REF]. In these studies, the association between the FUT1 gene, fertility, and animal production performance is described but incompletely understood. By considering the hypothesis of the emergence and then selection of the A allele in some domestic pig populations, the few wild boar individuals (7/222) with this A allele could again involve a (more or less recent) hybridization between pigs and wild boars.

Frequency of the A allele and pig-wild boar interface in France

Numerous possibly hybrid wild boars have been observed in Ardèche in the communes where the samples were taken. These wild boars are suspected of being 'hybrids' due to their 
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