Kevin Maëllys 
  
Girault Guillaume 
  
Caspar Yvan 
  
Cherfa Moulay Ali 
  
Mendy Christiane 
  
Maurin Max 
  
Ponsart Claire 
  
Madani Nora 
email: nora.madani@anses.fr
  
High-resolution melting PCR assay as a powerful tool for the epidemiological surveillance of tularemia in Western Europe

Keywords: Francisella tularensis, High-resolution melting PCR, surveillance, tularemia

Canonical single nucleotide polymorphisms are used to classify

Francisella tularensis.

•

Discrimination assays were designed for 113 markers identified in Western Europe.

•

It enables fast discrimination of Francisella tularensis isolates in Western

Europe for epidemiological surveillance and outbreak investigation.
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Short communication

Francisella tularensis is the causative agent of tularemia, a zoonosis that can affect more than 350 animal species [START_REF] Mörner | The ecology of tularaemia[END_REF]. In Europe, the only subspecies known to cause tularemia is F. tularensis subsp. holarctica. As it is a highly clonal pathogen, classification of closely related subpopulations of F. tularensis at a strain level relies on highly resolutive markers [START_REF] Johansson | Genotyping of Francisella tularensis, the causative agent of tularemia[END_REF] and is required for outbreak investigation and long-term surveillance. Selection of polymorphic variable-number tandem repeats (VNTR) for multipleloci VNTR analysis (MLVA) allowed the differentiation of five clades for subspecies holarctica (B.I, B.II, B.III, B.IV and B.V) [START_REF] Johansson | Worldwide Genetic Relationships among Francisella tularensis Isolates Determined by Multiple-Locus Variable-Number Tandem Repeat Analysis[END_REF]. However, fast evolution and instability of tandem repeats can be responsible for the inherent homoplasy of some VNTRs [START_REF] Lankester | II.-On the use of the term homology in modern zoology, and the distinction between homogenetic and homoplastic agreements[END_REF]. Convergent evolution makes VNTRs unsuitable markers to infer phylogenies. Since the decline of the sequencing costs, identification of canonical single nucleotide polymorphisms (canSNP) has become a reference method for high resolution discrimination of bacterial strains [START_REF] Keim | Anthrax molecular epidemiology and forensics: using the appropriate marker for different evolutionary scales[END_REF][START_REF] Girault | Highresolution melting PCR analysis for rapid genotyping of Burkholderia mallei[END_REF]. Four main clades have been described for F. tularensis subsp. holarctica : B.4, B.6, B.12 and B.16, corresponding to clades B.II, B.IV, B.I and B.V respectively [START_REF] Vogler | Phylogeography of Francisella tularensis: Global Expansion of a Highly Fit Clone[END_REF]. Since, the number of newly identified canSNPs is constantly increasing over time and across studies [START_REF] Vogler | Phylogeography of Francisella tularensis: Global Expansion of a Highly Fit Clone[END_REF][START_REF] Chanturia | Phylogeography of Francisella tularensis subspecies holarctica from the country of Georgia[END_REF][START_REF] Gyuranecz | Phylogeography of Francisella tularensis subsp. holarctica , Europe[END_REF][START_REF] Karadenizli | Genomic analyses of Francisella tularensis strains confirm disease transmission from drinking water sources, Turkey, 2008, 2009 and 2012[END_REF][START_REF] Karlsson | The phylogeographic pattern of Francisella tularensis in Sweden indicates a Scandinavian origin of Eurosiberian tularaemia[END_REF][START_REF] Dwibedi | Long-range dispersal moved Francisella tularensis into Western Europe from the East[END_REF][START_REF] Myrtennäs | Introduction and persistence of tularemia in Bulgaria[END_REF][START_REF] Schulze | High and novel genetic diversity of Francisella tularensis in Germany and indication of environmental persistence[END_REF]Wittwer et al., 2018). Studies showed that isolates from Western Europe belonged to numerous subclades of clade B.11, a subclade of B.6, and that these subclades have been able to form spatio-temporal clusters within a country [START_REF] Allue | Tularaemia outbreak in Castilla y León, Spain, 2007: an update[END_REF][START_REF] Kevin | Phylogeography and Genetic Diversity of Francisella tularensis subsp. holarctica in France (1947-2018)[END_REF].

High Resolution Melting-PCR (HRM-PCR) analysis is a technique that allows the discrimination of minor genetic variations on amplicons, such as SNPs, through their melting temperature (Tm) [START_REF] Tamburro | High Resolution Melting as a rapid, reliable, accurate and cost-effective emerging tool for genotyping pathogenic bacteria and enhancing molecular epidemiological surveillance: a comprehensive review of the literature[END_REF]. It enables rapid, reliable and low-cost surveillance of infectious diseases, as well as fast detection of a clonal outbreak. In this study, we developed a genotyping tool based on HRM-PCR to discriminate closely related strains belonging to clade B.11 and its subclades, with the highest possible resolution. A hierarchical HRM-PCR assay was developed using a total of 109 canSNPs retrieved from the CanSNPer database [START_REF] Lärkeryd | CanSNPer: a hierarchical genotype classifier of clonal pathogens[END_REF] and [START_REF] Kevin | Phylogeography and Genetic Diversity of Francisella tularensis subsp. holarctica in France (1947-2018)[END_REF] (Figure 1). The updated version of the database is available on the following link:

https://github.com/adrlar/CanSNPer. CanSNPs were classified in "orders of discrimination" (D1-D9) to progressively differentiate the levels of resolution (Figure 1). The SNP-discriminative typing tool was designed to be used according to the purpose of the study (high level of resolution for outbreak investigation or low level of resolution for long-term surveillance).

Using Primer 3+ software [START_REF] Untergasser | Primer3-new capabilities and interfaces[END_REF] [START_REF] Kevin | Phylogeography and Genetic Diversity of Francisella tularensis subsp. holarctica in France (1947-2018)[END_REF], should be typed in priority during HRM-PCR assays.

Such clades also present more subclades than other clades, which reflects the evolution of these clades and therefore, their persistence in Europe. Because of PCR inhibitors present in biological samples, HRM-PCR is more adapted to bacterial strains. HRM-PCR was tested on highly positive biological samples from a marmoset (Callithrix pygmaea, Ct ~20) and gave satisfying results (Figure 2).

Contact with hares is one of the most important risk factors for humans in Western Europe as several outbreaks have been associated with hunting or handling hares in these geographical areas [START_REF] Allue | Tularaemia outbreak in Castilla y León, Spain, 2007: an update[END_REF][START_REF] Mailles | Bilan de 10 années de surveillance de la tularémie chez l'homme en France[END_REF][START_REF] Otto | Hareto-Human Transmission of Francisella tularensis subsp. holarctica, Germany[END_REF][START_REF] Hestvik | Francisella tularensis in muscle from diseased hares -a risk factor for humans?[END_REF][START_REF] Koene | Phylogeographic Distribution of Human and Hare Francisella Tularensis Subsp. Holarctica Strains in the Netherlands and Its Pathology in European Brown Hares (Lepus Europaeus)[END_REF]. Thus, wildlife surveillance is of great importance not only for animal health, but also for human health, especially because human cases might be under-declared.

Indeed, as symptoms are not specific and often of mild severity, patients might be underdiagnosed or might not even request medical consultation. Moreover, most genetic clusters were identified with strains isolated from hares [START_REF] Kevin | Phylogeography and Genetic Diversity of Francisella tularensis subsp. holarctica in France (1947-2018)[END_REF] and it has been previously demonstrated that the European Brown hare could be useful as sentinels of environmental risk [START_REF] Moinet | Spatiotemporal dynamics of tularemia in French wildlife: 2002-2013[END_REF]. It is fair to consider that these systems of surveillance (in humans and in wildlife), along with environment surveillance, should be complementary for a One-Health surveillance. As there seems to be no host specialization concerning F. tularensis in Western

Europe [START_REF] Dwibedi | Long-range dispersal moved Francisella tularensis into Western Europe from the East[END_REF][START_REF] Kevin | Phylogeography and Genetic Diversity of Francisella tularensis subsp. holarctica in France (1947-2018)[END_REF] it is expected that strains isolated in vectors or in the environment would share identical genotypes as humans and other animals.

Therefore, our SNP-discriminative HRM-PCR assay would greatly help epidemiological surveillance of tularemia in Western Europe. First, this tool will enable highly resolutive discrimination of F. tularensis subsp. holarctica isolates to enhance knowledge about tularemia in Western Europe and to detect abnormal incidence of the disease due to a particular genotype. Secondly, this tool can be used for a biodefense purpose as it will allow to identify a clonal outbreak.

In conclusion, we developed a rapid, cost-effective and robust molecular typing tool for the discrimination of F. tularensis subsp. holarctica from bacterial strains or highly positive samples, with a high resolution in order to introduce a One-Health epidemiological surveillance of tularemia in Western Europe.
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Figure legends

Figure 1. CanSNP nomenclature generated by CanSNPer [START_REF] Lärkeryd | CanSNPer: a hierarchical genotype classifier of clonal pathogens[END_REF]. Clades for which a HRM-PCR assay was designed are indicated with green circles; clades for which HRM-PCR primers need to be validated on samples are indicated with green circles filled with a black star; countries (Austria, Belgium, France, Germany, Italy, Netherlands, Spain, Switzerland) in which each clade (D5) has been identified are indicated with flags. Data have been retrieved from the NCBI database (https://www.ncbi.nlm.nih.gov/genome/genomes/511) as well as from Kevin et al [START_REF] Kevin | Phylogeography and Genetic Diversity of Francisella tularensis subsp. holarctica in France (1947-2018)[END_REF]. are listed in supplementary table I.

Figure 2 .

 2 Figure 2. Normalized melting curve obtained by HRM-PCR assay (canSNP B.304) on spleen samples from a marmoset (Callithrix pygmaea) diluted to the 1/2, 1/4, 1/8 and 1/16 (red). Positive control for B.304 was included (blue). Expected melting temperatures (Tm)
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Supplementary table II.

List of strains used for in vitro validation of HRM-PCR primers.
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