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Successful Leptospira genotyping strategy on DNA extracted from canine biological samples
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Leptospirosis is an emerging worldwide zoonosis with a changing epidemiology responsible for an acute disease in humans and dogs. A better knowledge of the responsible bacterium Leptospira and in particular its various serovars and serogroups prevalence is essential for better diagnosis and prevention of the disease. The gold standard for leptospirosis diagnosis is the Microscopic Agglutination Test (MAT) but it requires long and fastidious laboratory work and sometimes results in controversial data. For these reasons, PCR-based techniques for detection of pathogenic leptospiral DNA in biological samples are currently replacing the MAT. However, these strategies do not provide any information regarding the infecting serovar or serogroup. In this study, an optimized genotyping method is described to allow the identification of Leptospira ssp. directly at serovars level using DNA extracted from canine blood and urine. 16S rDNA, Variable Number Tandem Repeat (VNTR) and Multispacer Sequence Typing (MST) protocols were adapted to biological samples. Eighty-eight DNA samples were analyzed from 72 different European canine clinical cases of leptospirosis confirmed by real-time PCR.

92% of DNA samples with Ct values below 34 were fully typed, and typing success decreased to about 30% for the other samples. Typing failure also showed a speciespecific correlation, with 63% of complete typing for L. interrogans and only 40% for L. kirschneri. Additionally, an exact match was observed between serological and molecular data for the few investigated cases where MAT data were available. This methodology is a suitable alternative to the MAT for determining the infecting serovar when Leptospira DNA from blood or urine is detected at Ct values below 34, contributing to clinical surveillance of leptospirosis.

Introduction

Leptospirosis is a zoonotic disease caused by a pathogenic spirochete of the Leptospira genus. Leptospires are highly motile Gram-negative obligated aerobic bacteria with distinctive helical shape. The Leptospira genus is subdivided into at least 43 genomic species, from which 15 are pathogenic. In addition, based on the antigenic properties of lipopolysaccharides (LPS), 26 serogroups including more than 300 serovars have been reported [START_REF] Guglielmini | Genus-wide Leptospira core genome multilocus sequence typing for strain taxonomy and global surveillance[END_REF][START_REF] Levett | Systematics of leptospiraceae[END_REF]. Humans as well as animals, in particular dogs, are exposed to multiple serovars with strong temporal and regional variations in the clinic and epidemiology of the disease [START_REF] Ellis | Control of canine leptospirosis in Europe: time for a change?[END_REF][START_REF] Haake | Leptospirosis in humans[END_REF][START_REF] Sykes | ACVIM Small Animal Consensus Statement on Leptospirosis: Diagnosis, Epidemiology, Treatment, and Prevention: Leptospirosis[END_REF].

Diagnosis of leptospirosis has been historically performed by Microscopic

Agglutination Test (MAT) based on reference strains panel. This method allows confirmation of recent infection and can be indicative of the infecting serogroup.

However, this technique is restricted to the reference strains and is reported not to provide reliable information on the serovar. Indeed, the MAT often suffers from a high level of cross reactivity and variability amongst different diagnostic laboratories, which compromises reproducibility [START_REF] Chirathaworn | Interpretation of microscopic agglutination test for leptospirosis diagnosis and seroprevalence[END_REF][START_REF] Haake | Leptospirosis in humans[END_REF][START_REF] Harkin | Variable-number tandem-repeat analysis of leptospiral DNA isolated from canine urine samples molecularly confirmed to contain pathogenic leptospires[END_REF][START_REF] Picardeau | Rapport Annuel d'Activité du Centre National de Référence de la Leptospirose[END_REF]. Therefore, confirmation of serogroup identification requires a second serology sampling several weeks after infection. In this case, cross-reacting IgM have been class switched and replaced by more serovar specific IgG [START_REF] Budihal | Leptospirosis diagnosis: competancy of various laboratory tests[END_REF][START_REF] Chernukha | The dynamics of IgM-and IgGantibodies in leptospiral infection in man[END_REF][START_REF] Kmety | Classification of the species Leptospira interrogans and history of its serovars[END_REF]. However, a second serological sampling is rarely possible since pet owners are not inclined to have their animal re-tested after clinical recovery. Moreover, the MAT requires the tedious maintenance of a large battery of strains representative of locally circulating serogroups [START_REF] Mgode | Leptospira Serovars for Diagnosis of Leptospirosis in Humans and Animals in Africa: Common Leptospira Isolates and Reservoir Hosts[END_REF][START_REF] Pinto | Usage of Leptospira spp. local strains as antigens increases the sensitivity of the serodiagnosis of bovine leptospirosis[END_REF]. Both serological re-testing and culture of the reference strains panel are time consuming and not cost effective.

Currently, leptospirosis in humans, dogs or cats is more often diagnosed by PCR detection of pathogenic Leptospira DNA on total DNA extracted from blood and urine [START_REF] Mérien | Polymerase chain reaction for detection of Leptospira spp. in clinical samples[END_REF][START_REF] Rojas | Detection and quantification of leptospires in urine of dogs: a maintenance host for the zoonotic disease leptospirosis[END_REF][START_REF] Weis | Detection of Leptospira DNA in urine and presence of specific antibodies in outdoor cats in Germany[END_REF]. However effective, this method does not provide any information regarding the infecting serovar or serogroup. Nevertheless, precise knowledge of the seroprevalence is necessary to better understand epidemiological and clinical fluctuations as well as associated reservoirs. Moreover, it is key for the development of vaccines relevant of the geographical and target species. New tools are hence needed to get access to precise epidemiological information.

Molecular tools such as Variable Number Tandem Repeat analysis (VNTR)

and Multi Sequence Typing (MST) have been developed to characterize Leptospires serovars in in vitro cultures [START_REF] Salaün | Application of Multilocus Variable-Number Tandem-Repeat Analysis for Molecular Typing of the Agent of Leptospirosis[END_REF][START_REF] Zilber | Highresolution typing of Leptospira interrogans strains by multispacer sequence typing[END_REF]. However, Leptospira isolation and sub-culturing from biological samples such as urine, blood or kidneys of infected dogs have a success rate of less than 20% [START_REF] Suepaul | Serovars of Leptospira isolated from dogs and rodents[END_REF].

Therefore, novel approaches to identify infecting serovars or serogroups directly from biological samples are long due and welcome in the field. In the present study, the feasibility of genotyping DNA samples isolated from canine blood or urine is investigated.

Materials and methods

Origin of samples

Eighty-eight samples from 72 field dogs from 33 clinics across 11 European countries were submitted to IDEXX Laboratories (Ludwigsburg, Germany) for leptospirosis diagnosis based on clinical suspicion between January 2015 and March 2016. Total DNA was extracted from 39 blood and 49 urine samples. Real-time PCR was performed to detect pathogenic Leptospira DNA. Briefly, total DNA was extracted from blood by using QIAamp® DNA Blood BioRobot® MDx kit (QIAGEN, Hilden, Germany) and from urine applying the QIAamp Viral RNA Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer's instructions. Detection of Leptospira spp.

DNA was achieved by real-time-PCR using LightCycler 480 (Roche, Mannheim, Germany) with proprietary forward, reverse primers, and hydrolysis probes targeting lipl32/hap-1 gene (accession number AF245281.1), specific of pathogenic Leptospira species. The PCR assay was designed to have a reproducible average analytical sensitivity of 10 DNA molecules per reaction.

Microscopic Agglutination Test (MAT)

The MAT was performed by IDEXX Laboratories (Ludwigsburg, Germany) as previously described [START_REF] Cole | Improved microtechnique for the leptospiral microscopic agglutination test[END_REF] on sera retrieved from 16 clinical cases of the 72 individuals involved in the study. Serum samples were tested for eight Leptospira serovars: Australis and Bratislava (serogroup Australis), Autumnalis (serogroup Autumnalis), Canicola (serogroup Canicola), Copenhageni (serogroup Icterohaemorrhagiae), Grippotyphosa (serogroup Grippotyphosa), Pomona (serogroup Pomona) and Saxkoebing (serogroup Sejroe). Two-fold dilutions of serum from 1:100 to 1:6400 were tested. The titer was recorded as the reciprocal of the highest dilution of serum that agglutinated more than 50% of Leptospires. Titers equal to or greater than 100 were considered positive. The serogroup from the strains agglutinating at the highest dilutions was considered as the most probable infecting one [START_REF] Chirathaworn | Interpretation of microscopic agglutination test for leptospirosis diagnosis and seroprevalence[END_REF].

Genotyping

DNA samples were subjected to characterization in the "Laboratoire des Leptospires" of VetAgro Sup (Marcy l'Etoile, France) to determine:

(i) Phylogenetic typing of Leptospira species using rrs genes (16S) amplified by endpoint PCR. 7 µL of DNA matrix were mixed with previously described primers and conditions [START_REF] Ayral | Hedgehogs and Mustelid Species: Major Carriers of Pathogenic Leptospira, a Survey in 28 Animal Species in France[END_REF][START_REF] Mérien | Polymerase chain reaction for detection of Leptospira spp. in clinical samples[END_REF] with the following optimizations: number of cycles increased to 40 and annealing temperature decreased to 57°C. PCR products were sequenced by Genoscreen (Lille, France). Species were assigned by sequence alignments using NCBI nucleotide BLAST (http://blast.ncbi.nlm.nih.gov).

(ii) The serovar using VNTR4, VNTR7 and VNTR10 on Leptospira interrogans and Leptospira kirschneri samples and VNTR10 and VNTRLb4 on Leptospira borgpetersenii species, as previously described [START_REF] Salaün | Application of Multilocus Variable-Number Tandem-Repeat Analysis for Molecular Typing of the Agent of Leptospirosis[END_REF]. Experimental conditions were adapted from this report using 7 µL of DNA and 2.5 U / 50 µL of Hotstart Taq DNA Polymerase (Qiagen, Valencia, CA), increasing the number of cycles to 45 and decreasing annealing temperatures to 52°C for VNTR4, 54°C for VNTR7, 52°C for VNTR10 and 53°C for VNTRLb4. In the case of L. interrogans serogroup Icterohaemorrhagiae samples, MST3 was further conducted based on a previously reported protocol [START_REF] Zilber | Highresolution typing of Leptospira interrogans strains by multispacer sequence typing[END_REF] with the following optimizations: use of 7 µL of DNA and 2.5 U / 50 µL of Hotstart Taq DNA Polymerase (Qiagen, Valencia, CA), increase of the number of cycles to 45 and annealing temperature to 54°C. For each sample, VNTR and MST3 analysis were replicated at least 2 times when DNA sample was sufficient enough for. Serovar identification was performed by comparison of the obtained PCR pattern with published frameworks [START_REF] Salaün | Application of Multilocus Variable-Number Tandem-Repeat Analysis for Molecular Typing of the Agent of Leptospirosis[END_REF][START_REF] Zilber | Highresolution typing of Leptospira interrogans strains by multispacer sequence typing[END_REF].

According to the overall success of the typing pipeline, the DNA samples were classified into three categories referred as complete typing when all PCR amplifications were successful, partial typing when VNTR amplifications were incomplete, and typing failure when no 16S rDNA or VNTR amplification were obtained (Table 1).

Results

Typing efficiency

To assess the technical feasibility of genotyping on field samples, 88 DNA samples extracted from blood and urine of infected dogs were used for 16S PCR.

Next, VNTR was performed on 16S positive DNA samples and the choice of loci to amplify was adapted to the detected species. Moreover, MST typing was further performed on samples belonging to L. interrogans serogroup Icterohaemorrhagiae in order to discriminate serovar Icterohaemorrhagiae from serovar Copenhageni. Leptospiral species were identified by 16S PCR for 93% of the DNA samples (82/88), while VNTR complete profiles were obtained for 62% of them (51/82). VNTR partial typing or typing failure was caused by the absence of amplification of VNTR10 locus in 32% of samples (26/82), VNTR7 locus in 24% (19/80) and VNTR4 locus in 17% (14/80). Complete typing was achieved to 100% of L. borgpetersenii samples (only two samples), 63% for L. interrogans and 40% for L. kirschneri (Table 2). These data suggest an efficiency dependent on the tested loci and Leptospira species. The complete raw dataset is available in Table S1.

Additionally, typing success was found to be dependent on the cycle threshold (Ct) of the initial Leptospira specific real-time PCR detection. For samples with Ct values below 30, typing was systematically complete. For Ct values between 30 and 34, typing had a 90% completion. For Ct values above 34, typing was complete only for 32% of DNA samples (Table 3). Overall, 92% of DNA samples with Ct values below 34 were fully typed. Noteworthy, typing success on samples with comparable DNA quantity was independent of blood or urine provenance. However, samples extracted from blood displayed higher Ct values compared to DNA obtained from urine (Table 4). Therefore, it resulted in a more efficient typing of samples extracted from urine compared to blood. Altogether, these data demonstrate that the optimized typing protocols are suitable for typing Leptospires at serovar resolution using DNA samples extracted from infected dog's blood or urine. An efficiency of approximately 90% is shown for samples with DNA quantity corresponding to Ct values below 34 in the diagnostic real-time PCR.

Typing capability

To assess the capacity of the typing pipeline regarding Leptospira species and serovars detection, the results from the 51 completely typed samples were analyzed. Three species, L. interrogans, L. kirschneri and L. borgpetersenii, and seven serovars, Balcanica, Bratislava, Canicola or Portlandvere (undifferentiated by VNTR),

Copenhageni, Icterohaemorrhagiae, Mini and Muenchen were identified. On the four completely typed paired samples, i.e. those for which DNA extracted from both urine and blood of a single dog were available, serovar identification was identical, confirming the consistency of the results. In addition, four samples belonging to L. interrogans resulted in four new VNTR profiles absent from published databases, referred to as Ai to Di profiles. One paired sample was typed as L. kirschneri and attributed to a new profile named Ak profile (Table 5). Hence, these data indicate that the developed typing pipeline can efficiently identify all major serogroups occurring amongst the biological samples submitted by practitioners.

Correlation of MAT serological results with genotyping

MAT was performed on 16 of the 72 clinical cases using eight reference strains belonging to seven serogroups. Five samples were negative by MAT (titer below 100). These samples were typed by molecular methods as L. interrogans serovar Icterohaemorrhagiae, which is a serovar included in the MAT testing, highlighting a sensitivity limitation of the MAT. Next, four samples were MAT positive but could not be typed by molecular techniques due to either absence of VNTR profiles from reference databases (two samples) or incomplete typing (two samples) (Table 6). On the seven remaining samples, MAT identifications were in concordance with genotyping results. Two of these samples agglutinated at the same dilution to two serogroups by MAT, with one of them corresponding to the molecular identification. Overall, when both MAT and genotyping were positive, the two methods resulted in the same serogroup identification. Altogether, these data strengthen the reliability of the genotyping method described in this study.

Discussion

The present study investigated the feasibility of a pipeline for determining the infecting serovars by molecular methods in the context of canine leptospirosis.

Optimized 16S, VNTR, and MST typing protocols were developed to efficiently characterize Leptospira species at serovar level in biological samples for which Leptospira DNA is detected by diagnostic real-time PCR. This methodology efficiency showed a DNA quantity dependency, with more than 90% success rate on samples with a cycle threshold below 34 (Ct < 34) on the PCR diagnosis, which is equivalent to more than 1.6 x 10² lepto in 1µl of sample [START_REF] Stoddard | Detection of pathogenic Leptospira spp. through TaqMan polymerase chain reaction targeting the LipL32 gene[END_REF]. On the other, samples with Ct > 34 had a decreased success rate of about 30%. This typing pipeline allowed the proper identification of three Leptospira species, seven serovars and five new VNTR profiles. Additionally, a 100% correlation between serological and molecular data was observed for the seven cases where MAT data were available.

Considering the limitations of MAT previously discussed, this genotyping method is proposed as a suitable alternative for determining the infecting serovar on DNA extracted from blood or urine with diagnostic real-time PCR Ct values below 34. This pipeline can therefore be used in epidemiological studies to survey seroprevalence of Leptospira.

Noteworthy, five samples were typed by molecular method but not by MAT.

Serology may have occurred too late, considering that agglutinating antibodies appear after the first week post infection (Andre-Fontaine, 2013). Additionally, two MAT positive samples failed to be molecularly typed due to incomplete VNTR profiles. These two DNA samples were extracted from urine that might have been collected too early on the course of infection (Ct values of 35 and 36.6). Indeed, Leptospires are found in urine about 10 days after contamination with some variations possible depending on the host immune response and the infecting serovar [START_REF] Musso | Laboratory diagnosis of leptospirosis: a challenge[END_REF], Picardeau et al., 2014[START_REF] Schuller | European consensus statement on leptospirosis in dogs and cats[END_REF].

Infection and sampling kinetics probably also explain the lower Ct found in urine samples compared to blood samples, correlated with more efficient typing results in urine. Indeed, dogs are usually presented to veterinarians upon onset of infection one week post-contamination. This leads to higher DNA load in urine compared to blood. Therefore, it is important to highlight that sampling kinetics and timing are critical for efficient typing.

The use of molecular tools to type DNA samples extracted from biological samples have previously been reported. From 2007 to 2012, VNTR typing was applied to urine samples of 98 dogs from the United States with positive Leptospira real-time PCR. All were identified as L. kirschneri and 78 were assigned to serovar Grippotyphosa [START_REF] Harkin | Variable-number tandem-repeat analysis of leptospiral DNA isolated from canine urine samples molecularly confirmed to contain pathogenic leptospires[END_REF]. In 2015, a successful typing was described on DNA obtained from one human leptospirosis case using 16S and VNTR methods.

The authors highlighted the need to adapt PCR conditions to the analysis of blood and urine extracted materials [START_REF] Pailhories | Molecular characterization of Leptospira sp by multilocus variable number tandem repeat analysis (MLVA) from clinical samples: a case report[END_REF]. In the present study, genotyping feasibility was confirmed by a similar approach on DNA samples extracted from clinical cases without the need of isolating the strain. This costeffective and timesaving strategy allowed the identification of additional species and serovars. Furthermore, a cycle threshold of real-time PCR of 34 has been described to preserve typing efficiency. The overall sensitivity of the typing pipeline was observed to be mainly limited by the VNTR step. This technique indeed relies on agarose gel visualization, which has a limited sensitivity. In addition, primers used for VNTR loci amplification are designed based on L. interrogans sequences but display variability with other species. For example, sequence conservation between L. interrogans and L. kirschneri species is as low as 81% for VNTR10 forward primer (unpublished data from our laboratory). This phenomenon might impair efficient amplification of VNTR10, consistent with the typing failure rate of 60% for L. kirschneri versus 37% for L. interrogans samples found in this study. Interestingly, the reference VNTR database contains 53 L. interrogans profiles but only 23 L. kirschneri, possibly because of difficulties in VNTR10 amplification [START_REF] Salaün | Application of Multilocus Variable-Number Tandem-Repeat Analysis for Molecular Typing of the Agent of Leptospirosis[END_REF]. Design of species-specific VNTR10 primers could improve databases representativeness and typing success.

Additionally, five VNTR profiles not previously described in published databases were discovered. This phenomenon has also been reported in studies on dogs, rodents and other wild reservoir animals [START_REF] Ayral | Hedgehogs and Mustelid Species: Major Carriers of Pathogenic Leptospira, a Survey in 28 Animal Species in France[END_REF][START_REF] Dobigny | Urban Market Gardening and Rodent-Borne Pathogenic Leptospira in Arid Zones: A Case Study in Niamey, Niger[END_REF][START_REF] Harkin | Variable-number tandem-repeat analysis of leptospiral DNA isolated from canine urine samples molecularly confirmed to contain pathogenic leptospires[END_REF][START_REF] Salaün | Application of Multilocus Variable-Number Tandem-Repeat Analysis for Molecular Typing of the Agent of Leptospirosis[END_REF]. In particular, in the study conducted by Harkin and Hays,20 PCR positive Leptospira DNA samples of 98 were attributed to 14 new unique VNTR patterns. Absence of some profiles from reference databases can be explained by the two main following reasons: (i) Available databases are incomplete, as they do not cover all worldwide existing strains; (ii) Discovery of Leptospira diversity is still ongoing: while less than 50 serovars were described in 1950s [START_REF] Wolff | The genus Leptospira Noguchi, 1917; problems of classification and a suggested system based on antigenic analysis[END_REF], 200 were reported in 1990s [START_REF] Kmety | Classification of the species Leptospira interrogans and history of its serovars[END_REF] and more than 300 are supposed to be included in the genus today [START_REF] Guglielmini | Genus-wide Leptospira core genome multilocus sequence typing for strain taxonomy and global surveillance[END_REF]. It is to be expected that this number will increase over the next years with investigations conducted in more diverse ecosystems. This highlights the limitations of such techniques relying on comparison with databases.

The relevance of genetic variants of Leptospira strains in terms of epidemiology is however questionable. Contrarily to serological methods directly based on antigenic properties, available molecular tools do not rely on structures defining serovars. Indeed, variations in genetic profiles are not directly correlated to differences in LPS structure and antigenicity. Therefore, molecular variants may represent newly identified strains but not necessarily imply the discovery of a new serovar. On the contrary, molecular differences among some serovars appear to be tenuous, for example Copenhageni and Icterohaemorrhagiae and to some extent Bratislava and Muenchen [START_REF] Ayral | Hedgehogs and Mustelid Species: Major Carriers of Pathogenic Leptospira, a Survey in 28 Animal Species in France[END_REF][START_REF] Herrmann | Pulsed-field gel electrophoresis of NotI digests of leptospiral DNA: a new rapid method of serovar identification[END_REF][START_REF] Salaün | Application of Multilocus Variable-Number Tandem-Repeat Analysis for Molecular Typing of the Agent of Leptospirosis[END_REF][START_REF] Santos | Genomic Comparison Among Global Isolates of L. interrogans Serovars Copenhageni and Icterohaemorrhagiae Identified Natural Genetic Variation Caused by an Indel[END_REF][START_REF] Zilber | Highresolution typing of Leptospira interrogans strains by multispacer sequence typing[END_REF].

The interest of such molecular tools is to facilitate the understanding of circulating Leptospira serovars epidemiology in the field, therefore paving the way to vaccine development. Nevertheless, it is known that immunization with a strain of a given serovar can also induce cross-protection against other serovars within the same serogroup [START_REF] Adler | Vaccines against leptospirosis[END_REF]. This suggests that typing of DNA from clinically affected animals at serogroup level could be sufficient for the definition of vaccine strategies. Considering the above reasons, the development of molecular tools capable of identifying the serogroup of any strain, including those presenting unknown VNTR profiles, represents the next main technical challenge. ND: not determined (because not adapted to the species). Table S1. Detailed information on DNA samples and typing success.

Table 1 .

 1 Typing success categories.

	Typing category	Species determination (rrs)	VNTR profile	MST
	Complete typing	Positive	All loci positive	Done as necessary
	Partial typing	Positive	1 or 2 loci positive Done as necessary
	Typing failure	Positive or negative	0 locus positive	Not done

Table 2 .

 2 Typing efficiency with regards to the different loci.

		16S	MST	VNTR4 VNTR7 VNTR10	Lb4	Complete VNTR typing
	L. interrogans	75	21	62	56	52	ND	63%
	L. kirschneri	5	ND	4	5	2	ND	40%
	L. borgpetersenii	2	ND	ND	ND	2	2	100%
	Total number of tested samples	88	21	80	80	82	2	Dependent on the species
	Total efficiency	93%	100%	83%	76%	68%	100%	62%

Table 3 .

 3 Typing efficiency regarding the diagnosis PCR cycle threshold (Ct).

	Ct values	Number of DNA samples	Number of complete typing	Number of partial typing	Number of typing failure
	Ct < 30	8	8 (100%)	0 (0%)	0 (0%)
	30 ≤ Ct < 34	30	27 (90%)	2 (7%)	1 (3%)
	Ct ≥ 34	50	16 (32%)	21 (42%)	13 (26%)
	TOTAL	88	51 (58%)	23 (26%)	14 (16%)

Table 4 .

 4 Typing efficiency regarding biological samples origin.

		Blood	Urine
	Ct values	Number of DNA samples	Number of complete typing	Number of DNA samples	Number of complete typing
	Ct < 30	0	/	8	8 (100%)
	30 ≤ Ct < 34	7	6 (86%)	23	21 (91%)

Table 5 .

 5 Species and serovars detected by genotyping

	Species	Known serovars	Unknown serovars due to unknown VNTR profile
		Bratislava, Canicola or Portlandvere,	
	L. interrogans	Copenhageni, Icterohaemorrhagiae,	Ai, Bi, Ci, Di
		Muenchen	
	L. kirschneri	0	Ak
	L. borgpetersenii	Balcanica, Mini	0

Table 6 .

 6 Correlation between genotyping and MAT results on the 16 samples submitted to serological test.
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