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Relationship between rifampicin resistance and RpoB substitutions of Rhodococcus equi strains isolated in France

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

Introduction

Rhodococcus equi is a soil-dwelling and facultative intracellular bacterium that causes severe to fatal pulmonary and extrapulmonary pyrogranulomatous infections in animals and humans [START_REF] Prescott | Rhodococcus equi: an animal and human pathogen[END_REF][START_REF] Vázquez-Boland | Rhodococcus equi: the many facets of a pathogenic actinomycete[END_REF]. While affecting a variety of animal species, R. equi is a major pathogen in the horsebreeding industry, R. equi infections being endemic on many stud farms worldwide [START_REF] Von Bargen | Molecular and infection biology of the horse pathogen Rhodococcus equi[END_REF]. The virulence of equine R. equi strains is related to the presence of host-associated plasmid pVAPA [START_REF] Letek | Evolution of the Rhodococcus equi vap pathogenicity island seen through comparison of host-associated vapA and vapB virulence plasmids[END_REF][START_REF] Macarthur | Comparative genomics of Rhodococcus equi virulence plasmids indicates host-driven evolution of the vap pathogenicity island[END_REF][START_REF] Ocampo-Sosa | Molecular epidemiology of Rhodococcus equi based on traA, vapA, and vapB virulence plasmid markers[END_REF][START_REF] Takai | Association between a large plasmid and 15-to 17-Kilodalton antigens in virulent Rhodococcus equi[END_REF]. Together with porcine pVAPB and ruminant pVAPN, equine pVAPA plasmids can be found in R. equi strains isolated from humans (4-6,8), consistent therefore with a zoonotic source of infection [START_REF] Vázquez-Boland | The pathogenic actinobacterium Rhodococcus equi: what's in a name?[END_REF]. Following its introduction in 1967, rifampicin has become a mainstay therapy in the treatment of various diseases, including tuberculosis, methicillin-resistant Staphylococcus aureus infections and Neisseria meningitidis infections [START_REF] Alifano | Rifampicin-resistance, rpoB polymorphism and RNA polymerase genetic engineering[END_REF]. It is furthermore recommended as an alternative treatment for infections caused by tick-borne pathogens Borrelia burgdorferi and Anaplasma phagocytophilum [START_REF] Alifano | Rifampicin-resistance, rpoB polymorphism and RNA polymerase genetic engineering[END_REF], and is also part of the multi-drug therapy used to treat leprosy [START_REF] Maymone | Leprosy: treatment and management of complications[END_REF]. Since the 1980s, rifampicin has been used in combination with a macrolide such as erythromycin or, more recently, azithromycin or clarithromycin, as the standard recommended treatment for foals infected with R. equi [START_REF] Giguère | Treatment of infections caused by Rhodococcus equi[END_REF][START_REF] Hillidge | Use of erythromycin-rifampin combination in treatment of Rhodococcus equi pneumonia[END_REF][START_REF] Sweeney | Rhodococcus equi pneumonia in 48 foals: response to antimicrobial therapy[END_REF]. The rifampicin-macrolide combination has reduced foal mortality but has also led to the emergence of R. equi resistance. The first observations of rifampicin resistance [START_REF] Fines | Characterization of mutations in the rpoB gene associated with rifampin resistance in Rhodococcus equi isolated from foals[END_REF][START_REF] Kenney | Development of reactive arthritis and resistance to erythromycin and rifampin in a foal during treatment for Rhodococcus equi pneumonia[END_REF][START_REF] Takai | Emergence of rifampin-resistant Rhodococcus equi in an infected foal[END_REF] and a progressive development of resistance to both rifampicin and erythromycin [START_REF] Kenney | Development of reactive arthritis and resistance to erythromycin and rifampin in a foal during treatment for Rhodococcus equi pneumonia[END_REF] were reported in the 1990s. An alarming situation has recently been observed in Kentucky, USA [START_REF] Burton | Macrolide-and rifampin-resistant Rhodococcus equi on a horse breeding farm, Kentucky, USA[END_REF][START_REF] Giguère | Determination of the prevalence of antimicrobial resistance to macrolide antimicrobials or rifampin in Rhodococcus equi isolates and treatment outcome in foals infected with antimicrobial-resistant isolates of R equi[END_REF][START_REF] Giguère | Antimicrobial Resistance in Rhodococcus equi[END_REF][START_REF] Huber | Prevalence and risk factors associated with emergence of Rhodococcus equi resistance to macrolides and rifampicin in horse-breeding farms in Kentucky, USA[END_REF][START_REF] Huber | Emergence of Resistance to Macrolides and Rifampin in Clinical Isolates of Rhodococcus equi from Foals in Central Kentucky, 1995 to 2017[END_REF], where rifampicin and erythromycin resistance has increased by 13.8% and 12.9% respectively between the 1995-2006 and 2007-2017 periods [START_REF] Huber | Emergence of Resistance to Macrolides and Rifampin in Clinical Isolates of Rhodococcus equi from Foals in Central Kentucky, 1995 to 2017[END_REF] due to a specific R. equi clone that carries a chromosomal mutation and a mobile element conferring this dual resistance to respectively, rifampicin and macrolides [START_REF] Álvarez-Narváez | Clonal Confinement of a Highly Mobile Resistance Element Driven by Combination Therapy in Rhodococcus equi[END_REF].

The primary mechanism of resistance to rifampicin consists from substitutions that alter residues of the rifampicin-binding pocket on the β-subunit of the RNA polymerase (RpoB), resulting in a decreased affinity for rifampicin. Substitutions that confer rifampicin resistance are typically located in three distinct clusters, I to III, of RpoB and in particular at three sites located in cluster I: Asp516, His526, and Ser531 (Escherichia coli numbering) [START_REF] Alifano | Rifampicin-resistance, rpoB polymorphism and RNA polymerase genetic engineering[END_REF][START_REF] Jin | Mapping and sequencing of mutations I the Escherichia coli rpoB gene that lead to rifampicin resistance[END_REF]. For R. equi, at least 15 different substitutions at five sites in cluster I -Ser509, Gln513, Asp516, His526, and Ser531 -have been reported [START_REF] Fines | Characterization of mutations in the rpoB gene associated with rifampin resistance in Rhodococcus equi isolated from foals[END_REF][START_REF] Álvarez-Narváez | Clonal Confinement of a Highly Mobile Resistance Element Driven by Combination Therapy in Rhodococcus equi[END_REF][START_REF] Asoh | Emergence of rifampin-resistant Rhodococcus equi with several types of mutations in the rpoB gene among AIDS patients in northern Thailand[END_REF][START_REF] Boyen | Acquired antimicrobial resistance in equine Rhodococcus equi isolates[END_REF][START_REF] Liu | Appearance of multidrug-resistant virulent Rhodococcus equi clinical isolates obtained in China[END_REF][START_REF] Riesenberg | MICs of 32 antimicrobial agents for Rhodococcus equi isolates of animal origin[END_REF][START_REF] Huber | The novel and transferable erm (51) gene confers macrolides, lincosamides and streptogramins B (MLSB) resistance to clonal Rhodococcus equi in the environment[END_REF]. Substitutions at His526 and Ser531 confer the highest levels of rifampicin resistance [START_REF] Giguère | Antimicrobial Resistance in Rhodococcus equi[END_REF].

Apart from two French reports on the rifampicin resistance of equine R. equi strains [START_REF] Fines | Characterization of mutations in the rpoB gene associated with rifampin resistance in Rhodococcus equi isolated from foals[END_REF][START_REF] Duchesne | In vitro antimicrobial susceptibility of equine clinical isolates from France, 2006-2016[END_REF], very few data are available in France, a major European horse-breeding country.

Nevertheless, according to Duchesne's study [START_REF] Duchesne | In vitro antimicrobial susceptibility of equine clinical isolates from France, 2006-2016[END_REF], which found that only 1.7% of the R. equi strains isolated from 2006 to 2016 were rifampicin-resistant, the French situation could be much less alarming than in Kentucky, USA. In this context, our objective was to study the rifampicin resistance of R. equi strains isolated from infected horses over a 20-year period (1998 to 2018) in order to determine the relationship between the rifampicin susceptibility tested using the disc diffusion (DD) and broth macrodilution (BMD) methods, rpoB gene sequencing and multilocus sequence typing (MLST).

Materials and methods

Bacterial strains, culture media and growth conditions

From 1995 to 2018, 1949 R. equi strains were isolated during bacteriological analyses performed at the ANSES Laboratory for Animal Health in Normandy on samples collected during equine necropsies or epidemiological surveys on stud farms. Among these strains, 20 were non-susceptible to rifampicin and none to erythromycin. Forty R. equi strains from the ANSES collection were used in this study, including the 20 strains non-susceptible to rifampicin. The strains susceptible to rifampicin were not randomly selected but to reflect the diversity of the collection (Table 1). The 40 strains studied were maintained using cryobeads (AES or BioMérieux) at -80°C. They were confirmed as R. equi by their colony morphology on Columbia CNA agar with 5% sheep blood (BioMérieux) and by PCRs to detect the presence of the plasmid vapA gene [START_REF] Makrai | Characterization of Virulence Plasmids and Serotyping of Rhodococcus equi Isolates from Submaxillary Lymph Nodes of Pigs in Hungary[END_REF] and the chromosomal choE gene [START_REF] Ladrón | Rapid identification of Rhodococcus equi by a PCR assay targeting the choE gene[END_REF][START_REF] Duquesne | Development of a multilocus sequence typing scheme for Rhodococcus equi[END_REF]. If the vapA PCR result proves negative, plasmid-positive and plasmid-negative strains are distinguished after a PCR targeting the traA gene coding a protein of the conserved conjugal transfer machinery of Rhodococcus species plasmids [START_REF] Ocampo-Sosa | Molecular epidemiology of Rhodococcus equi based on traA, vapA, and vapB virulence plasmid markers[END_REF]. R. equi ATCC 33701 was used as a rifampicin-susceptible reference strain.

In vitro antibiotic susceptibility testing

Antibiotic susceptibility was determined using the standard DD method on Mueller-Hinton agar supplemented with 5% lysed horse blood (Oxoid) and 20 µg/ml β-nicotinamide adenine dinucleotide (β-NAD) (ThermoFisher Scientific) according to the 2019 Antibiogram Committee of the French Society for Microbiology (CASFM) guideline [START_REF]Comité de l'Antibiogramme de la Société Française de Microbiologie[END_REF]. Discs (Oxoid) containing 5 µg oxacillin, 500 µg gentamicin, 500 µg streptomycin, [START_REF] Fines | Characterization of mutations in the rpoB gene associated with rifampin resistance in Rhodococcus equi isolated from foals[END_REF] 1. In this study, intermediate and resistant strains were grouped together in the non-susceptible strain population so as to indicate that they were no longer wild-type strains.

Rifampicin MICs were determined using the BMD method with a Mueller-Hinton broth supplemented with 5% lysed horse blood (Oxoid) and 20 µg/ml β-NAD (ThermoFisher Scientific) according to the 2019 CASFM guideline for slow-growing bacteria including Streptococcus spp. and Corynebacterium spp. [START_REF]Comité de l'Antibiogramme de la Société Française de Microbiologie[END_REF]. The protocol was performed as previously described [START_REF] Courvalin | Antibiogramme. Détermination des concentrations minimales inhibitrices et bactericides en milieu liquide[END_REF]. Results were recorded as the lowest concentrations of rifampicin that inhibited visible growth of R. equi.

DNA extraction

The NucleoSpin ® Tissue kit (Macherey-Nagel) was used for DNA extraction according to the manufacturer's instructions for hard-to-lyse bacteria in the support protocol for bacteria.

rpoB sequencing

The 827-bp rpoB partial gene was amplified and sequenced as previously described [START_REF] Riesenberg | MICs of 32 antimicrobial agents for Rhodococcus equi isolates of animal origin[END_REF]. The rpoB gene fragment studied comprises the three distinct clusters I, II, and III identified by Jin and Gross [START_REF] Jin | Mapping and sequencing of mutations I the Escherichia coli rpoB gene that lead to rifampicin resistance[END_REF] in E. coli where amino acid substitutions leading to rifampicin resistance were typically located; this was different from the fragment studied by MLST. The RpoB amino acid sequences from amino acids 477 to 705 (E. coli numbering) were deduced and compared to the RpoB amino acid sequence of the rifampicin-susceptible R. equi 103S (GenBank accession no. CBH49657) used as a wild-type reference. The RpoB amino acid sequences of the 40 R. equi strains studied can be found under GenBank accession nos. MT363641 to MT363680.

MLST and phylogenetic tree

The seven housekeeping genes (gapdh, tpi, mdh, icl, rpoB, recA, and adk) were amplified and sequenced as previously described [START_REF] Duquesne | Development of a multilocus sequence typing scheme for Rhodococcus equi[END_REF]. The Rhodococcus MLST website (https://pubmlst.org/rhodococcus/) sited at the University of Oxford [START_REF] Jolley | Open-access bacterial population genomics: BIGSdb software, the PubMLST.org website and their applications[END_REF] was used to assign the allele numbers and the sequence types (STs) after having previously trimmed to equivalent lengths all the sequences of each individual MLST locus like on the Rhodococcus MLST website. For each unique ST, sequences of the seven MLST loci were concatenated, giving a 4017-bp in-frame sequence. Concatenated sequences were aligned and a phylogenetic tree drawn up using the MEGA software version 7.0 (39) via the maximum likelihood method based on the Tamura-Nei model. Support for internal nodes was estimated using the nonparametric bootstrap method with 1000 replications. The tree was rooted with the ST06-concatenated sequences of the Rhodococcus sp. MBE 538 strain as the outgroup, extracted from the Rhodococcus MLST website.

Results

The 40 R. equi strains studied were from 27 horses, with one strain per animal except for horses no. 11 (three strains) and no. 25 (12 strains) (Table 1). They were confirmed as R. equi by PCR (positive choE PCR results) and the equine pVAPA plasmid was detected by PCR in 38 of them (positive traA and vapA PCR results). The two plasmidless strains (negative traA and vapA PCR results) were both isolated in 1998, strain #39 from the lung of animal no. 25, and strain #40 from the faeces of the same animal two days before its death and necropsy; interestingly, 11 pVAPA strains (#27 to #37) (Table 1) were isolated from different organs of this same animal (no. 25).

General susceptibility study

The susceptibility of the 40 strains to 11 antibiotics was determined by DD (Table 2). All 40 were susceptible to gentamicin, streptomycin, erythromycin, azithromycin, clarithromycin, and enrofloxacin but non-susceptible to lincomycin and oxacillin, except one strain susceptible to lincomycin. About half of the strains were also non-susceptible to spiramycin (45.0%), rifampicin (50.0%) and trimethoprim-sulfamethoxazole (57.5%). A focus on rifampicin susceptibility determined by DD and BMD is presented in Table 1. The 20 strains classified by DD as susceptible to rifampicin (inhibition zone diameters of 30-36 mm) had MICs ≤ 4 µg/ml, while the 20 strains classified by DD as non-susceptible to rifampicin (inhibition zone diameters of 7-24 mm) had MICs ≥ 8 µg/ml. The strains that were not susceptible to rifampicin were isolated between 1998 and 2018 from nine equids of widely varying breed, sex, age, and sample source.

RpoB sequence analysis

RpoB amino acid sequences encompassing positions 477 to 705 (E. coli numbering) were obtained for the 40 strains and the R. equi ATCC 33701. Fourteen different RpoB amino acid sequences, designated RpoB profiles I to XIV, were observed, including the wild-type RpoB (GenBank accession no. CBH49657) (39) of the rifampicin-susceptible R. equi 103S (Table 1 and Fig. 2). RpoB profile I corresponded to the wild-type sequence. It was found in ten strains with MICs of 0.5 to 1 µg/ml and characterised by DD as susceptible to rifampicin, and in the rifampicin-susceptible R. equi ATCC 33701. RpoB profiles II to XIV differed from the wildtype sequence by the presence of one to five substitutions per profile, for a total of nine different substitutions at five sites in cluster I (Thr508Ala, Asp516Val, Asp516Tyr, His526Asn, His526Asp, and Ser531Leu) and three sites outside clusters I, II, and III (Thr491Ser, Tyr653Asn, and Asn678His) (Fig. 2). RpoB profiles II to VIII were found in ten strains with MICs of 0.5 to 4 µg/ml and characterised by DD as susceptible to rifampicin, while RpoB profiles IX to XIV were found in 20 strains with MICs of 8 to 1024 µg/ml and characterised by DD as non-susceptible to rifampicin (Table 1 and Fig. 2).

The comparative analysis of in vitro rifampicin susceptibility testing and RpoB substitutions shows that: (i) substitutions outside clusters I to III and the Thr508Ala substitution in cluster I do not appear to confer rifampicin resistance because they were found in both strains that are susceptible and strains that are not susceptible to rifampicin by DD and with MICs of 0.5 to 512 µg/ml. They were observed in a single substitution for six strains found by DD to be susceptible to rifampicin with MICs ≤ 2 µg/ml or in RpoB profiles with multiple substitutions; (ii) the Asp516Tyr (MIC, 8 µg/ml), Ser531Leu (MIC, 16-256 µg/ml), and His526Asp (MIC, 512-1024 µg/ml) substitutions appear to confer rifampicin resistance because they were found by DD only in strains non-susceptible to rifampicin with MICs ≥ 8 µg/ml, as a single substitution or in RpoB profiles with multiple substitutions not appearing to confer rifampicin resistance; (iii) the His526Asn substitution was observed in a single substitution (RpoB profile VIII) in strain #34, which was found by DD to be susceptible to rifampicin but with a MIC of 4 µg/ml suggesting it might actually be considered as having some degree of resistance; (iv) the Asp516Val substitution was observed together with multiple other substitutions apparently unrelated to rifampicin resistance (RpoB profile VIII) in strain #35, found by DD to be susceptible to rifampicin with a MIC of 1 µg/ml (Fig. 2 and Fig. 3).

MLST analysis

MLST analysis was used to investigate a possible association between RpoB profiles and STs.

The 40 strains and the R. equi ATCC 33701 were divided into nine existing STs and ST43 representing a novel ST in the Rhodococcus MLST website. ST24 (n = 19), ST1 (n = 5), ST19

(n = 5), and ST16 (n = 4) were the most prevalent STs; ST19 and ST24 may nevertheless be artificially enlarged by the presence of several strains isolated from a single animal, since in all cases, only one ST was found per animal (Table 1). The ST distribution in the phylogenetic tree showed two distinct phylogenetic clusters: one (ST7 and ST10) with both strains from Mayotte (a French overseas island in the Indian Ocean), and one with the R. equi ATCC 33701 from Ontario (Canada) and the 38 strains from metropolitan France (Fig. 1). No association was observed between RpoB profiles and dominant ST1, ST19, and ST24, or even the Mayotte and Normandy clusters. It is noteworthy that ST16 was found only in strains found by DD to be susceptible to rifampicin with wild-type RpoB profile I or RpoB profile VI in which case the Thr491Ser substitution did not appear to confer rifampicin resistance.

Several strains isolated from a single animal could be considered to represent a single clone when pVAPA, MLST, rifampicin susceptibility and RpoB sequencing results were identical. Thus, two clones were characterised among the three strains from animal no. 11, strains #19 and #21 giving the same results; likewise, six clones were characterised among the 12 strains from animal no. 25, strains #27, #28, #30, #31, #32, and #37 giving the same results (Fig. 2).

Discussion

This study reports the presence of nine French cases of rifampicin resistance in horses infected by R. equi between 1998 and 2018. The 20 R. equi strains recovered from these cases and found to exhibit resistance to rifampicin correspond to 1% of the R. equi ANSES collection built up between 1995 and 2018 from equine samples collected during necropsies or environmental samples from stud farms. These strains were all susceptible to macrolides. This report is in accordance with a recent French study [START_REF] Duchesne | In vitro antimicrobial susceptibility of equine clinical isolates from France, 2006-2016[END_REF] which revealed that 1.7% of the R. equi strains isolated between 2006 and 2016 were rifampicin-resistant, and 1.7% erythromycin-resistant according to the data presented. Thus, the French situation appears to differ from that in Kentucky, USA, where rifampicin and macrolide resistance has considerably increased over the past two decades [START_REF] Giguère | Determination of the prevalence of antimicrobial resistance to macrolide antimicrobials or rifampin in Rhodococcus equi isolates and treatment outcome in foals infected with antimicrobial-resistant isolates of R equi[END_REF][START_REF] Giguère | Antimicrobial Resistance in Rhodococcus equi[END_REF][START_REF] Huber | Prevalence and risk factors associated with emergence of Rhodococcus equi resistance to macrolides and rifampicin in horse-breeding farms in Kentucky, USA[END_REF][START_REF] Huber | Emergence of Resistance to Macrolides and Rifampin in Clinical Isolates of Rhodococcus equi from Foals in Central Kentucky, 1995 to 2017[END_REF][START_REF] Burton | Macrolide-and rifampin-resistant Rhodococcus equi on a horse breeding farm, Kentucky, USA[END_REF], and is associated with both the density of animals and the number of animals treated with antimicrobials [START_REF] Huber | Prevalence and risk factors associated with emergence of Rhodococcus equi resistance to macrolides and rifampicin in horse-breeding farms in Kentucky, USA[END_REF]. Whatever the case, as rifampicin is a mainstay of treatment for various human diseases [START_REF] Alifano | Rifampicin-resistance, rpoB polymorphism and RNA polymerase genetic engineering[END_REF], the isolation of an equine rifampicin-resistant R. equi strain must be managed in order to avoid zoonotic transmission.

As no clinical breakpoints are available for application of DD and BMD methods to R. equi, rifampicin inhibition zone diameters were interpreted in keeping with Staphylococcus spp. and Streptococcus spp. breakpoints approved by the 2013 CASFM guideline (35) and rifampicin MICs were compared to DD and rpoB sequencing results. The interpretative results of inhibition zone diameters and MICs are consistent with each other, the 20 strains found by DD to be non-susceptible to rifampicin all having MICs with higher values than the 20 strains found by DD to be susceptible to rifampicin. The consistency of results was also observed between rifampicin susceptibility testing and rpoB sequencing. All the strains found by DD to be non-susceptible to rifampicin systematically had a substitution at one of the three sites -Asp516, His526, and Ser531 -in cluster I that are frequently encountered and confer rifampicin resistance [START_REF] Alifano | Rifampicin-resistance, rpoB polymorphism and RNA polymerase genetic engineering[END_REF][START_REF] Jin | Mapping and sequencing of mutations I the Escherichia coli rpoB gene that lead to rifampicin resistance[END_REF]. However, 20% of these strains also showed one to four additional substitutions (outside clusters I to III and Thr508Ala in cluster I) apparently not involved in rifampicin resistance. The clinical significance of this finding needs to be further explored.

Our results support previous reports highlighting the fact that certain substitutions in RpoB are more likely to confer high-level resistance [START_REF] Fines | Characterization of mutations in the rpoB gene associated with rifampin resistance in Rhodococcus equi isolated from foals[END_REF][START_REF] Giguère | Antimicrobial Resistance in Rhodococcus equi[END_REF][START_REF] Álvarez-Narváez | Clonal Confinement of a Highly Mobile Resistance Element Driven by Combination Therapy in Rhodococcus equi[END_REF][START_REF] Riesenberg | MICs of 32 antimicrobial agents for Rhodococcus equi isolates of animal origin[END_REF][START_REF] Huber | The novel and transferable erm (51) gene confers macrolides, lincosamides and streptogramins B (MLSB) resistance to clonal Rhodococcus equi in the environment[END_REF]. Indeed, in this study, highlevel resistance was correlated with the presence of His526Asp (MIC, 512-1024 µg/ml; nine strains) or Ser531Leu (MIC, 16-256 µg/ml; ten strains), while low-level resistance was correlated with the presence of Asp516Tyr (MIC, 8 µg/ml; one strain). His526Asp and Ser531Leu had already been described in rifampicin-resistant R. equi strains [START_REF] Boyen | Acquired antimicrobial resistance in equine Rhodococcus equi isolates[END_REF][START_REF] Liu | Appearance of multidrug-resistant virulent Rhodococcus equi clinical isolates obtained in China[END_REF][START_REF] Riesenberg | MICs of 32 antimicrobial agents for Rhodococcus equi isolates of animal origin[END_REF], and when comparative data were present in the same study, the MICs were higher for His526Asp than for Ser531Leu [START_REF] Fines | Characterization of mutations in the rpoB gene associated with rifampin resistance in Rhodococcus equi isolated from foals[END_REF][START_REF] Riesenberg | MICs of 32 antimicrobial agents for Rhodococcus equi isolates of animal origin[END_REF]. However, the Ser531Leu substitution was previously observed in R. equi strains with high-level rifampicin resistance of 128 µg/ml [START_REF] Riesenberg | MICs of 32 antimicrobial agents for Rhodococcus equi isolates of animal origin[END_REF] or with low-level rifampicin resistance of 8 µg/ml [START_REF] Fines | Characterization of mutations in the rpoB gene associated with rifampin resistance in Rhodococcus equi isolated from foals[END_REF][START_REF] Riesenberg | MICs of 32 antimicrobial agents for Rhodococcus equi isolates of animal origin[END_REF]. Substitutions in other regions of RpoB than the clusters I to III or other mechanisms of rifampicin resistance may explain this finding and even the presence of rare rifampicin resistant R. equi strains with no substitution in the clusters I to III of RpoB [START_REF] Riesenberg | MICs of 32 antimicrobial agents for Rhodococcus equi isolates of animal origin[END_REF]. To our knowledge, Asp516Tyr has never been described before in R. equi but was previously described in rifampicin-resistant Mycobacterium tuberculosis strains [START_REF] Ohno | Relationship between rifampin MICs for and rpoB mutations of Mycobacterium tuberculosis strains isolated in Japan[END_REF][START_REF] Cavusoglu | In-vitro activity of rifabutin against rifampicin-resistant Mycobacterium tuberculosis isolates with known rpoB mutations[END_REF].

Regarding the 20 strains found by DD to be susceptible to rifampicin, 50% showed no substitution in RpoB amino acid sequences 477 to 705, and 40% showed only substitutions not appearing to confer rifampicin resistance. As concerns the remaining 10%, strains #34 and #35 had one substitution in cluster I (with additional substitutions outside clusters I to III in the case of strain #35) -His526Asn and Asp516Val respectively. These have previously been described in R. equi strains as leading to low-level rifampicin resistance of 1-8 µg/ml [START_REF] Fines | Characterization of mutations in the rpoB gene associated with rifampin resistance in Rhodococcus equi isolated from foals[END_REF][START_REF] Boyen | Acquired antimicrobial resistance in equine Rhodococcus equi isolates[END_REF][START_REF] Riesenberg | MICs of 32 antimicrobial agents for Rhodococcus equi isolates of animal origin[END_REF]. Both strains were isolated respectively from animal no. 25 during which ten other strains were also isolated, all being found by DD to be non-susceptible to rifampicin and with MICs of 8 to 1024 µg/ml. In this context, strains #34 and #35 should be considered nonsusceptible to rifampicin and we propose that ≥ 32 mm should be used as a breakpoint for susceptibility instead of ≥ 29 mm for a 30-μg rifampicin disc (Fig. 3). However, our findings do not allow us to propose breakpoints for rifampicin MICs obtained by the BMD method. S ≤ 1 µg/ml and R ≥ 4 µg/ml have already been reported in the literature for R. equi and correspond to CLSI interpretative criteria for Staphylococcus aureus [START_REF] Berghaus | Comparison of Etest, disk diffusion, and broth macrodilution for in vitro susceptibility testing of Rhodococcus equi[END_REF], which is probably the most consistent with our DD and rpoB sequencing results.

In this study, the nine horses concerned with the isolation of rifampicin non-susceptible strains were distributed throughout the phylogenetic tree of R. equi species based on MLST sequences (Fig. 1) and no association was observed between the rifampicin resistance and dominant ST1, ST19 and ST24 (or any other information on horses, like the year of collection) (Fig. 1). These findings suggest a non-clonal dissemination of rifampicin resistant strains in France contrary to what has been observed from equine R. equi strains isolated in the USA [START_REF] Álvarez-Narváez | Comparing PFGE, MLST, and WGS in monitoring the spread of macrolide and rifampin resistant Rhodococcus equi in horse production[END_REF]. It should however be noted that MLST results generated with next generation sequencing (NGS) had resulted in a better detection of this clonality than Sanger sequencing [START_REF] Álvarez-Narváez | Comparing PFGE, MLST, and WGS in monitoring the spread of macrolide and rifampin resistant Rhodococcus equi in horse production[END_REF]. In our context, it is unlikely that NGS-MLST would have allowed us to conclude differently.

In conclusion, this study reports nine French cases of rifampicin resistance in horses infected by R. equi between 1995 and 2018. The relationship between rifampicin susceptibility tested using both DD and BMD methods, and the substitutions observed in RpoB amino acid sequences 477 to 705 (E. coli numbering) revealed the presence of substitutions that were correlated with high-level (His526Asp, Ser531Leu), low-level (Asp516Tyr), and low or borderline-level (His526Asn and Asp516Val) rifampicin resistance, the Asp516Tyr substitution having never been previously described in R. equi. We observed that the standard DD method widely used in clinical laboratories may miss isolates with RpoB substitutions, such as strains #34 and #35 with substitutions His526Asn and Asp516Val respectively.

Further studies are needed to define specific R. equi clinical breakpoints for rifampicin and macrolides used in combination to treat R. equi infections.

Haenni for discussions on antibiotic resistance (ANSES, Lyon Laboratory). We also wish to thank Delphine Libby-Claybrough, professional translator and native English speaker, for her editorial assistance. The ANSES Laboratory for Animal Health, Normandy site, is a member of the equine research scientific interest group "GIS Centaure" and the authors are grateful to the Regional Council of Normandy for providing an excellent scientific and work environment. previously reported as correlated with low-level rifampicin resistance, and observed respectively in the strain #34 (susceptible to rifampicin by DD with a MIC of 4 µg/ml) and in the strain #35 (susceptible to rifampicin by DD with a MIC of 1 µg/ml). Both strains were isolated from the animal no. 25 during which ten other strains were also isolated, all being non-susceptible to rifampicin by DD with MICs of 8 to 1024 µg/ml. b Same animal (no. 25) but different sample sources; the strain from the faeces was isolated two days before necropsy.

c From the atypical outbreak of R. equi infections in adult ponies on Mayotte in 2012 [START_REF] Tapprest | Major outbreak of rhodococcosis in adult equidae[END_REF]. d PCR and MLST results extracted from Duquesne et al. [START_REF] Duquesne | Development of a multilocus sequence typing scheme for Rhodococcus equi[END_REF]. +, detected; -, not detected; ND, not determined.

e No virulence plasmid was detected. f 30-µg rifampicin inhibition zone diameters (mm) and rifampicin MICs (µg/ml) were determined respectively by DD and BMD.

g The rifampicin susceptibility of the reference ATCC 33701 and 103S strains was taken from the literature [START_REF] Fines | Characterization of mutations in the rpoB gene associated with rifampin resistance in Rhodococcus equi isolated from foals[END_REF][START_REF] Letek | The Genome of a Pathogenic Rhodococcus: Cooptive Virulence Underpinned by Key Gene Acquisitions[END_REF]. 

Fig. 1 .

 1 Fig. 1. Phylogenetic tree of R. equi species based on MLST sequences. The maximum likelihood phylogenetic tree was based on the alignment of 4017-bp concatenated DNA sequences of the seven MLST loci for 37 R. equi STs recorded in the Rhodococcus MLST database (https://pubmlst.org/rhodococcus/) and the new one, ST43, obtained in this study. The tree was rooted with the ST06-concatenated sequences of the Rhodococcus sp. MBE 538 strain as the outgroup, extracted from the Rhodococcus MLST database. The bootstrap values were calculated from 1000 replications. The black arrows represent the STs of the 40 strains studied and R. equi ATCC 33701. The RpoB profiles I to XIV are indicated after the black arrows with in parentheses the number of horses concerned; the year of collection was indicated when animals were concerned with the isolation of rifampicin non-susceptible strains. a , His526Asp or Ser531Leu correlated with high-level rifampicin resistance; b , Asp516Tyr correlated with low-level rifampicin resistance; c , His526Asn or Asp516Val

Fig. 2 .

 2 Fig. 2. Schematic positions of RpoB substitutions in the 40 R. equi strains studied. A: Map of the E. coli RpoB with the location of rifampicin cluster I (507 to 533), II (563 to 572), and III (687). B: Distribution of substitutions observed in RpoB amino acid sequences 477 to 705 (E. coli numbering). Fourteen RpoB amino acid sequences, artificially named RpoB profiles I to XIV, were observed, including the wild-type RpoB (GenBank accession no. CBH49657). The rifampicin MICs determined by BMD are indicated.

Fig. 3 .

 3 Fig. 3. Distribution of rifampicin inhibition zone diameters and MICs as determined by respectively disc diffusion and broth macrodilution methods. Vertical solid lines represent the interpretative zone diameter breakpoints for Staphylococcus spp. and Streptococcus spp. (35) and the vertical dotted line represents a proposed interpretative susceptible zone diameter breakpoint for R. equi. The strain frequency per square is not represented; one square may contain the results from one to seven strains. The amino acid substitutions observed in RpoB cluster I are indicated. S, susceptible; R, resistant.

513b

  Breakpoints for azithromycin and clarithromycin are the same as for erythromycin. 514 c Approved by the CASFM (35) for Staphylococcus spp. and Streptococcus spp.

515d

  The indicator of resistance was defined as the ratio between the number of non-susceptible 516 strains and the total number of strains (n=40). Their confidence intervals (CI) were calculated 517 using the exact binomial method. to DD results. b new substitutions reported in this study. Strain ID in the study Rifampicin MIC (µg/ml) RpoB profile ATCC 33701 and 103S (accession no. CBH49657) ND a I (wild type) #04, #05, #06, #09, #15, #16, #22, #26, #38, #39 0#03, #07, #08, #19, #21, #29, #20, #27, #28, #30, #31, #32, #37 128 -1024 XIV
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