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

Study eligibility criteria

Publications reporting genotypic susceptibility-testing methods and gyrase gene mutations in M. leprae clinical strains.

Results

In 25 studies meeting our inclusion criteria, 2884 M. leprae isolates were analyzed (2236 for gyrA only (77%) and 755 for both gyrA and gyrB (26%)):3.8% of isolates had gyrA mutations (n = 110), mostly at position 91 (n = 75, 68%) and 0.8% gyrB mutations (n = 6). Since we found discrepancies regarding the location of substitutions associated with FQ-resistance, we established a consensus numbering system to properly number the mutations. We also designed a 3D model of the M. leprae DNA gyrase to predict the impact of mutations whose role in FQsusceptibility has not been demonstrated previously.

INTRODUCTION

Mycobacterium leprae, the etiological agent of leprosy, was responsible for 193 840 new cases in 2019. [START_REF] Who | Global leprosy (Hansen disease) update, 2019: time to step-up prevention initiatives[END_REF] Additionally, in 2019, 3897 cases of leprosy relapses were reported by 55 countries, representing 2% of the total case notification. [START_REF] Who | Global leprosy (Hansen disease) update, 2019: time to step-up prevention initiatives[END_REF] Relapses can be due to non-adherence to the recommended multidrug therapy (MDT) or to antimicrobial resistance (AMR). [START_REF]Guidelines for the diagnosis, treatment and prevention of leprosy 2017[END_REF][START_REF] You | Mutations in genes related to drug resistance in Mycobacterium leprae isolates from leprosy patients in Korea[END_REF][START_REF] Matsuoka | The frequency of drug resistance mutations in Mycobacterium leprae isolates in untreated and relapsed leprosy patients from Myanmar, Indonesia and the Philippines[END_REF][START_REF] Cambau | Antimicrobial resistance in leprosy: results of the first prospective open survey conducted by a WHO surveillance network for the period 2009-15[END_REF] Monitoring AMR remains challenging because M. leprae does not grow in vitro. Two methods can be used for AMR monitoring: an in vivo phenotypic method using Shepard's mouse footpad model [START_REF] Shepard | The experimental disease that follows the injection of human leprosy bacilli into foot-pads of mice[END_REF] which requires a high level of expertise and is expensive and time-consuming (ca. 12 months); or genotypic methods, such as PCR sequencing, a line probe assay (i.e. the DNA STRIP technology GenoType LepraeDR ® Hain Lifescience) [START_REF] Cambau | Detection of Antibiotic Resistance in Leprosy Using GenoType LepraeDR, a Novel Ready-To-Use Molecular Test[END_REF] or whole-genome sequencing (WGS). [START_REF] Cole | Massive gene decay in the leprosy bacillus[END_REF] Because of the complexity of the phenotypic method, genotypic methods are currently the main methods used to diagnose AMR in M. leprae. Reliable data concerning mutations and their impact on AMR are required, especially since the presence of a mutation in a gene encoding a drug target or an activator does not necessarily confer resistance. [START_REF] Pantel | DNA Gyrase Inhibition Assays Are Necessary To Demonstrate Fluoroquinolone Resistance Secondary to gyrB Mutations in Mycobacterium tuberculosis[END_REF] In this review, we focused on the fluoroquinolones (FQ) since (i) they are effective and powerful bactericidal drugs against M. leprae [START_REF] Grosset | Activity of ofloxacin against Mycobacterium leprae in the mouse[END_REF][START_REF] Ji | Clinical trial of ofloxacin alone and in combination with dapsone plus clofazimine for treatment of lepromatous leprosy[END_REF][START_REF] Pardillo | Powerful Bactericidal Activity of Moxifloxacin in Human Leprosy[END_REF] and (ii) their use for the treatment of other infections has promoted the emergence of resistance, as in the case of M. tuberculosis. [START_REF] Cambau | Multidrug-resistance to dapsone, rifampicin, and ofloxacin in< i> Mycobacterium leprae</i>[END_REF][START_REF] Bernard | Molecular Diagnosis of Fluoroquinolone Resistance in Mycobacterium tuberculosis[END_REF] According to the first global resistance data published in 2018, with resistance to FQ diagnosed using genotypic methods,1,33% of 1581 M. leprae isolates studied were resistant to ofloxacin. [START_REF] Cambau | Antimicrobial resistance in leprosy: results of the first prospective open survey conducted by a WHO surveillance network for the period 2009-15[END_REF] FQ targets are generally the type II topoisomerases (i.e. DNA gyrase and topoisomerase IV), but with M. leprae lacking topoisomerase IV, the DNA gyrase is the sole target of FQ in this organism. [START_REF] Cole | Massive gene decay in the leprosy bacillus[END_REF] The purpose of our review was (i) to characterize all DNA gyrase gene mutations described in clinical strains of M. leprae and (ii) to distinguish between those associated with FQ resistance and those associated with susceptibility. The existing tool for this latter purpose was a model of the cleavage core of M. leprae gyrase. [START_REF] Vedithi | HARP: a database of structural impacts of systematic missense mutations in drug targets of Mycobacterium leprae[END_REF] Therefore, we aimed to develop further the model by building a 3D model of the full-length M. leprae gyrase enabling to evaluate the impact of mutations whose role in FQ resistance has not been demonstrated previously whatever their location in the DNA gyrase sequence. This review summarizes all substitutions described in GyrA and GyrB in clinical strains of M. leprae. It also includes the first proposal of a consensus numbering system for M. leprae GyrA and GyrB which should allow a standardized comparison of all mutations reported.

METHODS

Definitions

Mutation was indicated as a base-pair change that led to an amino acid substitution, irrespective of whether the mutation occurred in a FQ-resistant or a FQ-susceptible M. leprae isolate.

Among the mutations, we distinguished between those found to confer FQ resistance, in biochemical experiments or on the basis of clinical and epidemiological criteria, and those apparently unrelated to resistance.

Biochemical method is an in vitro technique enabling to evaluate the impact of DNA gyrase mutations on FQ efficacy by measuring the FQ concentrations required to inhibit the DNA supercoiling activity of the DNA gyrase (IC50) (Table 5). Comparing the FQ concentrations needed for the WT M. leprae DNA gyrase and the mutated enzymes enables to evaluate the impact of mutations of DNA gyrase on susceptibility to FQ. These data correlate with in vivo efficacy of FQ. [START_REF] Matrat | Expression and Purification of an Active Form of the Mycobacterium leprae DNA Gyrase and Its Inhibition by Quinolones[END_REF] Polymorphism was indicated as non-synonymous nucleotide base-pair changes known not to be associated with, or not to confer, FQ resistance. We did not include the base-pair changes that did not result in an amino acid change,i.e. synonymous mutation. We used the three-letter abbreviation nomenclature for amino acids: substitutions were indicated as Xxx##Yyy, where Xxx was the wild-type amino acid, ## the codon number (and by the same token the amino acid number) and Yyy the substituting amino acid.

Research methodology

A bibliographic research was used to identify peer-reviewed primary studies reporting FQresistant and -susceptible isolates of M. leprae, or isolates without documented drug susceptibility (i.e phenotypic drug susceptibility testing by using the mouse footpad model) in which mutations in DNA gyrase genes were identified. We limited the research to studies published between January 1, 1990 and December 27, 2020. Full-text articles were screened using the Medical Literature Analysis and Retrieval System Online (MEDLINE) with the keywords 'M. leprae', 'leprosy', 'fluoroquinolone resistance', 'fluoroquinolone susceptibility', 'DNA gyrase', 'GyrA', 'GyrB', 'mutation', 'substitution', 'drug resistance', 'antimicrobial resistance', 'ofloxacin resistance' and 'ofloxacin susceptibility' in different combinations.

Figure S1 shows the study selection procedure (supplementary data).

The inclusion criteria called for publications that reported (i) genotypic susceptibility-testing methods and (ii) DNA gyrase gene mutations identified in M. leprae DNA obtained from human clinical specimens.

We excluded publications if they were reviews and duplicates, or if the title indicated that the study was not relevant to our review. We reviewed the abstracts of the remaining papers and we excluded studies with irrelevant content. The entire article was reviewed before exclusion only if the abstract did not provide enough information to include or exclude the article. Articles with no data on amino acid changes were also excluded.

Data acquisition

We organized the data abstracted from journal articles that met the inclusion criteria in three groups: all mutations reported (i) in gyrA, or (ii) in gyrB, and (iii) all combinations of mutations (in gyrA and/or gyrB) reported in a single M. leprae isolate. When more than one mutation was observed in one strain, we considered two scenarios: (i) each mutation was observed as a single mutation elsewhere or (ii) the mutations were never observed independent of one another. In both scenarios, the mutations were listed as single mutations and as multiple mutations. This process was designed to record every mutation without failing to appreciate the potential effect that combinations of mutations may have on FQ resistance.

The number of isolates taken into account in each study corresponds to the number of isolates for which the DNA gyrase sequence (independent of the technique used) was available.

Moreover, when an isolate was already described in a publication, it was counted only once.

Regarding the numbering system, some authors used the one of Escherichia coli, others used the M. leprae numbering system for the location of substitutions, while still others did not mention which system they used. [START_REF] Cambau | Molecular detection of rifampin and ofloxacin resistance for patients who experience relapse of multibacillary leprosy[END_REF] In this systematic review, all substitutions in GyrA are given based on the standardized M. leprae genome numbering system [START_REF] Matrat | Are All the DNA Gyrase Mutations Found in Mycobacterium leprae Clinical Strains Involved in Resistance to Fluoroquinolones?[END_REF], and all substitutions in GyrB based on the re-annotated gene numbering system of M. tuberculosis GyrB. [START_REF] Médigue | Re-annotation of the genome sequence of Mycobacterium tuberculosis H37Rv[END_REF] We report the number of clinical isolates tested, the region sequenced (entire gyrA or gyrB or only the Quinolone-Resistance Determining Region (QRDR) of gyrA and/or gyrB) as well as the methods (genotypic or phenotypic) used to determine FQ susceptibility in each study. The number of isolates containing a specific mutation is given, along with the phenotypic FQ susceptibility profile and the prior history of FQ use, associated with the mutation if reported. FQ activity (measured as the 50% inhibitory concentration) against M. leprae DNA gyrase with specific mutations was also reviewed.

Modeling

Template-based protein structure was predicted using Protein Homology/AnalogY Recognition Engine 2 (Phyre2; www.sbg.bio.ic.ac.uk/phyre2/). [START_REF] Kelley | The Phyre2 web portal for protein modeling, prediction and analysis[END_REF] The chosen model was based on the 3D structure of the full-length gyrase of E. coli recently obtained by cryo-EM (PDB code 6RKW).

[21] Briefly, the intein region stretching from residue positions 131-551 were removed before modeling. The modelled region of chain A corresponds to sequence numbers 016-130 and 552-1241 and the chain B is modelled from residue numbers 008-663. Quality of the build model was estimated by ProQ2 (implemented in Phyre2). [START_REF] Ray | Improved model quality assessment using ProQ2[END_REF] The inhibitory molecule presents in the chosen model is Gepotidacin and not a fluoroquinolone. Thus, to complete our model of M. leprae gyrase in complex with DNA and moxifloxacin we removed Gepotidacin and introduced the two FQ moieties extracted from the X-ray structure of the M. tuberculosis gyrase cleavage core in complex with dsDNA and moxifloxacin (PDB code 5BS8). [START_REF] Blower | Crystal structure and stability of gyrase-fluoroquinolone cleaved complexes from Mycobacterium tuberculosis[END_REF] The two FQ moieties were positioned in the cleavage core with respect to their respective positions in the 5BS8 structure.

Quality control

Four authors (A.C., F.R., F.M. and A.A.) independently reviewed and abstracted the data. One author (E.C.) also reviewed the data for accuracy and adjudicated differences among publications. C.M. proposed a consensus numbering system and S.P. performed the modeling of DNA gyrase carrying substitutions. All authors participated in the writing of the manuscript.

RESULTS

Numbering system for the M. leprae GyrA and GyrB subunits

GyrA

The studies that investigated the molecular basis of FQ resistance of M. leprae were mainly based on M. leprae gene sequences, [START_REF] Cambau | Multidrug-resistance to dapsone, rifampicin, and ofloxacin in< i> Mycobacterium leprae</i>[END_REF][START_REF] Maeda | Multidrug Resistant Mycobacterium leprae from Patients with Leprosy[END_REF][START_REF] Matsuoka | Mycobacterium leprae typing by genomic diversity and global distribution of genotypes[END_REF][START_REF] Matsuoka | A second case of multidrug-resistant Mycobacterium leprae isolated from a Japanese patient with relapsed lepromatous leprosy[END_REF] and rarely on E. coli sequences. [START_REF] Cambau | Selection of a gyrA Mutant of Mycobacterium tuberculosis Resistant to Fluoroquinolones during Treatment with Ofloxacin[END_REF][START_REF] Maruri | A systematic review of gyrase mutations associated with fluoroquinolone-resistant Mycobacterium tuberculosis and a proposed gyrase numbering system[END_REF] Since the QRDR of GyrA is located at the N-terminal part of the GyrA subunit and the M. leprae gyrA start codon is eight and one codon(s) upstream of those of E. coli and M. tuberculosis, respectively (Figure 1), the numbers of the amino acid positions change according to the numbering system used. For M. leprae, the QRDR of GyrA therefore ranges from positions 75 to 114, for E. coli from 67 to 106 and for M. tuberculosis from 74 to 113 (Table 1 and Figure 1).

A recent study used WGS to identify SNPs involved in AMR in M. leprae. [START_REF] Benjak | Phylogenomics and antimicrobial resistance of the leprosy bacillus Mycobacterium leprae[END_REF] In contrast to other studies using PCR sequencing or a line probe assay, WGS allows the analysis of the entire gyrA gene, including the intein-encoding 1260-base-pair sequence inserted into gyrA near the codon for the active-site tyrosine (Figure 1). As this intein is removed during splicing, [START_REF] Fsihi | Homing events in the gyrA gene of some mycobacteria[END_REF] we propose that future studies use the numbering system based on the alignment of the M. leprae GyrA subunit with the E. coli and M. tuberculosis GyrA subunits, not taking into account the intein. A specific numbering system is proposed for the intein, starting from 1 to 420 as GyrA_intein Xxx##Yyy.

GyrB

In Table 2, we propose a consensus numbering system for M. leprae aligned with the three M. tuberculosis numbering systems described for GyrB [START_REF] Maruri | A systematic review of gyrase mutations associated with fluoroquinolone-resistant Mycobacterium tuberculosis and a proposed gyrase numbering system[END_REF] and the E. coli numbering system.

The GyrB QRDR stretches from amino acid 426 to 464, from 461 to 499 and from 464 to 502 in E. coli, M. tuberculosis and M. leprae, respectively (Figure 2), while an extension of the M. tuberculosis QRDR to amino acid 501 has been proposed previously. [START_REF] Pantel | Extending the definition of the GyrB quinolone resistance-determining region in Mycobacterium tuberculosis DNA gyrase for assessing fluoroquinolone resistance in M. tuberculosis[END_REF] 

Findings

Twenty-five publications met our inclusion criteria. In these studies, 2884 clinical M. leprae isolates were assessed for genotypic analyses. Most of the strains were isolated from patients with multibacillary infections (75%) and from patients with relapses (37%), but corresponding information was missing in seven studies (Table 3).

In twenty studies only the QRDR of gyrA was sequenced, in four the QRDR of both gyrA and gyrB and in one the whole genome (Table 3). Amino acid substitutions in GyrA were found in 110 clinical isolates whereas substitutions in GyrB were identified in six clinical isolates. Specific substitutions identified in GyrA and GyrB are described in the following sections and in Table 4. Among the 2884 clinical isolates studied, 21 distinct substitutions were identified and concerned 17 different codons, with 18 substitutions in GyrA and three in GyrB.

Only three studies reported testing of the phenotypic susceptibility of M. leprae to FQ using the mouse footpad method and found that the three FQ-resistant isolates they studied carried an A91V substitution in GyrA. [START_REF] Cambau | Multidrug-resistance to dapsone, rifampicin, and ofloxacin in< i> Mycobacterium leprae</i>[END_REF][START_REF] Matsuoka | Mycobacterium leprae typing by genomic diversity and global distribution of genotypes[END_REF][START_REF] Matsuoka | A second case of multidrug-resistant Mycobacterium leprae isolated from a Japanese patient with relapsed lepromatous leprosy[END_REF] The prior use of FQ was reported in 18 studies (Table 4). [START_REF] Cambau | Multidrug-resistance to dapsone, rifampicin, and ofloxacin in< i> Mycobacterium leprae</i>[END_REF][START_REF] Maeda | Multidrug Resistant Mycobacterium leprae from Patients with Leprosy[END_REF][START_REF] Matsuoka | Mycobacterium leprae typing by genomic diversity and global distribution of genotypes[END_REF][START_REF] Matsuoka | A second case of multidrug-resistant Mycobacterium leprae isolated from a Japanese patient with relapsed lepromatous leprosy[END_REF][START_REF] Benjak | Phylogenomics and antimicrobial resistance of the leprosy bacillus Mycobacterium leprae[END_REF][START_REF] Mahajan | Evidence for Mycobacterium leprae Drug Resistance in a Large Cohort of Leprous Neuropathy Patients from India[END_REF][START_REF] Kamat | Case Report: Multidrug-Resistant Mycobacterium leprae in a Case of Smear-Negative Relapse[END_REF][START_REF] Liu | Drug resistance in Mycobacterium leprae from patients with leprosy in China[END_REF][START_REF] Guerrero | ¿Es la resistencia de Mycobacterium leprae a los medicamentos un verdadero motivo de preocupación? Primera aproximación a la vigilancia molecular de pacientes colombianos multibacilares con tratamiento previo para lepra y sin él[END_REF][START_REF] Singh | Resistance to anti leprosy drugs in multi-bacillary leprosy: A cross sectional study from a tertiary care centre in eastern Uttar Pradesh, India[END_REF][START_REF] Chauffour | Prospective study on antimicrobial resistance in leprosy cases diagnosed in France from 2001 to 2015[END_REF][START_REF] Da Silva Rocha | Genotyping of Mycobacterium leprae from Brazilian leprosy patients suggests the occurrence of reinfection or of bacterial population shift during disease relapse[END_REF][START_REF] Raharolahy | A Case of Fluoroquinolone-Resistant Leprosy Discovered after 9 Years of Misdiagnosis[END_REF][START_REF] Chen | Nested PCR and the TaqMan SNP Genotyping Assay enhanced the sensitivity of drug resistance testing of Mycobacterium leprae using clinical specimens of leprosy patients[END_REF][START_REF] Lavania | Drug resistance patterns in Mycobacterium leprae isolates from relapsed leprosy patients attending The Leprosy Mission (TLM) Hospitals in India[END_REF][START_REF] Beltrán-Alzate | Leprosy Drug Resistance Surveillance in Colombia: The Experience of a Sentinel Country[END_REF][START_REF] Chokkakula | Molecular surveillance of antimicrobial resistance and transmission pattern of Mycobacterium leprae in Chinese leprosy patients[END_REF][START_REF] Kim | Detection of gene mutations related with drug resistance in Mycobacterium leprae from leprosy patients using Touch-Down (TD) PCR[END_REF] Mutations in gyrA (Tables 1,4) Among the 18 substitutions described in GyrA, nine were inside and seven outside the QRDR, and two were inside the intein (Table 1). The A91 substitution was the most prevalent. It was found in 75 (68%) of the 110 clinical strains that harbored a substitution in GyrA. Three different substitutions were reported at this position, A91V, A91T and A91P. The A91V substitution was the most prevalent (70, 3 and 2 strains harbored A91V, A91T and A91P substitutions, respectively). Interestingly, for the three strains carrying the A91V substitution that were tested, the phenotypic mouse footpad method confirmed the diagnosis of resistance to FQ. [START_REF] Cambau | Multidrug-resistance to dapsone, rifampicin, and ofloxacin in< i> Mycobacterium leprae</i>[END_REF] Of the patients carrying isolates with other substitutions in GyrA, 10 had a relapse and one was under FQ treatment while none reported previous use of FQ (Table 4). No differences exist in the occurrence of gyrA mutants by region/ origin. Three strains with substitutions in GyrA also harbored a substitution in GyrB while gyrB was not sequenced in all the studies. Multiple substitutions in GyrA were found in three strains (Table 4). [START_REF] Benjak | Phylogenomics and antimicrobial resistance of the leprosy bacillus Mycobacterium leprae[END_REF][START_REF] Guerrero | ¿Es la resistencia de Mycobacterium leprae a los medicamentos un verdadero motivo de preocupación? Primera aproximación a la vigilancia molecular de pacientes colombianos multibacilares con tratamiento previo para lepra y sin él[END_REF][START_REF] Lavania | Drug resistance patterns in Mycobacterium leprae isolates from relapsed leprosy patients attending The Leprosy Mission (TLM) Hospitals in India[END_REF] Double mutations in gyrA have been described and associated with highlevel resistance. [START_REF] Kocagöz | Gyrase mutations in laboratory-selected, fluoroquinolone-resistant mutants of Mycobacterium tuberculosis H37Ra[END_REF] They may result from a two-step selection of FQ-resistant mutants, which unlikely occurs in the extremely slow growing M. leprae.

Mutations in gyrB (Tables 3,4)

Only five studies reported substitutions in GyrB, using PCR sequencing or WGS. [START_REF] You | Mutations in genes related to drug resistance in Mycobacterium leprae isolates from leprosy patients in Korea[END_REF][START_REF] Benjak | Phylogenomics and antimicrobial resistance of the leprosy bacillus Mycobacterium leprae[END_REF][START_REF] Beltrán-Alzate | Leprosy Drug Resistance Surveillance in Colombia: The Experience of a Sentinel Country[END_REF][START_REF] Chokkakula | Molecular surveillance of antimicrobial resistance and transmission pattern of Mycobacterium leprae in Chinese leprosy patients[END_REF][START_REF] Kim | Detection of gene mutations related with drug resistance in Mycobacterium leprae from leprosy patients using Touch-Down (TD) PCR[END_REF] Among the 755 strains studied for GyrB, only nine (1.2%) harbored substitutions corresponding to three amino acid changes. Among these, two were inside the QRDR (D464N, also named D205N by two authors, and T503I) [START_REF] You | Mutations in genes related to drug resistance in Mycobacterium leprae isolates from leprosy patients in Korea[END_REF][START_REF] Benjak | Phylogenomics and antimicrobial resistance of the leprosy bacillus Mycobacterium leprae[END_REF][START_REF] Kim | Detection of gene mutations related with drug resistance in Mycobacterium leprae from leprosy patients using Touch-Down (TD) PCR[END_REF] and one was outside (V214G) [START_REF] Benjak | Phylogenomics and antimicrobial resistance of the leprosy bacillus Mycobacterium leprae[END_REF][START_REF] Chokkakula | Molecular surveillance of antimicrobial resistance and transmission pattern of Mycobacterium leprae in Chinese leprosy patients[END_REF] (Table 4).

The phenotypic method was not performed for any strain. Two patients carrying isolates with a substitution in GyrB had a relapse, one of whom reported previous use of FQ. [START_REF] You | Mutations in genes related to drug resistance in Mycobacterium leprae isolates from leprosy patients in Korea[END_REF][START_REF] Kim | Detection of gene mutations related with drug resistance in Mycobacterium leprae from leprosy patients using Touch-Down (TD) PCR[END_REF] Three strains with substitutions in GyrB also harbored a substitution in GyrA. [START_REF] Benjak | Phylogenomics and antimicrobial resistance of the leprosy bacillus Mycobacterium leprae[END_REF] Multiple substitutions in GyrB were not found.

Impact on susceptibility to FQ

We focused on mutations that conferred FQ resistance rather than those present in FQ-resistant M. leprae isolates (i.e. on mutations for which biochemical studies demonstrated that the modified DNA gyrase subunit was resistant to FQ inhibition) (Table 5) as well as on modeling, which enables the prediction of possible impacts of unstudied mutations on FQ susceptibility (Figure 3). [START_REF] Cambau | Detection of Antibiotic Resistance in Leprosy Using GenoType LepraeDR, a Novel Ready-To-Use Molecular Test[END_REF][START_REF] Cambau | Multidrug-resistance to dapsone, rifampicin, and ofloxacin in< i> Mycobacterium leprae</i>[END_REF][START_REF] Cambau | Molecular detection of rifampin and ofloxacin resistance for patients who experience relapse of multibacillary leprosy[END_REF][START_REF] Maeda | Multidrug Resistant Mycobacterium leprae from Patients with Leprosy[END_REF][START_REF] Matsuoka | Mycobacterium leprae typing by genomic diversity and global distribution of genotypes[END_REF][START_REF] Matsuoka | A second case of multidrug-resistant Mycobacterium leprae isolated from a Japanese patient with relapsed lepromatous leprosy[END_REF] We have shown that residues at positions 87, 89, 91 and 92 in GyrA and 464, 503 in GyrB (all in the QRDR and following the proposed consensus numbering system) are localized in the close vicinity of the binding site of the drug. Consequently, their substitution could impact the binding of the drug (Figure 3A) and thus the FQ susceptibility of M. leprae. Concerning the residue 107 in the QRDR of GyrA, it is also in the vicinity of the bound drug but not close enough for us to assert that it can impact the binding of the drug (Figure 3A). Residues at position 311 and 431 in GyrA and 214 in GyrB are located at the domains' interfaces of the protein, in the breakage-religation domain and the ATPase domain of GyrA and GyrB, respectively (Figure 3B-C). They might play a role in the conformational movements of the protein, but their impact on FQ binding is unpredictable. A role in FQ binding can also not be predicted for residue 695 in GyrA since it is located in the C-terminal domain (CTD) and is therefore implicated in the binding of the DNA to the CTD, i.e. far from the FQbinding pocket (Figure 3B). 

DISCUSSION

During the review process of mutations in M. leprae DNA gyrase associated with FQresistance, discrepancies generated confusion hampering their identification as previously described or new mutations. Therefore, as the first mechanism of FQ resistance in M. leprae involves various amino acid changes in the DNA gyrase, we considered it useful (i) to propose a consensus numbering system for the unambiguous identification of the gyrase mutations (Figures 1 and2, Table 1) and (ii) to apply it to all substitutions in the GyrA and GyrB subunits described to date.

Our review includes the mutations reported inside and outside the QRDR, including those in the intein of GyrA, and notes which have been reported to confer resistance. We carefully reviewed the literature to use the correct denominator and not to count identical isolates more than once. Indeed, since in the individual publications the number of interpretable gyrA and/or gyrB sequences was often smaller than that of the strains studied, such caution seemed particularly warranted.

The main limitation of our work relates to the limitations of the most widely used molecular method to detect FQ resistance in M. leprae. Indeed, we have shown that PCR sequencing of the gyrA QRDR was the most widely used whereas PCR sequencing of the gyrB QRDR was rarely performed (Table 3). The line probe assay GenoType LepraeDR ® used in only two studies has also limitations. [START_REF] Chauffour | Prospective study on antimicrobial resistance in leprosy cases diagnosed in France from 2001 to 2015[END_REF][START_REF] Raharolahy | A Case of Fluoroquinolone-Resistant Leprosy Discovered after 9 Years of Misdiagnosis[END_REF] Despite the fact that the line probe assay allows detection of the most important mutations in the three main genes involved in antibiotic resistance in M. leprae (i.e. rpoB, folP and gyrA), its weakness is that it focuses on the QRDR of only gyrA, and then on codon 91 directing the A91V substitution, while other mutations in this region require verification by PCR sequencing. This latter detail could explain that among M. leprae strains harboring mutations in DNA gyrase, only 5% had mutations in gyrB (Table 4), whereas in M. tuberculosis they are responsible for FQ resistance in 10% of clinical strains. [START_REF] Maruri | A systematic review of gyrase mutations associated with fluoroquinolone-resistant Mycobacterium tuberculosis and a proposed gyrase numbering system[END_REF] As in the study using WGS 23% of the strains were found to carry a mutation in gyrB, we could expect that using methods enabling the detection of mutation in the entire gyrA and gyrB genes would allow the detection of more mutations in gyrB. [START_REF] Benjak | Phylogenomics and antimicrobial resistance of the leprosy bacillus Mycobacterium leprae[END_REF] Consequently, the role of gyrB mutations in FQ resistance in leprosy remains difficult to assess, but despite their apparent rarity, mutations in gyrB should be searched for systematically in drug resistance screening. [START_REF] Benjak | Phylogenomics and antimicrobial resistance of the leprosy bacillus Mycobacterium leprae[END_REF][START_REF] Aubry | Novel gyrase mutations in quinolone-resistant and -hypersusceptible clinical isolates of Mycobacterium tuberculosis: functional analysis of mutant enzymes[END_REF] With the emergence of the WGS techniques, mutations outside the QRDR are more often found, increasing the need for a unique numbering system for both GyrA and GyrB. For substitutions in GyrA, we propose a numbering system based on the alignment of M. leprae for GyrA QRDR between codons 75 and 114, not taking into account the intein, and a numbering system specific to the intein between codons 1 and 420 (Figure 1, Table 1). Since the intein is excised after transcription, it would be confusing to consider intein mutations in the context of substitutions in GyrA. For GyrB substitutions, we propose a numbering system based on the reference system for M. tuberculosis GyrB published by Camus et al. (Figure 2, Table 2). [START_REF] Camus | Re-annotation of the genome sequence of Mycobacterium tuberculosis H37Rv[END_REF] In GyrA, the A91V substitution was the most frequently encountered and occurred in 75 of 110 strains. In a smaller proportion, other substitutions were found in clinical strains within the QRDR of GyrA (e.g. P87L, G89C, A91P, A91T, S92A and R107L) outside the QRDR (V311I, I431T, G362E and G695R), and within the intein (S177L and G232E) (Table 1). Regarding GyrB, three different substitutions were reported. They were labelled V214G, D464N and T503I by the authors, but the D464N substitution, the most frequently described, was also labelled D205N, which illustrates the crucial need for unification of the numbering systems (Tables 2 and4).

Evaluating drug susceptibility of M. leprae is challenging and requires the cumbersome mouse footpad technique since this pathogen does not grow in vitro. [START_REF] Baohong | Drug susceptibility testing of Mycobacterium leprae[END_REF] Biochemical studies are of help to reliably predict the impact of DNA gyrase substitutions on FQ resistance. [START_REF] Pantel | DNA Gyrase Inhibition Assays Are Necessary To Demonstrate Fluoroquinolone Resistance Secondary to gyrB Mutations in Mycobacterium tuberculosis[END_REF][START_REF] Matrat | Expression and Purification of an Active Form of the Mycobacterium leprae DNA Gyrase and Its Inhibition by Quinolones[END_REF][START_REF] Matrat | Are All the DNA Gyrase Mutations Found in Mycobacterium leprae Clinical Strains Involved in Resistance to Fluoroquinolones?[END_REF][START_REF] Aubry | Mycobacterium tuberculosis DNA gyrase: interaction with quinolones and correlation with antimycobacterial drug activity[END_REF] Consistent with biochemical studies (Table 5), GyrA A91V and G89C substitutions were shown to be resistant to FQ by using the phenotypic method. [START_REF] Cambau | Multidrug-resistance to dapsone, rifampicin, and ofloxacin in< i> Mycobacterium leprae</i>[END_REF][START_REF] Matrat | Are All the DNA Gyrase Mutations Found in Mycobacterium leprae Clinical Strains Involved in Resistance to Fluoroquinolones?[END_REF][START_REF] Yokoyama | Impact of Amino Acid Substitutions in B Subunit of DNA Gyrase in Mycobacterium leprae on Fluoroquinolone Resistance[END_REF] A possible involvement of the other substitutions in GyrA found in clinical M. leprae isolates in the susceptibility to fluoroquinolones has still to be explored (i.e. of P87L, A91P, A91T, S92A, R107L, V311I, I431T and G695R in GyrA and of S177L and G232E in the intein).

Thanks to the modeling, we observed that FQ binding occurs in the vicinity of GyrA residues 87, 89, 91 and 92. Thus, the proline to leucine substitution at position 87 induces a size reduction in the binding cavity through the presence of a longer hydrophobic side chain. For the substitution of alanine 91 by threonine or proline, the same effect is observed, in addition to the effect of a polar group. Inversely, the serine 92 to alanine substitution induces an enlargement of the binding cavity. Concerning the other GyrA substitutions, our model predicts that, even if the arginine 107 to leucine substitution leads to a drastic charge modification for a binding cavity, its role in FQ susceptibility cannot be predicted due to its great distance from FQ binding sites. Based on our model, we can predict that the GyrA V311I, I431T and G695R substitutions are not implicated in FQ resistance.

As for GyrB, the implication of only the D464N substitution in FQ resistance has been demonstrated unequivocally. [START_REF] Matrat | Are All the DNA Gyrase Mutations Found in Mycobacterium leprae Clinical Strains Involved in Resistance to Fluoroquinolones?[END_REF][START_REF] Yokoyama | Impact of Amino Acid Substitutions in B Subunit of DNA Gyrase in Mycobacterium leprae on Fluoroquinolone Resistance[END_REF] Regarding the substitution called D205N, it appears, after careful review of the papers that reported strains harboring it, [START_REF] You | Mutations in genes related to drug resistance in Mycobacterium leprae isolates from leprosy patients in Korea[END_REF][START_REF] Kim | Detection of gene mutations related with drug resistance in Mycobacterium leprae from leprosy patients using Touch-Down (TD) PCR[END_REF] that it was mislabeled and is actually equivalent to the D464N substitution. Since, we did not notice previously that these substitutions are identical and since there exists an aspartic acid at position 205 in a sequence that was later deleted from the databases, we have generated a mutated M. leprae gyrase harboring the "true" D205 that was, not surprisingly, found not to be implicated in FQ resistance in biochemical assays. [START_REF] Matrat | Are All the DNA Gyrase Mutations Found in Mycobacterium leprae Clinical Strains Involved in Resistance to Fluoroquinolones?[END_REF] This was, however, the case of the "true" D464N (Table 5). [START_REF] Yokoyama | Impact of Amino Acid Substitutions in B Subunit of DNA Gyrase in Mycobacterium leprae on Fluoroquinolone Resistance[END_REF] Interestingly, the corresponding patients were previously treated with FQ. Regarding the other GyrB substitutions (Tables 2, 4 and 5), no information was available regarding previous treatment of the patients, but the modeling suggests that they are not implicated in FQ resistance since they are not located in the FQ-binding pocket (Figure 3). Despite resistance to the other two main antileprosy drugs (i.e rifampin and dapsone) occurred in some of the FQ-resistant strains, leading to multi-drug resistance, we did not review information regarding rpoB and folP mutations in our work since studying resistance to all antileprosy drugs, or multidrug resistance, was not under the scope of this review.

Currently, analyzing FQ resistance exclusively by sequencing of the QRDR of gyrA may lead to a possible underestimation of FQ resistance in leprosy. While WGS appears to be the most adequate approach to the comprehensive identification of mutations implicated in FQ resistance, complementary biochemical studies will be required to determine their precise role in the loss of susceptibility. The consensus numbering system proposed here for substitutions in GyrA and GyrB (with consideration of those occurring within the intein) should allow for straightforward comparison of sequence data from resistant M. leprae isolates. LGEGDTLLAIARNAEESGDDNAVDANGADQTGN----------------838 sp|Q57532|GYRA_MYCLE
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 1 Figure 1. Sequence alignment of the GyrA subunits of M. tuberculosis (P9WG47), E. coli (P0AES4), and M. leprae (Q57532), and proposed
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 2 Figure 2. Sequence alignment of the GyrB subunit of E. coli (P0AES6), M. tuberculosis (P9GW45) and M. leprae (Q59533). The numbering

Figure 3 .

 3 Figure 3. M. leprae DNA gyrase model. (A) Model of the full-length structure of M. leprae

  

Table 5

 5 lists the DNA gyrase substitutions that have been demonstrated to confer FQ resistance in M. leprae based on this gyrase modeling.

  abstract. Flow diagram summarizing the literature selection and main results.

	Initial search results in PubMed
	n = 1071
		Article excluded after screening title
		n = 876
	Selected for abstract review
		n = 195
		Article excluded after screening
		abstract: not publication of interest
		(reviews, letters) or duplicates
		n = 90
	Selected for full article review
		n = 105
		Article excluded after screening
		full article
		n = 80
	Included in the review
	n = 25 -2884 M. leprae strains
	Analysis of	Analysis of
	gyrA only	gyrA + gyrB
	(n=2336	(n=755
	isolates)	isolates)
	Percentage of isolates harboring
	mutations:
	-3.8% in gyrA
	-0.2% in gyrB

Table 1 .

 1 Comparison of the GyrA numbering system and the corresponding regions of E. coli and M. tuberculosis, and the proposed consensus numbering system for M. leprae GyrA with and without the intein.

	a P9WG47
	b P9WG47
	c Q57532
	d not applicable because mutations are located outside the intein
	e not applicable because mutations are located inside the intein

The Amino acids inside the QRDR of the GyrA subunit are enclosed in the bold box and range from 67 to 106 for E. coli, 74 to 113 for M. tuberculosis, and 75 to 114 for M. leprae; the amino acids of the GyrA intein of M. leprae range from 1 to 420. *substitution observed in M. tuberculosis and/or M. leprae clinical strains

Table 3 .

 3 Clinical M. leprae isolates studied: fluoroquinolone susceptibility and molecular detection methods used in each primary study included in the review.

	Type of collection	Type of leprosy	Nb of cases studied a	Molecular detection method	DNA region studied	Nb of cases with DNA substitution gyrase	Nb of cases relapse	Mouse DST footpad	Reference
	Colombian cases	MB	941	PCR seq	QRDR_A	11	560	no	[32]
	Indian cases	203 MB/ 47 PB	250	PCR seq	QRDR_A	8	239	no	[52]
	Cases reported to French	MB	160	PCR seq and	QRDR_A	2	33	no	[34]
	National Reference			DNA strip					
	Center								
	Indian cases	ND	111	PCR seq	QRDR_A	10	111	no	[38]
	Japanese, Indonesian,	ND	88	PCR seq	QRDR_A	5	ND	no	[21]
	Pakistani and Philippine								
	cases								
	Chinese cases	72 MB/9 PB	81	PCR seq	QRDR_A	21	8	no	[31]
	Brazilian cases	ND	79	PCR seq	QRDR_A	6	ND	no	[53]
	Brazilian cases	59MB/18PB	77	PCR seq	QRDR_A	2	77	no	[35]
	Indian and Nepalese cases 53 BT/8 TT/8 BL/3	77	PCR seq	QRDR_A	6	0	no	[29]
		BB/ 4							
		healed/fibrosed 1							
		axonopathy b							
	Chinese cases	ND	61	PCR seq	QRDR_A	1	ND	no	[37]
	Brazilian cases	ND	45	PCR seq	QRDR_A	1	ND	no	[54]
	Indian cases	MB	38	PCR seq	QRDR_A	8	3	no	[33]
	Mexican cases	36MB/2PB	38	PCR seq	QRDR_A	1	30	no	[55]
	Brazilian cases	18MB/ 10PB	28	PCR seq	QRDR_A	2	1	no	[56]
	Cases reported to the	MB	10	PCR seq	QRDR_A	1	NA	yes	[15]
	French National								
	Reference Center								
	Case report from Mali	MB	1	PCR seq	QRDR_A	1	1	yes	[13]
	Case report from Japan	MB	1	PCR seq	QRDR_A	1	1	yes	[22]

DST: Drug Susceptibility Testing; NA: not applicable; ND: no data; PCR seq: PCR and DNA sequencing; WGS: whole genome sequencing; DNA strip test: GenoType LepraeDR ® (Hain, Lifescience); QRDR_A: QRDR gyrase A; QRDR_AB: QRDR gyrase A and B.
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of GyrA, we did not find an alanine at this position but an arginine. After consulting with the authors, A107L was found to be erroneous. Here we give R107L, the correct substitution. g this study initially reported a G362D substitution, but when we looked at the sequence of GyrA, we did not find a glycine at this position but a methionine. Unfortunately, we were not able to obtain clarification from the authors. Therefore, we cannot propose a corresponding number in the E. coli and M. tuberculosis numbering systems. [START_REF] Chen | Nested PCR and the TaqMan SNP Genotyping Assay enhanced the sensitivity of drug resistance testing of Mycobacterium leprae using clinical specimens of leprosy patients[END_REF] The QRDR of GyrB in accordance with that of E. coli is in the bold box with a hatched line at the bottom, whereas the QRRD of GyrB in accordance with that of M. tuberculosis [START_REF] Maruri | A systematic review of gyrase mutations associated with fluoroquinolone-resistant Mycobacterium tuberculosis and a proposed gyrase numbering system[END_REF], ranging from 426 to 466 for E. coli, 461 to 501 for M. tuberculosis in the proposed numbering e P0C5C5|1-675, [START_REF] Kim | Detection of gene mutations related with drug resistance in Mycobacterium leprae from leprosy patients using Touch-Down (TD) PCR[END_REF] in italic since it is the numbering system that should be used for M. tuberculosis. [START_REF] Matsuoka | Mycobacterium leprae typing by genomic diversity and global distribution of genotypes[END_REF] f Q59533 replaces the obsolete entry M. leprae Cosmid B1770 Z70722 (used by Matrat et al) [START_REF] Matrat | Expression and Purification of an Active Form of the Mycobacterium leprae DNA Gyrase and Its Inhibition by Quinolones[END_REF] 

1 ND ND [START_REF] Matsuoka | A second case of multidrug-resistant Mycobacterium leprae isolated from a Japanese patient with relapsed lepromatous leprosy[END_REF] ND: no data Substitutions demonstrated to confer fluoroquinolone resistance in M. leprae are in bold; substitutions not in bold have not been assessed for conferring resistance.

a associated with GyrA A91V substitution.

b 1 associated with GyrA S92A substitution.

c 1 associated with GyrA A91T substitution.

d this study reported an A107L substitution, but when we looked at the sequence of the QRDR of GyrA, we did not find an alanine at this position but an arginine. After consulting with the authors, A107L was found to be erroneous. Here we give R107L, the correct substitution. [START_REF] Raharolahy | A Case of Fluoroquinolone-Resistant Leprosy Discovered after 9 Years of Misdiagnosis[END_REF] e this study initially reported a G362D substitution, but when we looked at the sequence of GyrA, we did not find a glycine at this position but a methionine. Unfortunately, we were not able to obtain clarification from the authors. Therefore, we cannot propose a corresponding number in the E. coli and M. tuberculosis numbering systems.

f associated with GyrA I431T substitution.

g associated with GyrA A91V substitution.

h associated with GyrA V731I substitution. Substitutions demonstrated to confer fluoroquinolone resistance in M. leprae are in bold.

a the impact of this substitution was also demonstrated using the mouse footpad technique. [START_REF] Cambau | Detection of Antibiotic Resistance in Leprosy Using GenoType LepraeDR, a Novel Ready-To-Use Molecular Test[END_REF][START_REF] Cambau | Multidrug-resistance to dapsone, rifampicin, and ofloxacin in< i> Mycobacterium leprae</i>[END_REF][START_REF] Vedithi | HARP: a database of structural impacts of systematic missense mutations in drug targets of Mycobacterium leprae[END_REF][START_REF] Broeck | Cryo-EM structure of the complete E. coli DNA gyrase nucleoprotein complex[END_REF][START_REF] Ray | Improved model quality assessment using ProQ2[END_REF][START_REF] Blower | Crystal structure and stability of gyrase-fluoroquinolone cleaved complexes from Mycobacterium tuberculosis[END_REF] b substitution never described in a clinical isolate of M. leprae.