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ABSTRACT  
New therapeutic approaches are needed against Mycobacterum abscessus, a respiratory mycobacterial pathogen that evades efforts to successfully treat infected patients. Repositioning of clofazimine and bedaquiline, two drugs utsed for the treatment of multi-drug resistant tuberculosis, are being considered as alternatives for the treatment in lung diseases caused by M. abscessus. Herein, with the aim to understand the mechanism of action of these agents in M. abscessus, we sought to determine the means by which M. abscessus can develop resistance. Spontaneous resistant strains selected on clofazimine, followed by whole-genome sequencing, identified mutations in MAB_2299c, coding a TetR transcriptional regulator. Unexpectedly, these mutants were also co-resistant to bedaquiline. MAB_2299c was found to bind to its target DNA located upstream of the divergently orientated MAB_2300/MAB_2301 gene cluster, encoding MmpS/MmpL membrane proteins. Point mutations or deletion of MAB_2299c were associated with concomitant up-regulation of the MmpS/MmpL transcripts and accounted for this cross-resistance. That overproduction of MAB_2300/MAB_2301 in a susceptible strain also led to increased cross-resistance indicates that resistance relies on the efflux of both drugs outside of the bacteria. Overall, these results expand our knowledge with respect to the regulatory mechanisms the MmpL familly of proteins and on a novel mechanism of drug resistance in this difficult-to-treat respiratory mycobacterial pathogen. Therefore, MAB_2299c may represent an important marker or resistance to be considered for the treatment of M. abscessus disases with clofazimine and bedaquiline in clinical settings. 




INTRODUCTION

Mycobacterium abscessus is an emerging non-tuberculous mycobacterium (NTM), commonly associated with contaminated traumatic skin wounds or post-surgical soft tissue infections (1). Among the rapid-growers, M. abscessus represents also the most frequently isolated species in cystic fibrosis (CF) patients with a prevalence of 3-6% in this population (2) or in patients with other underlying lung disorders such as non-CF bronchiectasis and chronic obstructive pulmonary disease (COPD), resuting in nodular and cavitary granulomas and persistent lung infection (3–6). CF patients with chronic M. abscessus infection have greater rates of lung function decline than those with no NTM infections (7). Recent surveys are outlining M. abscessus as a major threat in many CF centers worldwide (5) and this alarming situation even worsened by epidemiological studies documenting the transmission of dominant circulating M. abscessus clones that have spread globally between hospitals via fomites and aerosols (8). In addition, lung infections caused by M. abscessus remain extremely difficult to treat, mainly because of its natural resistance to most current available antibiotics (9). The prognosis of pulmonary infections is poor, particularly in the context of CF, with a cure rate of 30-50% in spite of lengthy courses of antibioitics often complemented by surgery (10). In contrast to many other NTM infections, antibiotherapy against M. abscessus often fails, leading to lasting sputum conversion and no antibiotic regimen reliably cures these infections (3, 11–14). 
There is an important medical need to discover and develop more efficient and safer treatments against M. abscessus. The proposed strategy for fueling a drug pipeline can rely on i) de novo drug discovery to identify new pharmacophores and targets, ii) repurposing known drugs to new indications such as for the treatment of M. abscesus infections or iii) the repositioning of antibiotics acting against pharmacologically validated targets but developed for other infectious diseases (15). Among the repositioned drugs gaining interest, clofazimine (CFZ) and bédaquiline (BDQ) are currently being evaluated in clinical trials against M. abscessus pulmonary infectious. 
The riminophenazine, clofazimine (CFZ), is a lipophilic agent with cationic amphiphilic properties used as an anti-leprosy drug and currently repurposed as an anti-TB drug (16). CFZ has also unique characteristics such a slow metabolic elimination, preferential accumulation inside macrophages and low incidence of drug resistance (16). In M. tuberculosis CFZ acts as a prodrug, which is reduced by the NADH dehydrogenase (Ndh2) and, upon spontaneous reoxidation by O2, releases reactive oxygen species (ROS) (17), explaining why high resistance levels to clofazimine is rare. Due to the recent widespread of M. abscessus, there has been a renewed interest in the repurposing of CFZ for the treatment of M. abscessus infections. In vitro studies reported the efficacy of CFZ in multidrug regimens for M. abscessus infections with synergistic activity with amikacin (18, 19) or tigecycline (20). CFZ was also found to prevent regrowth of M. abscessus exposed to clarithromycin and amikacin (13). Although CFZ has been increasingly used in the treatment of lung diseases in clinical practice (10, 21), only limited data on its effectiveness are available. In one study, CFZ was found to be safe, reasonably tolerated and active when given orally for NTM infections including M. abscessus infections, and prosposed as an alternative drug for treatment of NTM diseases (22). In another study, CFZ-containing regimens have also shown improved treatment outcomes in patients with pulmonary diseases due to M. abscessus (23).
Bedaquiline (BDQ) is a diarylquinoline antibiotic, approved by the Food and Drug Administration and the European Medicines Agency for the treatment of multidrug-resistant tuberculosis MDR-TB (24). BDQ acts by targeting the c subunit of the essential F0F1 ATP synthase (25–28) and studies have also proposed that it may inhibit the ATP synthase via another mechanism involving also the ε subunit of the enzyme in addition to binding to its c subunit (29, 30). BDQ exhibits very low MICs against various NTMs, including M. abscessus clinical isolates from CF and non-CF patients (31–33) but, despite being an excellent growth inhibitor at low doses, it lacks bactericidal activity against M. abscessus (31). BDQ is also highly efficient in protecting M. abscessus-infected zebrafish larvae from killing and in reducing the pathophysiological signs such as abscess and cords. The mode of action of BDQ in M. abscessus has also been resolved, relying on a rapid ATP depletion and further demonstrated by genetically transferring single point mutations in atpE, which conferred high resistance levels to the drug (23). However, studies in immunocompromized mice models led to conflictual conclusions, reporting on the one hand a benefit of BDQ in reducing bacterial loads in GKO mice (34) and, on the other hand, no decrease of bacillary loads in the lungs and prevention of death in nude mice (35). Preliminary results of BDQ as salvage therapy for pulmonary infections with M. avium or M. abscessus suggested that BDQ has clinical activity but its efficacy appears to be relatively moderate as suggested by a low sputum culture conversion rate (36). Therefore, the clinical utility of BDQ against M. abscessus infections requires further studies. 
To further delineate the mechanism of action of CFZ and BDQ in M. abscessus, we sought to determine the means by which M. abscessus can develop resistance to these agents. Herein, mutations were identified in a new TetR regulator MAB_2299c, which were associated with low resistance levels to both CFZ and BDQ. Genetic and biochemical analyses were applied to determine the specificity of this regulatory system in M. abscessus and to describe the contribution of a key residue important in driving the DNA-binding activity of MAB_2299c to its operator. The results expand our knowledge with respect to the regulatory mechanisms the MmpL family of efflux pumps and on a novel mechanism of drug resistance in M. abscessus.


MATERIALS AND METHODS
Plasmids, strains, growth conditions and reagents. M. abscessus subsp. abscessus CIP104536T reference strain and all derived mutant strains are listed in Table S1. Strains were grown  in Middlebrook 7H9 broth (BD Difco) supplemented with 0.05% Tween 80 (Sigma-Aldrich) and 10% oleic acid, albumin, dextrose, catalase (OADC enrichment; BD Difco) (7H9T/OADC) at 30°C or in Sauton’s medium in the presence of antibiotics, when required. On plates, colonies were selected either on Middlebrook 7H10 agar (BD Difco) supplemented with 10% OADC enrichment (7H10OADC) or on LB agar. All drugs were purchased from Sigma-Aldrich. 

Bacterial strains. M. abscessus CIP104536T was routinely grown and maintained at 30°C in Middlebrook 7H9 broth (BD Difco) supplemented with 0.05% Tween 80 (Sigma-Aldrich) and 10% oleic acid, albumin, dextrose, catalase (OADC enrichment; BD Difco) (7H9T/OADC) or on Middlebrook 7H10 agar (BD Difco) containing 10% OADC enrichment (7H10OADC) and in the presence of antibiotics, when required. 

Drug susceptibility testing. The minimal inhibitory concentrations (MIC) were determined on Middlebrook 7H10OADC agar plates. The MIC99 is defined as the minimal drug concentration required to inhibit 99% growth were recorded by counting the colonies obtained after 3-4 days of incubation at 30°C. All experiments were done in three independent occasions. 

Selection of spontaneous resistant mutants. 
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DNA constructs. For expression of MAB_2299c  in E. coli, MAB_2299c was PCR-amplified from the genomic DNA of M. abscessus CIP104536T  using primers MAB_2299c_Fw and MAB_2299c_Rv (Table S1) with the Phusion Polymerase (Thermo Fischer Scientific). The allele carrying the L40W mutation was amplified from strain CFZ-R1 using the same primers. PCR products were then were cloned into pET32a cut with KpnI and HindIII, allowing to introduce thioredoxin and poly-histidine tags at the N-terminus of the proteins. A tobacco echt-virus cleavage site was also incorporated  before the 1st codon of the protein to remove the tags fomr the rest of the protein.
To overexpress the MmpS/MmpL pairs in M. abscessus, MAB_2300/MAB_2301 and MAB_2302/MAB_2303 were cloned under the control of the constitutive hsp60 promoter in pMV261 (37). MAB_2300/MAB_2301 was first amplified by two separate PCR ractions. Briefly, the first PCR was performed using OvExp-MAB_2300/01_Fw primer amplifying from the 2nd nucleotide of MAB_2300 and with the OvExp-MAB_2300/01_Rv1 amplifying the end of the MAB_2301 gene and containing the sequence of the human influenza hemagglutinin tag (HA-tag). The PCR product was gel-purified and used as a template for the second PCR using same forward primer and the OvExp-MAB_2300/01_Rv2 incorporating an EcoRI restriction site (Table S1). The blunt/EcoRI digested MAB_2300/MAB_01 insert was cloned into the MscI/EcoRI-restricted pMV261. MAB_2302/MAB_2303 was amplified by a single PCR step using the OvExp-MAB_2300/01 primers (Table S1) and the PCR product was digested with EcoRI/AflII and cloned into the pMV261 cut with the same enzymes.
To complement the M. abscessus ΔMAB_2299c mutant, MAB_2299c was PCR-amplified using the Compl_MAB_2299c primers (Table S1). The amplicon was then digested with EcoRI and ligated into the pMV261 digested with MscI and EcoRI, allowing the constitutive overexpression of MAB_2299c under the hsp60 promoter. 

Quantitative real-time PCR. Isolation of RNA, reverse transcription and qRT-PCR were done as reported earlier (38) using the primers listed in Table S1.

Expression and purification of MAB_2299c variants. E.  coli BL21 Rosetta 2 (DE3) strain (Novagen) was transformed with the pET32a constructs containing either the wild-type or the mutated MAB_2299c gene harbouring L40W mutatation. Protein expression was made in Luria-Bertani (LB) medium containing 200 µg/mL of ampicillin and 30 µg/mL chloramphenicol. When the OD600 of 0.6-1 was reached, the cultures undergone a 30 min cold-shock in icy water prior to protein synthesis induction with 1 mM of isopropyl -D-1-thiogalactopyranoside (IPTG). Cultures were then grown for 20 hrs at 16°C prior centrifugation (6000 x g, 4°C, 20 min). Bacterial pellets were resuspended in lysis buffer (50mM Tris-HCl pH 8, 200 mM NaCl, 20 mM imidazole, 1mM benzamidine, 5 mM -mercaptoethanol) and the cells were break-open by sonication before the lysates were clarified by an additional step of centrifugation (16 000 x g, 4°C, 45 min). Proteins were then purified by a first ion metal affinity chromatography (IMAC) (Ni-NTA Sepharose, GE Healthcare Life Sciences). Eluted proteins were dialyzed overnight at 4°C against a buffer (50 mM Tris-HCl pH 8, 200 mM NaCl, 5 mM -mercaptoethanol) containing the TEV protease to cleave the two fusion tags (thioredoxin, His-tag) from the MAB_2299c variants. The dialyzed proteins were subjected to a second IMAC step before being further purified by cation exchange chromatography (HiTrap SP Sepharose Fast Flow, GE Healthcare Life Sciences) and finally by a last step of size exclusion chromatography (SEC) (ENrich SEC 650, BioRad) using an elution buffer containing 50 mM Tris-HCl pH 8, 200 mM NaCl and 5 mM -mercaptoethanol.

Electrophoretic mobility shift assays (EMSA). Using the MEME Suite 4.20.0 online tool, a DNA operator of 64 nucleotides was identified containing two perfect palindromes and a degenerated double repeat sequence within the intergenic region between MAB_2299c and MAB_2300. Thus the 64 bp double stranded (Probe A) was labelled in 5’ with fluorescein (Sigma-Aldrich) and incubated for 1 hr at room temperature in a 1X Tris Base/acetic acid/EDTA buffer (TAE) with increasing amounts of MAB_2299c or and MAB_2299c (L40W). After a 30 min of electrophoresis in 1X TAE buffer at 100 V, gel shifts were revealed by fluorescence using an Amersham Imager 600 (GE Healthcare Life Sciences). This native DNA operator as well as mutated probes are listed in Table S1.
The 373 bp intergenic region located between MAB_2299c and MAB_2300 and the three overlapping probes covering the entire intergenic region between MAB_2301 and MAB_2302 (Table S1) were amplified using a similar strategy and subjected EMSA using purified MAB_2299c. 

Isolation of the MAB_2299c:Probe A complex by SEC. The protein/DNA complex formation was assessed by high performance liquid chromatography (HPLC) using an AKTA pure 25M chromatography system GE Healthcare Life Sciences) on an ENrichTM SEC 650 (BioRad). The DNA alone, protein alone and the protein:DNA mixture were eluted at 4°C at a flow reate of 0.4 mL/min in a buffer 50 mM Tris-HCl pH 8, 200 mM NaCl, 5 mM -mercaptoethanol. 60 mg of Probe A were independently 186 mg of MAB_2299c loaded onto the column. A mix of 60 µg Probe A and 186 µg  MAB_2299c was co-incubated 1 hr at room temperature and loaded onto the column. 21 µg of a 45 bp DNA Operator targeted by the TetR regulator MAB_4384 was loaded onto the column. As a negative control, 21 µg of this DNA fragment was co-incubated with 186 µg of MAB_2299c and passed through the HPLC.

Generation of the MAB_2299c recombineering plasmid. To generate the pUX1-katG used to perform gene disruption by two-step homologous recombination in this study, the M. tuberculosis katG gene was first PCR amplified using the overlap extension mutagenesis approach (39) in order to introduce a synonymous mutation in the gene removing an NheI restriction site. Briefly, two separate PCR reactions were setup either containing the primer set katG_outer_Fw and katG_inner_Rev or the primer set katG_inner_Fw and katG_outer_Rev, purified genomic DNA from M. abscessus and Phusion polymerase (Finnzymes). The PCR products were purified and added (10 ng each) to a new Phusion polymerase PCR reaction mixture without any primers or genomic DNA. This mixture was then subjected to two cycles of 95°C for 30 s, 55°C for 2 min and 72°C for 3 min before the outer primers were added and 25 more cycles of 95°C for 10 sec, 55°C for 30 sec and 72°C for 2 min were performed. The final PCR product was AvrII-digested and ligated to AvrII-XmnI-linearized pUX1 to produce pUX1-katG. To generate pUX1-katG-MAB_2299c, the same overlap extension approach described above, but with outer and inner primers specific for MAB_2299c, was first used to generate a single fused PCR amplicon containing 1 kb up- and downstream sequences of MAB_2299c effectively carrying a 560 bp deletion in the 666 bp MAB_2299c open reading frame. This PCR product was NheI digested and ligated to NheI-XmnI-linearized pUX1-katG to produce pUX1-katG-MAB_2299c.

Unmarked deletion of MAB_2299c in M. abscessus. The generation of an unmarked MAB_2299c deletion in M. abscessus relied on two separate homologous recombination events. First, highly electrocompetent M. abscessus was transformed with pUX1-katG-MAB_2299, as previously described (40). Kanamycin-resistant (growing at 200 µg/ml), red fluorescent colonies were selected were broth cultured in the presence of kanamycin and subjected to PCR screening using either the primer set MAB_2299_U_scrn_Fw and MAB_2299_U_scrn_Rev or the primer set MAB_2299_D_scrn_Fw MAB_2299_D_scrn_Rev. Based on the PCR product sizes obtained using the two primer sets, clones were identified that had undergone a single homologous recombination event in either the upstream or downstream sequences flanking MAB_2299c. Positive clones were 10-fold-serially diluted and the dilutions plated on 7H10 agar plates containing 50 µg/ml isoniazid (INH). INH-resistant, non-fluorescent colonies were selected and used to inoculate broth cultures. These cultures were confirmed to be kanamycin sensitive and used to extract and purify genomic DNA, which was subsequently used as template in the same PCR screening reactions described above to identify clones that had undergone a second homologous recombination event effectively deleting 85% of the MAB_2299 open reading frame from the M. abscessus genome. PCR products were sequenced and special attention was paid in the subsequent analyses of sequencing data to verify the correct junctions between cloned sequences and chromosomal sequences so as to exclude the possibility of spurious PCR amplification products.

RESULTS

Mutations in MAB_2299c confer co-resistance to CFZ and BDQ. 
With the aim of identifying a mechanism of resistance to CFZ in M. abscessus, 6 spontaneous resistant strains growing on agar plates containing CFZ were selected. All 6 resistors were isolated using the reference CIP104536 S strain, exhibiting low resistance levels (MIC of 8 µg/ml) as compared to the parental strain (MIC of 4 µg/ml) (Table 1). Whole-genome sequencing identified mutations in the MAB_2299c locus in all 6 mutants, which were subsequently confirmed by PCR amplification and sequencing. This approach identified single nucleotide polymorphisms (SNP) in mutants CFZ-R1 (L40W replacement), CFZ-R4 (stop codon due to a frameshift), CFZ-R7 (L151P replacement) and CFZ-R9 (G215S replacement), as well as a single nucleotide deletion in CFZ-R3 or a single nucleotide insertion in CFZ-R6, leading to stop codons (Table 1). These observations converge to a prominent role of MAB_2299c in the CFZ resistance phenotype. Interestingly, all 6 CFZ-resistant mutants were also co-resistant to BDQ, with MIC levels of 2 µg/ml, corresponding to a 4-fold increased resistance as compared to the parental strain (Table 1). In contrast, all mutants remained susceptible to amikacin (AMK). These results imply that mutations in MAB_2299c confer co-resistance to CFZ and BDQ but not to AMK, pointing out a unique resistance mechanism.

MAB_2299c encodes a TetR repressor controlling expression of a specific MmpS/MmpL efflux pump. 
Sequence alignments and BLAST analyses indicated that MAB_2299c encodes a putative TetR transcriptional regulator. TetR family members possess a conserved N-terminal helix-turn-helix (HTH) DNA-binding domain and a C-terminal ligand regulatory domain and are commonly associated with antibiotic resistance by regulating expression of genes coding for multidrug resistance efflux pumps (41). Interestingly, the two gene couples (MAB_2300/2301 and MAB_2302/2303) adjacent to MAB_2299c and transcribed in the opposite direction, code for MmpS (MAB_2300 and MAB_2302) and MmpL (MAB_2301 and MAB_2303) membrane proteins (Fig. 1). MmpL proteins a part of the superfamily of RND (Resistance, Nodulation and Division) transporters, and reported to act as efflux pumps for azoles, CFZ and BDQ in M. tuberculosis (42, 43) and for thiacetazone analogues in M. abscessus (38, 44).  
To explore whether the TetR regulators MAB_2299c controls expression of the neighbouring mmpS/mmpL genes, quantitative PCR was first performed in both the parental M. abscessus S strain and in the 6 CFZ/BDQ-resistant derivatives harbouring the various MAB_2299c alleles. The results clearly show induction of both the MAB_2300 and the MAB_2301 transcripts in all 6 mutants (Fig. 1B). The expression levels of tgs1, encoding the triacylglylcerol synthase involved in the synthesis and accumulation of triglycerides in M. abscessus (45) were included as unrelated gene controls and found to remain unchanged in the various strains tested (Fig. 1B). In contrast, no induction of the expression levels of MAB_2302 and MAB_2303 transcripts were observed in the different mutant strains (Fig. 1B). These results suggest that MAB_2299c represses expression of only the MAB_2300/2301 mmpS/mmpL pair. 

MAB_2299c binds to a palindromic sequence upstream of MAB_2300.
Using MEME, a motif-based sequence analysis tool (46), a DNA segment within the  373 bp intergenic region IR2300/01 was identified, harboring two palindromic sequences as well as two degenerated repeated motifs (Fig. 1A). To test whether this 64 bp fragment represents a DNA binding site for MAB_2299c, electrophoretic mobility shift assays (EMSA) were performed using increasing concentrations of purified MAB_2299c expressed in E. coli in the presence of the corresponding labeled fragment (Probe A; Fig. 1B). Under these conditions, a DNA-protein complex was detected. Specificity of binding was demonstrated in a competition assay by adding increasing concentrations of the corresponding unlabelled DNA fragment  (cold probe), which led to a dose-dependent decrease in the DNA-protein complex formation (Fig. 1B). Moreover, in the presence of an excess of a non-related probe, the shift was maintained, further indicating that a specific protein-DNA complex was formed only when the TetR regulator was incubated with DNA containing its specific target. These results were also confirmed by size exclusion chromatography where the MAB_2299c/ProbeA complex eluted at 11.53 ml and could be readily separated from the protein alone  (eluted at 11.64 ml) or the DNA target (eluted at 11.35 ml) (Fig 1C, upper panel). In contrast, no protein/DNA complex was eluted when MBA_2299c was incubated with the DNA target from MAB_4394, a previously characterized TetR regulators in M. abscessus (24) (Fig 1C, lower panel), further highlighting the specificity of the MAB_2299c/IR2300/01 interaction.
Screening the entire 863 bp IR2302/2303 located upstream the second mmpS/mmpL pair (Fig. 1A) using MEME failed to identify repeated inverted motifs that look similar to the ones found in IR2300/01, suggesting the regulator is unlikely to recognize a DNA binding sequence in the upstream region of MAB_2302/MAB_2303. To confirm this hypothesis, EMSAs were done by incubating MAB_2299c with inscreasing concentrations of 3 overlapping probes covering the entire IR2302/03 region (Fig. S1A). As shown in Fig. S1B,  even at the highest protein concentration tested, no protein/DNA complexes were observed with either of the three probes. These results are in agreement with the qRT-PCR results (Fig. 1B) and support the view that MAB_2299c is unable to bind to IR2302/03 and to regulate the expression of the second mmpS/mmpL couple.
Overall, these results confirm the strict DNA sequence requirements for optimal binding of MAB_2299c to IR2300/01.

Leu40 is critical for optimal DNA-binding activity of MAB_2299c.
To get insights into the mechanisms by which the different point mutations in CFZ-R1, CFZ-R7 and CFZ-R9 confer resistance to CFZ and BDQ, the three corresponding MAB_2299c alleles were cloned into pET32a and introduced in E. coli for expression. Fig. 2D shows that although the 3 mutated proteins were highly expressed, only a very small fraction of the L40W protein was found in the soluble fraction, whereas the vast majority of the L151P and G215S mutants remained insoluble. Despite many attemps and using large E. coli cultures, we failed at obtaining enough soluble L151P and G215S proteins for subsequent purification but succeeded in generating the L40W derivative in a soluble form. Due to its localization within the N-terminal domain of TetR regulator, known to participate the DNA-binding activity of the protein (41), we addressed whether the L40W substitution, confering resistance to CFZ and BDQ, affects the DNA-binding activity of MAB_2299c. EMSA were therefore performed using purified MAB_299c (L40W) and probe A. As compared to the shift profile with wild-type MAB_2299c, the formation of the DNA-protein complex was severely impaired in the presence of the mutated protein, even at high protein concentrations (Fig. 2E. 
Overall, these results support the importance of Leu40 in the DNA-binding capacity of MAB_2299c and the impaired ability of the mutants to bind to the operator region, in agreement with the derepression of MAB_2300/MAB_2301 transcription in the CFZ-R1 M. abscessus strain carrying the L40W substitution (Fig. 1B).

Unmarked deletion of MAB_2299c leads to up-regulation of the MAB_2300/2301 efflux pump and co-resistance to CFZ and BDQ.
Because point mutations or premature stop codons in the MAB_2299c mutants do not prevent the altered proteins to interact with other protein partners/DNA sequences and eventually generate abherant phenotypes, we further confirmed the contribution of MAB_2299c in the susceptibility/resistance profile to CFZ and BDQ by generating a M. abscessus deletion mutant. To this aim, we exploited the recently reported success with the katG gene of M. tuberculosis as a counter-selectable marker in a two-step homologous recombination procedure to generate scar-less, unmarked deletion mutants of M. abscessus, naturally resistant to isoniazid due to a native KatG that is inefficient at activating the prodrug (47), and a flexible suicide vector, pUX1, that we recently developed allowing easy isolation of bacterial colonies that have undergone a first homologous recombination through the presence of the brightly red fluorescent tdTomato marker (40). The different steps of this method leading to unmarked MAB_2299c deletion are depicted in Fig. 3A. As a first step, sequences of approximately 1 kb directly up- and downstream of a 560 bp internal fragment of the 666 bp MAB_2299 open reading frame were cloned adjacently into pUX1-katG. After transformation of M. abscessus with pUX1-katG-MAB_2299, colonies that had undergone a first homologous recombination between the plasmid and the bacterial chromosome either up- or downstream of the MAB_2299 gene were easily identified by their red fluorescence against a large background of colonies spontaneously resistant to the selective antibiotics. After a single passage in liquid culture, the MAB_2299 single cross-over clones were serially diluted and the dilutions plated on INH-containing solid medium. Clones that became INH-resistant, non-fluorescent and kanamycin-sensitive arose at an approximate frequency of 10-4 to 10-3 cfu/ml were selected and subsequently genotyped to confirm correct unmarked deletion of MAB_2299 by PCR/sequencing analysis (Fig. 3B).
This unmarked deletion mutant, designated MAB_2299c, was subjected to qRT-PCR analysis. The results in Fig. 4A clearly show a 5-fold increased change in the transcription level of MAB_2300 and MAB_2301, but not of MAB_2302 and MAB_2303. Interestingly, these induction levels were comparable to those found in CFZ-R6. In agreement with the qRT-PCR results performed using the various CFZ spontaneous mutants, MAB_2299c gene deletion did not affect expression of the MAB_2302/MAB_2303 couple. As expected, the CFZ/BDQ susceptibility pattern of MAB_2299c was comparable to the one of CFZ-R1 (Fig. 4B). Both strains displayed enhanced growth on agar supplemented with increasing concentrations of BDQ (middle panels) or CFZ (lower panels) when, under the same conditions the parental M. abscessus strain failed to grow. That this resistance phenotype was restricted to CFZ and BDQ only was supported by similar growth and susceptibility to AMK of all strain strains (upper panels). Quantification of the resistance levels to these antibiotics was done by determining the MIC of all 3 strains (Table 3).  
Complementation of MAB_2299c with 2299c in pMV261 is currently under way



DISCUSSION 
M. abscessus has recently emerged as one of the most clinically relevant NTM (8, 14) and accounts for more than 80% of all pulmonary infections caused by rapid-growing mycobacteria (48). It poses a serious threat, particularly in patients suffereing from lungs disorders such as CF or bronchiectasis (14, 48). Infection with M. abscesuss can occasionally be fatal (48, 49) which can rely on the extreme difficulty to treat patients due to the intrinsic and broad antibiotic resistance conferred by an impermeable cell envelope, the presence of drug modifying enzymes and a large abundance of efflux pumps (3, 11, 50). Therefore, to reach an unmet medical need in the treatment of M. abscessus diseases, the repositioning of the anti-TB drugs CFZ and BDQ has recently been evaluated in clinical trials, although data related to their mode of action and/or resistance mechanisms in M. abscessus remain very scarce. 
In this study, whole-genome sequencing of in vitro-selected mutants co-resistant to CFZ and BDQ identified mutations in MAB_2299c, subsequently confirmed by PCR/sequencing. MAB_2299c belongs to the TetR family of transcriptional regulators, representing the most abundant family of regulators in mycobacteria (51). In line with the general assumption that 60% of the TetR regulators are divergently oriented with their neighbor genes, MAB_2299c was found in the opposite orientation relative to its MAB_2300/MAB_2301 target genes. That the different point mutations identified (L40W, L151P and G215S) were associated with similar fold increase in up-regulation of MAB_2300/MAB_2301 in the mutants carrying  premature stop codons, suggested a loss of DNA-binding activity, resulting in derepression of the MAB_2300/MAB_2301 gene expression. This hypothesis was confirmed by EMSA clearly demonstrating an impaired DNA-binding activity of the L40W mutant, with Leu40 being located in the N-terminal domain that carries the DNA-binding  activity in TetR regulators (41). The L151P and G215S mutated proteins, albeit being expressed in high yields in E. coli, remained largely insoluble, suggesting that the L151 and G215 residues play a role in folding and/or stability of the MAB_2299c multimer. Therefore, substituting these important residues is very liketly to affect the overall structure of the regulator and, therefore, its biological activity. 
MAB_2300/MAB_2301 encodes a MmpS/MmpL efflux pump system, which is separated by an intergenic region from MAB_2302/MAB_2303 encoding a second putative efflux pump system. Whether MAB_2299c controls the expression of the first, the second or both MmpS/MmpL couples was addressed by quantitative RT-PCR. Our results clearly indicate that only MAB_2300/MAB_2301 is under the control of MAB_2299c and this specificity of regulation was further confirmed by functional complementation experiments of a MAB_2299c deletion mutant. Restoration of CFZ/BDQ susceptibility profile to wild-type levels could only be achieved following ectopic expression of MAB_2299c, but not of MAB_4384, another TetR protein regulating expression of the MmpS5/MmpL5 pair involved in resistance to thiacetazone analogues (38, 44). 
These findings involving an MmpL-dependent efflux mechanism are highly reminiscent to previous work in M. tuberculosis where resistance to azoles, CFZ and BDQ implicate a wide set of mutations in the Rv0678 regulator of the MarR family, and causing overexpression of the MmpS5/MmpL5 efflux pump (42, 43, 52, 53, 54). In addition, the level of resistance to both drugs in the M. tuberculosis Rv0678 mutants was similar to the one found in the M. abscessus MAB_2299c mutants. To comprehend why the MAB_2300/MAB_2301 couple participates in BDQ/CFZ extrusion, while the MAB_4383c/MAB_4382c that we previously identified as the closest ortholog in M. abscessus of MmpS5/MmpL5, rather excludes thiacetazone derivatives and not BDQ/CFZ (38), we performed multiple alignments and subsequent sequence identity determination of nucleotide and protein sequences of the seventeen MmpS/MmpL couples encoded by the M. abscessus genome (Table S2). Both the identity scores at nucleotide and protein level supported our previous observations that MAB_4383c/MAB_4382c is the closest orthologous couple to MmpS5/MmpL5 from M. tuberculosis. Interestingly, considering the protein sequence identity MAB_2301 is the second closest ortholog to MmpL5 from M. tuberculosis after MAB_4382c, explaining a functional similarity in CFZ/BDQ export. However, a full explanation of the differences in substrate specificity that exist between MmpS5/MmpL5 orthologs/paralogs will rely on the elucidation of the crystal structures of MmpS5/MmpL5 alone and more pertinently in complex with their substrates. Given the very high relatedness between MAB_2300 and other MmpLs in M. abscessus (Table S2), one cannot exclude the possibility of additional MmpLs to mediate cross-resistance to CFZ/BDQ. This can be investigated thanks to the new suicide vector-based approach (pUX1-katG) descrived in this study, which allows to easily and rapidly generate scarless, unmarked genetic alterations of the M. abscessus choromosome, largely facilitated by the presence of the brightly red fluorescent tdTomato marker and simplified cloning into the vector of sequences for homologous recombination relying on primer overlap extension PCR. 
In M. tuberculosis, efflux inhibition using efflux pump inhibitors such as verapamil or reserpine decrease the MIC of  BDQ and CFZ in vitro (54, 55). Whether these inhibitors would also potentiate the effect of CFZ and BDQ in resistant M. abscessus strains remains to be established. However, in both organisms, the co-resistance levels were low, around 4-fold greater as compared to their parental strains. This can be directly linked to the low up-regulation of the MAB_2300/MAB_2301 gene cluster under derepressed condition (MAB_2299c mutants or deletion strain). This contrasts also with the very high induction level reported previously for mmpS5/mmpL5 in MAB_4384 mutants or deletion strain, which accounted also for very high levels of resistance to thiacetazone analogues (38, 44). Overall, these observations, combined with the fact that M. abscessus possesses a very large mmpL repertoire (56) and also a high abundance of TetR transcriptional regulators, allows to speculate that similar efflux-based mechanisms to the one described in this study are employed by this pathogen to express its natural resistance pattern to many more antimicrobial agents.
 In summary, this study adds new functional and mechanistic insights into the TetR-dependent regulation of MmpL efflux pumps responsible for co-resistance to CFZ and BDQ in M. abscessus, which may have important clinical implications. 
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Table 1. Characteristics and drug susceptibility profile of 6 spontaneous CFZ-resistant M. abscessus strains. The mutants were derived from the CIP104536 S parental strain and selected in the presence of CFZ. MIC99 (µg/ml) were determined Middlebrook 7H10 broth. Single nucleotide polymorphisms (SNP) and/or indels were identified in MAB_2299c and corresponding amino acid changes are also indicated.


	Strains
	    CFZ     BDQ      AMK               Mutation in MAB_2299c
                                                       SNP/indel   AA change

	CIP104536 (S)
	      4          0.5           8                            -                 -                

	CFZ_R1                   
	      8          2              8                    t119g          L40W

	CFZ_R3
	      8          2              8                  c276del        P92*fs

	CFZ_R4
	      8          2              8                   g541t           E181*fs

	CFZ_R6
	      8          2              8                  ins318a         D106*fs

	CFZ_R7
	      8          2              8                    t452c           L151P

	CFZ_R9
	      8          2              8                     g643a         G215S












CFZ, clofazimine; BDQ, bedaquiline; AMK, amikacin.


FIGURE LEGENDS

Fig. 1. (A) Schematic representation of the genome organization of MAB_2299c and its two adjacent  the mmpS-mmpL couples (MAB_2300-MAB_2301 and MAB_2302-MAB_2303) in M. abscessus. The sizes and positions of the two intergenic regions (IR2300/01 and IR2302/03) are indicated. (B) Transcriptional expression of the MAB_2300-MAB_2303 genes in the parental M. abscessus strain and in 6 spontaneous mutants selected for resistance to CFZ and harbouring mutations in MAB_2299c. Results are expressed as fold induction levels in the mutants strains relative to the parental strain. Error bars indicate standard deviation. Relative gene expression was calculated using the 2-ΔΔCt method with E correction. Data is representative of three independent experiments.

Fig. 2. Binding activity of MAB_2299c to the intergenic region upstream of MAB_2300/MAB_2301. (A) Schematic representation of the 64 bp DNA operator identified within IR2300/01 corresponding  to Probe A. The oligonucleotides recognized by MAB_2299c is composed of two degenerated palindromes and two degenerated double repeats (underlined by dashed arrows). (B) EMSA and competition assays using the Probe A and purified MAB_2299c. Gel Shifts were revealed by fluorescence emission using a 5’ fluorescein-labeled Probe A. (C) Gel filtration Profiles of the free Probe A, free MAB_2299c and the TetR:DNA complex. Probe A (purple line) and MAB_2299c (green line) were isolated individually by size exclusion chromatography, displaying elution volumes of 12.35 mL and 13.64 mL respectively. When mixed together, a stable MAB_2299c:Probe A complex (red line) was also observed with an elution volume of 11.53 mL. The DNA target of the TetR regulator MAB_4384 (blue line) was elutes with 14.43 mL. However, when mixed to gether with MAB_2299c no protein/DNA complex was formed and both the DNA and protein were eluted separately (orange line). (D) Expression of the various MAB_2299c variants in E. coli. Lane 1: total crude extract; lane 2: clarified/soluble extract. The theoritical molecular mass of MAB_2299c-6His-TrxA is 41 420 Da.  (E) Impaired DNA-binding activity of MAB_2299c L40W mutant as shown by EMSA using either soluble MAB_2299c (WT) or MAB_2299c (L40W) proteins. Gel Shifts were revealed by fluorescence emission thanks to the fluorescein-labeled Probe A.

Fig. 3. Generation of an unmarked MAB_2299 deletion mutant in M. abscessus. (A) Line drawing illustrating the general protocol followed to ascertain the ΔMAB_2299  mutant. (B) Line drawing (left) of the chromosome context in Wt M. abscessus and in the ΔMAB_2299  mutant, also illustrating the PCR strategy followed to confirm deletion of MAB_2299.  The red and blue bars indicate the PCR products obtained during the screening of potential mutant clones. A gel (right) confirming the ΔMAB_2299 genotype. The red an blue bars correspond to the amplicons obtained in the left panel.

Fig. 4. An unmarked deletion mutant of MAB_2299 is resistant to clofazimine and bedaquiline. (A) qRT-PCR experiment showing induction of the mmpS-mmpL couple, MAB_2300-MAB_2301, but not MAB_2302-MAB_2303,  when MAB_2299 is deleted from the M. abscessus genome.  (B) Resistance to bedaquiline and clofazimine, but not to amikacin or imipenem, exhibited by the ΔMAB_2299 mutant.
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