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15 Abstract

16 Aims

17 We aimed to investigate the molecular mechanisms underlying the survival of Mycobacterium 
18 abscessus when faced with antibiotic combination therapy. By conducting evolution experiments and 
19 whole genome sequencing (WGS), we sought to identify genetic variants associated with stress 
20 response mechanisms, with a particular focus on drug survival and resistance. 

21 Methods and results

22 We conducted evolution experiments on M. abscessus, exposing the bacteria to a combination 
23 therapy of amikacin and rifabutin. Genetic mutations associated with increased antibiotic survival 
24 and altered susceptibility were subsequently identified by WGS. We focused on mutations that 
25 contribute to stress response mechanisms and tolerance. Of particular interest was a novel 
26 frameshift mutation in MAB_3509c, a gene of unknown function within the upstream open reading 
27 frame of whiB7. A MAB_3509c knockout mutant was constructed, and expression of downstream 
28 drug resistance genes was assessed by RT-qPCR. Mutation of MAB_3509c results in increased RNA 
29 levels of whiB7 and downstream stress response genes such as eis2, which is responsible for 
30 aminoglycoside resistance.

31 Conclusion

32 Our findings demonstrate the importance of whiB7 in the adaptive stress response in M. abscessus. 
33 Moreover, our results highlight the complexity of M. abscessus adapting to drug stress and 
34 underscore the need for further research.

35 Impact statement

36 Interventional therapy options for M. abscessus infections are severely limited, and antimicrobial 
37 resistance further restricts available treatments, leading to prolonged, poorly tolerated regimens 
38 with suboptimal outcomes. Here, we investigate a polymorphism in the upstream open reading 
39 frame of whiB7, which contributes to increased resistance in M. abscessus. Understanding the 
40 mechanisms behind WhiB7 induction offers novel insights into intrinsic resistance and may serve as a 
41 valuable tool in drug discovery. 
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45 Introduction

46 Bacterial infections rank among the foremost health threats in the 21st century (1). With an 
47 estimated 10.6 million infections and 1.3 million deaths in 2022, Mycobacterium tuberculosis is a 
48 bacterial pathogen of major importance, particularly in low-income countries, and global efforts to 
49 combat tuberculosis remain an absolute priority (2). At the same time, the incidence of non-
50 tuberculous mycobacterial (NTM) infections is on the rise, especially in high-income countries (3). 

51 Non-tuberculous mycobacteria comprise over 170 species, with Mycobacterium avium complex 
52 (MAC) and Mycobacterium abscessus complex (M. abscessus) emerging as significant causes of 
53 pulmonary disease (NTM-PD), particularly in vulnerable populations such as individuals with cystic 
54 fibrosis (CF) and other immunocompromising conditions (3, 4). While MAC infections account for 
55 most NTM-PD cases, M. abscessus infections, though less common (3-13% of NTM-PD cases), are far 
56 more challenging to treat (5). Notably, M. abscessus causes over 50% of NTM infections in CF 
57 patients, with a prevalence of 4.1% in this population (5, 6). Alarmingly, the global incidence of 
58 M. abscessus infections is rising as a result of improved detection and a genuine increase in infection 
59 rates (7).

60 Treatment options for M. abscessus NTM-PD are currently scarce due to the pathogen’s inherent 
61 drug resilience. Efficient treatment is further impeded by our limited understanding of pathogenesis, 
62 difficulties in subspecies identification, and substantial variation in treatment response among the 
63 three subspecies M. abscessus abscessus, M. abscessus bolletii and M. abscessus massiliense (8–10). 
64 Empirical treatment schemes of choice typically comprise a combination of a macrolide, imipenem or 
65 cefoxitin, and an intravenously administered aminoglycoside such as amikacin (AMK). These 
66 regimens typically last several months, followed by an additional year of treatment post-sputum 
67 conversion, and are poorly tolerated. In addition, success rates are disappointingly low (estimated at 
68 below 50%), which can largely be attributed to the pathogen’s resistance and tolerance mechanisms 
69 (8, 11–13).

70 M. abscessus exhibits a range of resistance mechanisms, encompassing both acquired resistance to 
71 aminoglycosides and fluoroquinolones, and intrinsic resistance mechanisms to most antibiotic 
72 classes. These resistance mechanisms are critical determinants of treatment success and pose 
73 significant challenges in clinical management (13–15). A well-documented example is macrolide 
74 resistance. Macrolides bind to 23S rRNA, thereby inhibiting bacterial protein synthesis (16). Acquired 
75 resistance to macrolides in M. abscessus is frequently associated with point mutations in the rrl gene, 
76 encoding 23S rRNA. The susceptibility of M. abscessus to macrolides, particularly azithromycin and 
77 clarithromycin (CLA), is crucial for treatment success. However, macrolide efficacy varies significantly 
78 among the three subspecies (10, 17). M. abscessus abscessus and M. abscessus bolletii exhibit 
79 reduced susceptibility to macrolides due to the presence of a functional erythromycin ribosome 
80 methyltransferase gene erm(41), whose gene product methylates 23S rRNA (17, 18). Low-level 
81 exposure to macrolides induces the mycobacterial transcriptional regulator WhiB7, which in turn 
82 activates erm(41) expression. Over time, drug-sensitive M. abscessus abscessus and M. abscessus 
83 bolletii strains can therefore develop high-level resistance if exposed to macrolides. Conversely, 
84 M. abscessus massiliense lacks a functional erm(41) gene, thereby maintaining prolonged sensitivity 
85 to these antibiotics (18). 
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86 Resistance to rifamycins also relies on well-known genetic determinants. These antibiotics inhibit 
87 bacterial transcription by binding to the rpoB-encoded β-subunit (RpoB) of the DNA-dependent RNA 
88 polymerase, and they form a cornerstone drug in the treatment of tuberculosis (19). However, 
89 rifamycins are rendered ineffective against M. abscessus by drug-modifying enzymes, oxidation 
90 enzymes (rox), and ribosylation enzymes (arr) (20). To address these limitations, modified rifamycins 
91 such as rifabutin (RFB) and rifaximin, are currently being explored (13, 21). 
92 Among the most effective antibiotics against M. abscessus are aminoglycosides of which AMK is a 
93 prime example. The latter exerts its antibacterial effects by binding to the 16S rRNA of the 30S 
94 ribosomal subunit, leading to the mistranslation of proteins. AMK is typically administered 
95 intravenously but inhaled formulations are also being explored (8, 22). Despite its potency, AMK’s 
96 severe adverse effects, including ototoxicity, nephrotoxicity, and tinnitus pose significant challenges 
97 to its therapeutical use (22, 23). Furthermore, various mutations in the 16S RNA binding site are 
98 known to confer resistance to high levels of AMK. Additionally, the susceptibility of M. abscessus to 
99 AMK is affected by WhiB7 as it activates expression of eis2 and aac(2’) encoding acetyltransferase 

100 enzymes that inactivate AMK (23).

101 Drug resistance is not the sole factor contributing to antibiotic survival as other survival mechanisms 
102 including tolerance and persistence also play a critical role in treatment failure. These mechanisms 
103 have been extensively studied in rapidly proliferating bacteria (24–26), and are now also a research 
104 topic of interest in mycobacteria. M. tuberculosis has been demonstrated to form small 
105 subpopulations of persister cells that display transient multidrug tolerance while being genetically 
106 identical to their susceptible kin (27). These persister cells typically exhibit reduced metabolic activity 
107 and low ATP levels. Various stressors are known to deplete energy resources, thereby fostering drug 
108 tolerance. In addition, impairing the biosynthesis of phthiocerol dimycocerosate (PDIM) has been 
109 shown to increase persister levels (28). Conversely, enhanced cellular respiration has been 
110 demonstrated to mitigate such tolerance (29). Current persistence research focuses on elucidating 
111 the roles of several key biological processes involved in asymmetric cell division, toxin-antitoxin 
112 systems, biofilms, sigma factors, and the mycobacterial stringent response in drug tolerance and 
113 survival (30). Despite M. abscessus's unique susceptibility and genetic profile, current persistence 
114 research only revolves around M. tuberculosis.

115 M. abscessus activates tailored responses to antibiotics, including drug-specific tolerance 
116 mechanisms like enzyme conversion, target protection, and metabolic shifts, though further 
117 validation is needed (15). Survival mechanisms often involve transcriptional regulators controlling 
118 genes with largely unknown functions in stress responses, leading to multidrug resistance (15, 31–
119 33). For instance, VapC5 induces a growth-arrested state, enhancing persister formation and drug 
120 survival by inactivating tRNASerCGA, thereby reprogramming its transcriptome to favor whiB7 
121 expression and facilitating drug survival against AMK and other ribosome-targeting antibiotics (34). 
122 These findings highlight the importance of physiological adaptation in drug survival, with the 
123 mycobacterial transcriptional regulator WhiB7 playing a seemingly pivotal role. Nonetheless, our 
124 understanding of the molecular mechanisms underpinning antibiotic survival in M. abscessus remains 
125 incomplete and fragmented. The current and future treatment regimens for M. abscessus continue 
126 to rely on combinations of antibiotics from different classes. This multi-drug approach is crucial for 
127 preventing drug resistance (35, 36). However, antibiotics within the regimen can provoke a stress 
128 response that impacts the efficacy of other antibiotics and despite combinational approaches, M. 
129 abscessus can accumulate mutations that confer tolerance and resistance. To elucidate the 
130 mutations responsible for drug survival in a multi-drug context, we conducted an experimental 
131 evolution study, selecting for surviving populations. 
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132 Our results led us to identify a novel frameshift mutation in MAB_3509c, located within the upstream 
133 open reading frame (uORF) of whiB7. This mutation confers significant resistance to AMK and alters 
134 CLA susceptibility by markedly increasing RNA levels of whiB7 and its downstream stress response 
135 genes, including eis2, which is implicated in aminoglycoside resistance. These findings underscore the 
136 pivotal role of whiB7 induction in conferring multidrug resistance in M. abscessus and illustrate the 
137 intricate mechanisms by which this pathogen adapts to antibiotic stress. Further investigation into 
138 these regulatory pathways is essential for developing more effective treatment strategies and 
139 improving clinical outcomes for patients suffering from these challenging infections.
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140 Materials and methods

141 Bacterial strains and growth conditions

142 M. abscessus ATCC19977 strains were cultivated at 37 °C while shaking at 110 rpm in Middlebrook 
143 7H9 (BD 271310) supplemented with 0.05% (vol/vol) Tween 80 (Sigma, P4780) and enriched with 
144 10% (vol/vol) OADC (BD 211886). Bacterial cultures were plated on Middelbrook 7H10 (BD 262710) 
145 agar plates supplemented with 0.05% (vol/vol) Tween 80 (Sigma, P4780), 0.5% (vol/vol) glycerol 
146 (Difco, 228220) and enriched with 10% (vol/vol) OADC (BD 211886) and incubated at 37 °C.

147 Construction of a MAB_3509c knockout (ΔuORF)

148 The MAB_3509c gene, located upstream of MAB_3508c (whiB7), was replaced by a Zeocin resistance 
149 cassette via recombineering as described previously (37). Briefly, M. abscessus expressing 
150 recombineering proteins from the pJV53 plasmid was electroporated with 500 ng allelic exchange 
151 substrate (AES), synthetized by GenScript. The AES was designed to preserve 48 bp and 41 bp at the 
152 beginning and end of the gene, respectively, and contains 1000 bp homologues arms up-and 
153 downstream of the targeted region, with a Zeocin resistance cassette inserted between the flanking 
154 regions (Table S1). Transformants were selected on agar plates containing 50 µg/mL Zeocin (Gibco, 
155 R25001). Recombinant clones were picked after 1 week of incubation at 37 °C and confirmed using 
156 PCR amplification followed by Sanger sequencing. Primer sequences are provided in Table S2.

157 Evolution under drug combination pressure 

158 A clear streak of M. abscessus was made, from which three ancestral colonies were picked and 
159 cultivated to an OD600 > 1. For each ancestor, the resulting culture was split over four flasks, three of 
160 which were parallelly treated with a combination of 100 µg/mL AMK (Sigma, A3650) and 10 µg/mL 
161 RFB (Sigma, R3501) and incubated statically at 37 °C. The fourth flask was treated with DMSO as a 
162 control. Bacterial populations were enumerated at days 0, 3, 5, 7, 10, and 14 through serial dilution 
163 in PBS and plating on agar plates, followed by incubation for 7 days at 37 °C. On day 7, 2 mL samples 
164 were spun down and washed three times with PBS. The resulting pellet was resuspended in 10 mL 
165 fresh antibiotic-free medium, and samples were again incubated. Following growth, cultures were 
166 diluted based on their OD600 values, using a calculated dilution factor that assumed a 3-hour 
167 doubling time to ensure they reached an OD600 of 1 the following day. Glycerol stocks were 
168 prepared from regrown cultures and stored at -80 °C. The remaining culture was used for 
169 enumeration and the construction of killing curves. 

170 Antimicrobial susceptibility testing

171 Cultures were assessed for the emergence of drug resistance using a resazurin microtiter assay 
172 (REMA) (38). The protocol was modified to allow the detection of low-frequency resistance in 
173 bacterial populations. In summary, cultures were grown to mid-log exponential phase and 
174 normalized to an OD600 of 0.4. Samples were diluted 300× in culture medium, and 200 µL was added 
175 to a 96-well microtiter plate containing serial 2-fold dilutions of antibiotics. The latter was prepared 
176 by transferring 0.5 µL of antibiotic solution to a 96-well microtiter plate using an Echo acoustic liquid 
177 handler. Bacteria were incubated in the presence of antibiotics for 72 hours at 37 °C, followed by the 
178 addition of 30 µL resazurin (0.1 mg/mL). After an additional 24-hour incubation, wells that remained 
179 blue were deemed negative for growth, while a color shift to pink was considered indicative for 
180 growth. Minimum inhibitory concentrations (MIC) were defined as the average concentration at 
181 which no color change was observed, i.e., it was visually indistinguishable from the “no bacteria” 
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182 control. MIC values were compared relative to a reference strain, which was included in each 
183 susceptibility assay. 

184 Whole genome sequencing (WGS)

185 Genomic DNA from selected clonal survivors was extracted using the ZR Fungal/Bacterial DNA 
186 Miniprep kit (Zymo Research) following the manufacturer’s protocols. WGS libraries were prepared 
187 using the Nextera XT DNA Library Preparation Kit (Illumina). Sequencing was performed on an 
188 Illumina NextSeq 550 platform, generating paired-end 75 bp reads. The trimmed reads were mapped 
189 to the reference genome of M. abscessus ATCC 19977 (GenBank accession number CU458896.1), and 
190 variants were identified using the CLC Genomics Workbench v21.0.5 (Qiagen) variant caller, with a 
191 minimum coverage of 10 and a minimum frequency of 10%. To detect low-frequency variants in 
192 mixed populations within the rifampicin resistance-determining region (RRDR) of rpoB, variants were 
193 identified at the read level, with manual filtering to exclude misalignments and sequencing artifacts.

194 Selection of clones surviving antibiotic treatment 

195 Undiluted, 10× diluted and 1000× diluted mixed populations obtained after rounds 3 and 4 of 
196 combination drug pressure were challenged on agar plates containing RFB at 32× and 128x the MIC 
197 (26.5 and 160 µg/mL, respectively). After 7 days of incubation at 37 °C, colonies were picked and 
198 regrown in antibiotic-free medium. A total of 59 colonies were screened for the presence of rpoB 
199 mutations in the rifampicin resistance-determining region (RRDR) using PCR amplification and Sanger 
200 sequencing (see Table S2 for primers). Clones with RRDR mutations (34 in total) were excluded from 
201 further analysis. Six independent clones lacking RRDR mutations were subjected to MIC 
202 characterization.

203 Quantitative PCR 

204 A previously described reverse transcription-quantitative PCR (RT-qPCR) protocol (38) was adapted 
205 to quantify expression of whiB7 and its downstream regulated resistance genes – eis2, erm(41), and 
206 aac(2') – in the uORF* mutant and the ΔuORF knockout. Expression levels were compared to those of 
207 relevant control strains in the absence and presence of CLA, which has been demonstrated to be a 
208 potent inducer of whiB7 expression in wild-type M. abscessus strains (39). The different M. abscessus 
209 strains were cultured to an OD600 of 0.3 to 0.5 in culture medium. Cultures were divided into six 10 
210 mL aliquots and treated with 2 µg/mL CLA or an equal volume of DMSO for control samples, resulting 
211 in biological triplicate samples per condition. After 3 hours of shaking incubation at 37 °C, 20 mL of 
212 RNAprotect Bacteria Reagent (Qiagen, 76506) was added to each tube containing 10 mL of bacterial 
213 culture. The mixture was vortexed for 5 seconds, incubated for 10 minutes at room temperature, and 
214 pelleted at 5000 g for 10 minutes. 

215 Total RNA was extracted using the ZYMO bacterial and fungal RNA isolation kit, including an in-
216 column DNase I (Qiagen 79254) treatment. RNA was further treated with dsDNAse (Thermo Fisher 
217 EN0771) according to the manufacturer's protocol. RNA quality was assessed using a Nanodrop 1000 
218 and an Agilent TapeStation RNA kit. Approximately 100 ng of total RNA was used as input for cDNA 
219 synthesis with the Maxima H Minus First Strand cDNA Synthesis Kit protocol using random primers. 
220 The cDNA was diluted 10×, and 2.5 μl of the diluted cDNA was used in each 25 μl quantitative PCR 
221 reaction, following the Applied Biosystems™ SYBR™ Green Universal Master Mix protocol. Primer 
222 sequences for each gene target are listed in Table S2.

223 Reactions were run on a LightCycler 480 detection system with cycling conditions: 50 °C for 2 min, 
224 95 °C for 10 min, and 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Ct values were normalized to the 
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225 Ct value of the housekeeping gene sigA, amplified from the same cDNA sample. Changes in 
226 expression between conditions were calculated using the 2–∆∆Ct method. GraphPad Prism (v10.2.2) 
227 was used to construct graphs, with error bars representing the standard deviation from biological 
228 triplicates. Ct differences between conditions were assessed using a 2-way ANOVA test.

229 Detection and structure prediction of elements upstream of whiB7

230 Elements upstream of the whiB7 gene were predicted through similarity to published nucleotide 
231 sequences in other mycobacteria (40). Predicted structural elements were confirmed using the RNA 
232 structure prediction tool RNAFold, part of the ViennaRNA web services (41). 

233 Extraction of whiB7 gene sequences from a clinical isolate in silico library

234 The upstream whiB7 sequences, including MAB_3509c and possible regulatory elements, were 
235 extracted through a proprietary BLAST-based search tool targeting 97% minimum identity and 90% 
236 minimum coverage of reference sequences from M. abscessus ATCC 19977 (GenBank accession 
237 number CU458896.1). These parameters ensured the accurate extraction of the region from all 
238 strains in our collection, without generating false positives. The resulting FASTA files were mapped 
239 against the M. abscessus ATCC19977 (subspecies abscessus) reference genome to identify variants.
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240 Results

241 Increased survival of M. abscessus after successive treatment rounds with AMK and RFB 

242 Our primary objective was to elucidate the mechanisms that facilitate drug survival in M. abscessus 
243 abscessus and to assess a potential role in the emergence of drug resistance. To this end, an 
244 evolution experiment was conducted to unravel genetic mutations that contribute to increased 
245 multi-drug survival (Figure 1A). Nine cultures of M. abscessus were grown to stationary phase and 
246 subsequently exposed to a combination of an aminoglycoside (AMK) and a rifampicin analogue (RFB). 
247 Antibiotic concentrations well above the MIC were used to ensure effective bacterial killing and to 
248 minimize the risk of resistance development. It is noteworthy that treatment with a single antibiotic 
249 led to the emergence of resistance within the initial treatment cycle, which was not observed in the 
250 combination treatment (Figure S1). After 7 days of drug exposure, a portion of the bacterial 
251 population was washed and regrown in an antibiotic-free medium before repeating the antibiotic 
252 challenge. The remaining culture was enumerated to assess bacterial survival and to construct killing 
253 curves (Figure 1B). The procedure was repeated over a total of four rounds. By the end of the fourth 
254 cycle, the mean bacterial survival rate at day 7 had increased from 0.02% to 0.51% (Table S3). 

255

256 Figure 1. Experimental evolution of M. abscessus under combined AMK and RFB pressure. (A) Experimental design: 
257 Bacterial cultures were grown to an OD600 > 1 and subsequently exposed to a combination of AMK (100 µg/mL, 25× MIC) 
258 and RFB (10 µg/mL, 12× MIC) drug pressure for a period of 14 days. After 7 days, a portion of the population was washed 
259 and regrown in antibiotic-free medium before repeating the antibiotic challenge. The remaining culture was enumerated to 
260 construct killing curves. Regrown cultures underwent MIC testing, and selected mixed populations were subjected to WGS. 
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261 (B) Time-kill curves for each treatment round with AMK and RFB combination for nine flasks. Round 1 (�, green), round 2 
262 (■, blue), round 3 (▲, orange), round 4 (▼, black). 

263 To monitor the development of decreased sensitivity, the MIC of the individual antibiotics was 
264 assessed in mixed populations that were re-grown after 7 days of drug exposure (Error! Reference 
265 source not found.). The study was concluded after four rounds of antibiotic challenges, at which 
266 point high-level AMK resistance (> 64 µg/mL) had emerged in all flasks. Notably, reduced RFB 
267 susceptibility typically manifested one round after the emergence of AMK resistance. 

268 Table 1. MIC fold changes of populations relative to the wild-type ancestor strain. Susceptibility testing was performed 
269 with regrown survivors of day 7 using a broth resazurin assay. Fold increases in MIC relative to the ancestral strain are 
270 shown, with changes of 4x and above in bold. Antibiotics tested: amikacin (AMK) and rifabutin (RFB). The MIC for 1x AMK 
271 corresponds to 4 µg/mL, and 1x RFB corresponds to 0.85 µg/mL. Clarithromycin and moxifloxacin were used as controls and 
272 the MIC of both antibiotics remains unaltered (data not shown). 

273

274

275

276

277

278

279

280

281

282

283 Mutations in the 16S rrs gene confer resistance to AMK, while rpoB mutations can only partly 
284 explain reduced RFB susceptibility

285 To identify the genetic mutations responsible for the emergence of resistance, WGS was performed 
286 on populations exhibiting resistance. The sequencing reads were aligned against the M. abscessus 
287 ATCC19977 reference genome. Following the filtering of variations observed in the M. abscessus 
288 strain used in this work relative to the reference genome, some additional polymorphisms were 
289 identified in the ancestral clones used to initiate the evolution experiment. Specifically, the ancestor 
290 used to inoculate flasks 4, 5, and 6 harbored three single nucleotide variants (SNVs) in MAB_1020, 
291 MAB_3454c, and MAB_4311c. The ancestor selected for flasks 7, 8, and 9 exhibited a SNV in 
292 MAB_2285. Susceptibility testing demonstrated that there were no notable differences in the 
293 susceptibility profiles of the ancestral strains (data not shown). Consequently, these ancestral SNVs 
294 were excluded from downstream analysis.

295 WGS identified several SNVs and insertion-deletion mutations (indels). Notably, no recurrent 
296 mutations were found in the nine evolved populations, except for mutations in two genes previously 
297 documented to be involved in resistance, rrs (MAB_r5051) and rpoB (MAB_3869c). Following four 
298 rounds of evolution, a dominant A1408G substitution (E. coli numbering (42)) in rrs (MAB_r5051) was 
299 identified in all nine populations. The rrs gene encodes 16S rRNA and the identified mutation has 
300 previously been reported to cause high-level resistance to 2-deoxystreptamine aminoglycosides, 

 Flask 1 Flask 2 Flask 3 Flask 4 Flask 5 Flask 6 Flask 7 Flask 8 Flask 9  

AMK 2x 2x 1x 1x 1x 1x 1x 1x 2x

RFB 2x 1x 1x 1x 1x 1x 1x 1x 1x
Round 1

AMK 2x 2x 1x 4x 2x 1x > 16x 1x 2x

RFB 1x 1x 1x 1x 1x 1x 1x 1x 1x
Round 2

AMK 2x > 16x > 16x > 16x 16x > 16x > 16x > 16x > 16x

RFB 1x 1x 1x 1x 1x 1x 8x 4x 1x
Round 3

AMK > 16x > 16x > 16x > 16x > 16x > 16x > 16x > 16x > 16x

RFB 1x 1x 8x 1x > 16x 8x > 16x > 16x 16x
Round 4
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301 including AMK, in M. abscessus (23). It is therefore likely that this mutation is responsible for the 
302 observed AMK resistance in our evolved populations.

303 As evidenced from Error! Reference source not found., a decrease in sensitivity to RFB emerged in 
304 six out of nine lines after four rounds of evolution. Rifamycin resistance has previously been 
305 associated with mutations in rpoB (MAB_3869c) encoding the β subunit of RNA polymerase (43). 
306 However, WGS showed that an rpoB mutation only occurred in one population (flask 7). This C1355T 
307 mutation (M. abscessus ATCC19977 numbering) results in an S452L substitution in the mycobacterial 
308 rifampicin resistance-determining region (RRDR) of rpoB, and has previously been associated with 
309 RFB resistance in M. abscessus (43). Upon revisiting the sequencing data from the same populations, 
310 a more detailed read-level analysis revealed a low frequency of C1355T (S452L) rpoB mutations in 
311 three additional populations: 5.8% in flask 5, 5.7% in flask 8, and 3.6% in flask 9. Additionally, an rpoB 
312 C1355G (S452W) mutation was found in 2.9% of the reads in flask 5. Finally, an rpoB A1301T (Q434L) 
313 mutation was identified in flask 8 and flask 9, with a frequency of 7.3% and 1.1% of the reads, 
314 respectively. These mutations were present in cultures with increased RFB MICs. However, for two 
315 out of six cultures (flask 3 and 6), the observed 8-fold reduction in RFB susceptibility could not be 
316 attributed to rpoB mutations in the RRDR.

317 A uORF whiB7 frameshift mutation is responsible for AMK and CLA survival

318 Since the identified mutations did not fully account for the observed susceptibility phenotypes, cells 
319 from evolved populations obtained at round 3 and round 4 were inoculated on high-concentration 
320 RFB plates at 32× MIC (26.5 µg/mL) to further investigate resistance. A total of 59 colonies were 
321 isolated and subjected to Sanger sequencing to identify mutations in the RRDR of rpoB. Mutations 
322 C1355T (S452L), C1355G (S452W) and A1301T (Q434L), which we previously observed at the 
323 population level, were confirmed in clones from flask 3, 4, 5, 7, 8 and 9. Additionally, a C1339T 
324 (H447Y) RRDR mutation was identified in round 4, flask 4 clones. Six independent clones lacking 
325 RRDR mutations were subjected to MIC determination (Table 2). 

326 Table 2. MIC values of AMK and RFB of individual clones isolated after rounds 3 or 4 of the evolution experiment. The 
327 nomenclature refers to flask F (1, 4, 5 or 6), round R (3 or 4) and clone (a or b). Fold increases in MIC relative to the 
328 ancestral strain are shown. Antibiotics tested: amikacin (AMK) and rifabutin (RFB). Fold increases that exceed the upper 
329 concentration limit of the assay are indicated with a “>” symbol and presented in bold. 

F1R4a F4R3a F5R3a F6R3a F6R4a F6R4b

AMK 2.67x 2.67x > 2.67x 1.33x > 2.67x > 2.67x

RFB 1,5x 1.5x 1x 2x > 32x > 32x

330
331 Unexpectedly, four out of six clones did not have an increased MIC for RFB in broth, despite being 
332 recovered from the antibiotic agar plate. This discrepancy may be attributed to a number of factors, 
333 including potential degradation and diffusion of drugs, inoculation size effects, or phenotypic 
334 variation (25, 44, 45). Nevertheless, it is plausible that the isolated bacteria still possess causal 
335 mutations that allow them to initially survive and subsequently grow when drug concentrations are 
336 reduced. To elucidate the genotype-phenotype associations, clones exhibiting both increased and 
337 non-increased MIC values were subjected to variant detection analysis through WGS (Table 3).

338
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339 Table 3. Genetic variants present in individual clones isolated after round 3 or round 4 of the evolution experiment. 
340 See Table 2 for nomenclature.

Gene Gene function

genetic change; 

protein change F1R4aF4R3aF5R3aF6R3aF6R4aF6R4b

MAB_r5051,

 rrs
16S ribosomal RNA

A1408G; 

na
x x

MAB_3595c Adenosylhomocysteinase
A1220G; 

H407R
x

MAB_r5052,

 rrl
23S ribosomal RNA

C2847A; 

na
x

MAB_r5052,

 rrl
23S ribosomal RNA

C2655T; 

na
x

MAB_3509c Hypothetical protein
133delG; 

frameshift
x

341

342 Curiously, while F6R3a exhibits minor shifts for AMK and RFB susceptibility, it does not harbor any 
343 discernible genetic mutations. Conversely, WGS analysis could (partially) explain the susceptibility 
344 phenotypes of some clones. For instance, F6R4a and F6R4b exhibit reduced AMK susceptibility due to 
345 the previously described A1408G substitution in rrs (MAB_r5051). However, while both clones are 
346 resistant to RFB, only F6R4b contains an additional mutation. The latter causes a non-synonymous 
347 A1220G substitution in MAB_3595c encoding adenosylhomocysteinase, which has not previously 
348 been linked with drug resistance. 

349 Low level AMK resistance was observed for F1R4a and F4R3a. Both clones acquired mutations 
350 (C2847A and C2655T, respectively) in rrl (MAB_r5052) encoding 23S ribosomal RNA. Mutations in rrl 
351 have previously been associated with resistance in M. abscessus to multiple antibiotics, including 
352 linezolid and CLA. However, there is currently no evidence to suggest that these mutations 
353 contribute to AMK resistance (46, 47). Likewise, 23S mutations are known to confer resistance to 
354 other aminoglycosides (capreomycin and viomycin) in M. tuberculosis, but not to kanamycin or AMK 
355 (48).

356 Clone F5R3a exhibits AMK resistance and harbors a 133delG mutation in MAB_3509c. Interestingly, 
357 there is no annotated predicted gene function for MAB_3509c, and BLAST searches for both 
358 nucleotide and protein sequences yielded no hits in other mycobacterial species, except for those 
359 closely related to M. abscessus. The 133delG frameshift mutation leads to a truncated predicted 
360 protein which is terminated prematurely by a stop codon (Figure 2A). MAB_3509c is located 169 bp 
361 upstream of MAB_3508c as illustrated in Figure 2B. The latter shows 75% identity to Mycobacterium 
362 smegmatis and M. tuberculosis whiB7, encoding a conserved mycobacterial transcriptional activator 
363 that promotes various drug resistance determinants (49). In M. abscessus, WhiB7 has been shown to 
364 elicit a species-specific response (39), being induced by different ribosome-targeting antibiotics, 
365 including AMK and CLA. Deletion of whiB7 prolongs susceptibility to erythromycin, CLA, 
366 spectinomycin, AMK, and tetracycline by blocking the inducible stress response (39).
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367

368

369 Figure 2. M. abscessus MAB_3509c sequence and genomic region. (A) Comparative protein alignment of the translated 
370 wild-type MAB_3509c gene and the 133delG MAB_3509c mutant, highlighting changes in amino acids (marked in yellow) 
371 resulting in the formation of a premature stop codon (red). (B) Genomic representation of the MAB_3509c gene, upstream 
372 of MAB_3508c, a homolog of the conserved mycobacterial regulator whiB7. For clarity, the orientation of MAB_3508c and 
373 MAB_3509c, which are situated on the minus strand of the M. abscessus ATCC19977 reference genome, is reversed in this 
374 depiction. (C) Schematic representation of the ΔuORF construct, with the MAB_3509c gene replaced by a Zeocin resistance 
375 cassette. 

376 In Actinobacteria, it has been show that whiB7 genes are frequently preceded by a uORF which 
377 regulates whiB7 expression through attenuation mechanisms (40, 50). We hypothesized that the 
378 identified 133delG mutation in MAB_3509c, hereafter referred to as ‘uORF*’, confers resistance to 
379 AMK and CLA by activating the WhiB7 stress response, possibly by disruption of ORF-mediated 
380 transcription attenuation, as observed in other mycobacteria (51). To investigate the role of the uORF 
381 in the WhiB7 stress response, we generated a MAB_3509c knockout via recombineering, 
382 incorporating a Zeocin resistance cassette to replace MAB_3509c (Figure 2C). This knockout strain is 
383 referred to as ‘ΔuORF’. 

384 Since WhiB7 is responsible for multidrug resistance, these mutants were subjected to MIC testing, 
385 including other anti-M. abscessus drugs (Table 4). Following a 4-day incubation period, the uORF* 
386 mutant exhibited a 5.3-fold increase in MIC for AMK and a 4-fold increase for CLA, whereas the 
387 ΔuORF mutant demonstrated increased susceptibility to both AMK and CLA. The MIC for moxifloxacin 
388 (MOX), RFB and bedaquiline (BDQ) remained unaffected by either mutation. After an extended 
389 incubation period of 14 days at 37°C, induced resistance to CLA was observed in both the ancestor 
390 wild-type strain and the uORF* mutant, with the MIC reaching the upper limit of the MIC assay at 32 
391 µg/mL. In contrast, the ΔuORF mutant remained sensitive at 6 µg/mL (data not shown). These 
392 findings suggest that the uORF* mutation triggers a WhiB7-like stress response, conferring resistance 
393 to both AMK and CLA, while the knockout of the upstream region leads to sensitivity by preventing 
394 whiB7 induction.

395

Page 55 of 73 Journal of Applied Microbiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

A NOVEL RESISTANCE-COFERRING MUTATION IN M. ABSCESSUS 

13

396 Table 4. MIC fold changes for uORF* and ΔuORF relative to reference strains after a 4-day incubation period. 
397 M. abscessus ATCC19977 was used as the reference for the ΔuORF knockout. For the uORF* mutant, the ancestral clone 
398 used to initiate the evolution experiment was included as a control. Antibiotics tested: amikacin (AMK), bedaquiline (BDQ), 
399 clarithromycin (CLA), moxifloxacin (MOX), rifabutin (RFB).

uORF* ΔuORF

AMK 5.3x 0.5x

BDQ 0.67x 1x

CLA 4x 0.125x

MOX 1x 1x

RFB 1x 1.25x
400

401 The uORF* causes elevated expression of whiB7 and downstream drug resistance determinants 

402 Across the genus Mycobacterium, the WhiB7 stress response is known to be triggered by 
403 environmental stressors and ribosome-targeting antibiotics, such as macrolides and aminoglycosides, 
404 which activate resistance genes in the WhiB7 regulon (39, 52). We hypothesized that the observed 
405 AMK and CLA resistance in the uORF* mutant (Table 4) could be attributed to induction of the WhiB7 
406 stress response. To investigate this, we performed RT-qPCR to quantify the expression levels of 
407 downstream regulated resistance genes – eis2, erm(41), and aac(2') – in both the uORF* mutant and 
408 the ΔuORF knockout. To ensure that the effects observed were attributed to the uORF mutations, we 
409 included as controls both the ancestor of flask 5, from which the uORF* was selected, and our wild-
410 type M. abscessus ATCC 19977 stock strain, from which ΔuORF was derived. Expression levels were 
411 measured in both the absence and presence of CLA, which is known to strongly induce whiB7 
412 expression in wild-type strains (39). 

413 To evaluate the inducibility of the WhiB7 stress response under CLA pressure in both mutant and 
414 control strains, we compared induction levels in the presence of CLA relative to a DMSO control 
415 (Error! Reference source not found.A). Notably, whiB7 expression in the uORF* and ΔuORF mutants 
416 exhibits limited induction (~11-fold) in response to CLA. In contrast, whiB7 levels in control strains 
417 with an intact upstream region (ancestor and wild type) increase more than 200-fold. This is in line 
418 with an earlier report showing  elevated whiB7 expression and increased levels of eis2, erm(41), and 
419 aac(2') in response to CLA (38).

420 In the absence of CLA (DMSO control), RNA levels for all tested genes are comparable in the control 
421 strains (ancestor and wild type) (Error! Reference source not found.B). However, in these conditions, 
422 the uORF* mutant displays markedly elevated whiB7 levels (10-fold), with eis2 increasing 28-fold, 
423 and erm(41) and aac(2') increasing more than 3-fold compared to the ancestor. Therefore, the 
424 reduced inducibility of the uORF* mutant (Error! Reference source not found.A) can be attributed to 
425 its elevated RNA levels under non-stressed conditions. Furthermore, these elevated expression levels 
426 under non-stressed conditions likely contribute to M. abscessus-specific AMK resistance (39). In 
427 contrast, the ΔuORF mutant shows expression levels similar to the wild-type strain under non-
428 stressed conditions (Error! Reference source not found.B), which is in line with the data shown in 
429 Table 4.

430 Upon CLA treatment, expression levels of tested genes are not significantly different in both control 
431 strains (ancestor and wild type) (Error! Reference source not found.C). Likewise, the expression 
432 differences between the uORF* mutant and its ancestor disappear, with both strains exhibiting 
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433 comparable expression levels of whiB7 and its downstream genes. However, the ΔuORF mutant fails 
434 to induce a robust WhiB7 stress response, as evidenced by significantly lower expression levels of 
435 whiB7, eis2, erm(41), and aac(2') compared to the wild type. This lack of inducibility is likely due to 
436 the loss of the uORF regulatory mechanism that typically facilitates induction in response to CLA. 

437

438 Figure 3. Transcription levels of whiB7, eis2, aac(2′), and erm(41) quantified by RT-qPCR. Expression was assessed in the 
439 ancestral clone of the evolution experiment (ancestor), the evolved clone with a 133delG mutation in MAB_3509c (uORF*), 
440 the M. abscessus ATCC19977 wild type (WT) and its derived MAB_3509c::ZeoR knockout (ΔuORF). Cultures were grown to 
441 exponential phase and treated for 3 hours at 37 °C with either 2 µg/mL CLA or DMSO (control). Expression levels are shown 
442 relative to those of the housekeeping gene sigA. Data are the mean of three biological repeats, with error bars representing 
443 standard deviation. (A) Fold change expression after 3 hours exposure to 2 µg/mL CLA relative to the DMSO control 
444 expression levels. (B) Fold change comparison of gene expression levels in the absence of antibiotics (DMSO control): in the 
445 two control strains, ancestor and WT, in the uORF* mutant compared to its ancestor, and in the wild type compared to the 
446 ΔuORF knockout mutant. (C) Fold change comparison of gene expression levels after 3 hours exposure to 2 µg/mL CLA: in 
447 the two control strains, ancestor and WT, in the uORF* mutant compared to its ancestor, and in the wild type compared to 
448 the ΔuORF knockout mutant. 
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449 In summary, our results suggest that the uORF* mutation causes constitutive activation of the WhiB7 
450 stress response, even in the absence of stress inducers. We hypothesize that the observed uORF* 
451 mutation disrupts a uORF-dependent transcriptional attenuation mechanism of the WhiB7 stress 
452 response by destabilizing an RNA terminator structure (see below). This destabilization likely results 
453 in increased whiB7 expression and elevated antibiotic resistance, even in the absence of a stressor.

454 M. abscessus clinical isolates show DNA polymorphisms in the uORF of whiB7 

455 To gauge the prevalence of uORF mutations, a total of 222 M. abscessus genomes obtained from a 
456 set of clinical isolates were screened for genetic variants in the region proximal to whiB7. The set is 
457 comprised of 77, 120 and 2 genomes of the subspecies M. abscessus abscessus, M. abscessus 
458 massiliense, and M. abscessus bolletii, respectively. The remaining 23 genomes remain unclassified. 
459 The upstream whiB7 sequences, including MAB_3509c and potential regulatory regions, were 
460 extracted and mapped against the M. abscessus ATCC19977 reference genome. 

461 Notably, the specific guanine deletion mutation 133delG at base position –251, relative to the whiB7 
462 start codon, was not identified in any of the isolates. Moreover, no insertions or deletions were 
463 identified within the MAB_3509c region. However, 9 M. abscessus abscessus genomes harbored two 
464 SNVs at positions –420 (A>G) and–160 (A>G) that were conserved across these 9 strains. Two other 
465 M. abscessus abscessus strains harbored a SNV at position –487 (G>A). Additionally, all M. abscessus 
466 massiliense isolates exhibited two SNVs (C>G) in the MAB_3509c region at positions –260 and –286 
467 and an adenine insertion at position –425, upstream of MAB_3509c, indicating conserved variations 
468 across subspecies. Interestingly, one subsp. abscessus isolate harbored a single G>A SNV at position –
469 260, which is analogous to the variant observed in subsp. massiliense. These variations could impact 
470 the expression and function of the whiB7 gene, contributing to varying levels of antibiotic resistance 
471 or hypersensitivity, as suggested for M. tuberculosis isolates (51, 53, 54). Further investigation into 
472 the precise effects of these mutations on whiB7 expression in M. abscessus and the associated stress 
473 response is required to shed light on their role in drug resistance mechanisms.
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474 Discussion

475 A uORF 133G deletion results in AMK and CLA resistance through constitutive whiB7 expression 

476 Our study has uncovered a novel frameshift mutation in the MAB_3509c gene, located within the 
477 uORF of whiB7. The uORF* mutant harbors a guanine deletion at position –251 relative to the whiB7 
478 start codon and was serendipitously recovered from RFB plates following prolonged exposure to 
479 AMK and RFB combination pressure. This mutation results in enhanced resistance to both AMK and 
480 CLA. Given that susceptibility to both antibiotics is affected by the WhiB7 stress response, we 
481 examined whiB7 expression under non-stressed conditions and CLA drug pressure to gain a deeper 
482 understanding of the underlying mechanisms.

483 Basal expression analysis revealed that, under non-stressed conditions, RNA levels for whiB7, eis2, 
484 erm(41), and aac(2') are markedly higher in the uORF* mutant compared to its ancestor strain. These 
485 elevated expression levels directly contribute to M. abscessus-specific resistance mechanisms for 
486 AMK and CLA through induction of the eis2 and erm(41) genes by whiB7 (18, 39). Following CLA 
487 treatment, the differences in expression are no longer evident, with the uORF* and its ancestor 
488 exhibiting comparable expression levels, which suggests that the mutation mimics the antibiotic-
489 induced activation mechanism of the WhiB7 stress response. Moreover, the ΔuORF mutant, which 
490 lacks MAB_3509c but retains the intergenic sequence, exhibits diminished inducibility and increased 
491 susceptibility to CLA. These findings highlight the regulatory importance of the uORF in M. abscessus 
492 in the context of whiB7 regulation.

493 The central role of the uORF in the regulation of a mycobacterial WhiB7 stress response

494 WhiB7 proteins are conserved transcriptional factors among Actinomycetes, likely serving as a self-
495 defense mechanism against antibiotics produced by other soil bacteria (55). In mycobacteria, WhiB7 
496 functions as an auto-regulatory transcriptional regulator involved in the activation of intrinsic 
497 multidrug resistance mechanisms (49, 50, 52). WhiB7 orchestrates the expression of over 100 genes, 
498 including those encoding the Tap drug efflux pump, the Eis acetyltransferase, the Erm ribosomal RNA 
499 methyltransferase, and the HflX ribosome splitting factor (39, 49, 56). This self-defense mechanism 
500 has been retained in pathogenic mycobacteria, such as M. tuberculosis and M. abscessus, where it is 
501 of pivotal importance for the antibiotic stress response (57). Despite the high conservation of whiB7 
502 within mycobacteria, the regulon of whiB7 differs significantly between different mycobacterial 
503 species. In M. abscessus, MAB_3508c shows 75% identity to the M. tuberculosis gene Rv3197A 
504 (whiB7), yet the regulons are markedly different (39). A notable distinction between MAB_3508c and 
505 its M. tuberculosis counterpart is the former’s reduced inducibility by AMK (39). Interestingly, 
506 MAB_3508c itself induces the expression of eis2, a gene absent in M. tuberculosis, which confers 
507 CLA-induced AMK resistance exclusively in M. abscessus (38, 39). 

508 The regulation of gene expression represents a fundamental bacterial response to various stress 
509 conditions, including antibiotic exposure (58). Transcription attenuation structures, typically found 
510 adjacent to regulatory genes, often involve 5' UTR premature transcriptional terminator structures 
511 that prevent downstream gene transcription. For whiB7, a uORF-dependent transcriptional 
512 attenuation mechanism is believed to be conserved across Actinomycetes as demonstrated in 
513 Streptomyces coelicolor and M. smegmatis (40). In the absence of stress, transcription of whiB7 
514 commences from a distal upstream site. It subsequently progresses through a short uORF, thereby 
515 forming a Rho-independent terminator (RIT) that arrests transcription before reaching the whiB7 
516 ORF. During translation stress, such as exposure to macrolide antibiotics, inefficient translation of the 
517 uORF allows the formation of an antiterminator structure (Figure S2), which enables transcriptional 
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518 readthrough into the whiB7 ORF. The presence of a WhiB7 binding site on the promoter of WhiB7 
519 results in the formation of a positive feedback loop, which significantly amplifies whiB7 levels and 
520 expression of its target genes (40, 49).

521 Although the WhiB7 regulatory mechanism is thought to be conserved across mycobacteria (40), the 
522 uORF displays limited sequence conservation among mycobacterial species (49), indicating that not 
523 all mycobacterial whiB7 orthologs harbor similar stalling mechanisms. In M. abscessus, the uORF is 
524 notably distinct from those in other species, yet it shares some conserved nucleotide sequences 
525 present upstream of other whiB7 orthologs (Figure 4). These variations may contribute to differential 
526 regulation of stress responses and resistance mechanisms, underscoring the complexity and 
527 variability of antibiotic resistance within the Mycobacterium genus. 

528

529 Figure 4. Proposed mechanism of the upstream M. abscessus whiB7 sequence. Schematic representation of the upstream 
530 sequence of M. abscessus whiB7, illustrating a proposed regulatory mechanism: in the wild-type strain, a Rho-independent 
531 terminator, composed of a G-C stem-loop formed by base pairing between regions A (orange) and B (green), followed by a 
532 uridine tail (U region, blue), forms under normal conditions. This leads to premature transcription termination upstream of 
533 whiB7 (black-lined RNA). In the presence of antibiotic stress, the RIT stem-loop is disrupted, allowing the formation of an 
534 antiterminator structure that facilitates RNA read-through and subsequent whiB7 transcription (gray-lined RNA). In the 
535 uORF* 133Gdel mutant, this regulatory mechanism is disrupted, favoring the formation of an antiterminator structure, 
536 even under non-stressed conditions. This ultimately leads to constitutive whiB7 transcription. For clarity, the orientation of 
537 MAB_3508c and MAB_3509c, located on the minus strand of the M. abscessus ATCC19977 reference genome, has been 
538 reversed in this representation.

539 As illustrated in Figure 4, the M. abscessus upstream region of whiB7 includes conserved nucleotide 
540 sequences essential for whiB7 regulation (40). We identified a RIT structure, comprising a G-C loop 
541 followed by a uridine tail. In the absence of stress, this RIT sequence folds into a secondary structure 
542 that causes the RNA polymerase to pause and dissociate from the DNA template, resulting in a 
543 premature termination of transcription before the downstream gene is transcribed. However, in the 
544 presence of antibiotic stress, an antiterminator structure is formed, which prevents the formation of 
545 the RIT hairpin loop by adopting an alternative RNA secondary structure. This alternative structure 
546 permits the RNA polymerase to circumvent the termination signal, thus enabling the continued 
547 transcription of the downstream gene (59). 
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548 The precise mechanisms governing the switch from terminator to antiterminator switch in the 
549 induction of the Whib7 stress response remains unclear. Evidence from M. smegmatis and M. 
550 tuberculosis suggests that ribosome stalling by ribosome-targeting antibiotics may play a role, 
551 although alternative mechanisms, such as regulatory peptides, cannot be excluded (49, 60). In the 
552 absence of stress, these antiterminator-forming regions are stabilized by more distant stem-loop 
553 structures, which favors the formation of the terminator structure and premature transcription 
554 termination (61). Our uORF*, located in an GC-rich upstream region of the RIT, likely destabilizes the 
555 GC-loop structures neighboring the antiterminator, favoring its formation over the terminator loop-
556 stems. This results in enhanced transcriptional readthrough into the whiB7 ORF, thereby promoting 
557 elevated whiB7 expression and antibiotic resistance (Figure 4). 

558 Mutations in clinical isolates could impact whiB7 regulation and drug sensitivity. 

559 In M. tuberculosis, mutations in whiB7 and its upstream region result in both antibiotic resistance 
560 and sensitivity, depending on their location and the type of mutation (51, 53, 54). Our in silico 
561 analysis of 70 M. abscessus abscessus genomes revealed that strains of this subspecies carry 
562 mutations in proposed regulatory elements, more specifically at the WhiB7 binding site (G>A, 
563 position –487), at the transcription start site (TSS) (A>G, position –420), and upstream of the 
564 antiterminator (A>G, position –160). Conversely, analysis of 120 M. abscessus massiliense isolates 
565 demonstrated two conserved SNVs in GC-rich regions upstream of the hypothesized antiterminator 
566 (C>G, positions –260 and –286) and a conserved insertion near the transcription start region 
567 (position –425). Generally, M. abscessus massiliense exhibits higher treatment success rates due to 
568 its macrolide susceptibility. However, increased susceptibility is frequently attributed to a 
569 dysfunctional erm(41) gene (18). 

570 Further investigation and molecular efforts are required to elucidate the precise effects of these 
571 mutations on whiB7 expression in M. abscessus and the associated stress response. This is necessary 
572 to ascertain their predictive value in a clinical setting. As the process of sequencing becomes more 
573 accessible and integrated into clinical practice, and knowledge is expanding from other pathogenic 
574 mycobacteria, analyzing the uORF of whiB7 could provide critical insights into the effectiveness of 
575 treatment strategies. This knowledge may facilitate the development of more personalized and 
576 effective approaches for the management of NTM-PD.

577 Utilizing the uORF* mutant as a tool strain in a M. abscessus drug discovery matrix

578 The urgent need for novel therapeutic strategies for M. abscessus is highlighted by the restricted 
579 efficacy of existing treatment regimens (14). The discrepancy between the results of in vitro assays 
580 and the observed clinical outcomes represents a significant challenge (62). Individual assays provide 
581 limited support for in vitro/in vivo correlations. Therefore, using multiple assays in a screening matrix 
582 is considered a more reliable method (63). Recent advancements, such as the development of 
583 persister and biofilm assays utilizing the biofilm forming M. abscessus bamboo isolate strain, as well 
584 as the incorporation of clinical isolate panels, have greatly improved the process of discovering new 
585 drugs for M. abscessus (63). 

586 In light of the anticipated reliance on macrolides and aminoglycosides in future M. abscessus 
587 regimens (15), the uORF* mutant could prove a valuable addition to drug discovery matrixes. This 
588 mutant exhibits a WhiB7 stress response that mimics the stress responses induced by antibiotics in 
589 currently used treatment regimens. Consequently, it permits the screening of extensive compound 
590 libraries to identify molecules that circumvent the WhiB7-mediated stress response without the 
591 necessity of incorporating external stressors, such as CLA, into the assay. The latter would increase 
592 complexity and reduce scalability. Additionally, it could facilitate the assessment of new drug 

Page 61 of 73 Journal of Applied Microbiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

A NOVEL RESISTANCE-COFERRING MUTATION IN M. ABSCESSUS 

19

593 candidates in combination with existing antibiotics, thereby providing a model for identifying 
594 compounds that can overcome or synergize with the stress-response mechanisms.

595 Moreover, it is important to validate the targets of novel drug candidates identified in screening 
596 efforts by investigating how these compounds interact with the stress-response pathways and 
597 whether they directly inhibit WhiB7 or its downstream effectors. This approach could help advance 
598 the development of efficacious treatments for M. abscessus infections via the use of the uORF* 
599 mutant, potentially in conjunction with the ΔuORF mutant, to facilitate comprehensive mechanistic 
600 investigations. 

601 Conclusion and future perspectives

602 Our findings highlight the pivotal role of the upstream regulatory region of whiB7 in modulating its 
603 expression and subsequent antibiotic resistance. The stabilization of an antiterminator sequence in 
604 our mutant provides a potential mechanistic explanation for the observed elevated expression levels 
605 and resistance phenotypes. These insights into the regulatory mechanisms controlling whiB7 
606 expression may inform the development of novel therapeutic strategies aimed at overcoming 
607 intrinsic drug resistance in M. abscessus. Targeting the uORF and its regulatory elements may 
608 facilitate the development of novel therapeutic strategies. For example, the generation of drugs that 
609 are specifically designed to disrupt the formation of the antiterminator structure could potentially 
610 prevent upregulation of whiB7 and its associated resistance genes. This approach could enhance the 
611 efficacy of existing antibiotics by mitigating the intrinsic resistance mechanisms of mycobacteria.

612 Further studies are needed to unravel the precise molecular mechanisms underlying WhiB7 
613 regulation. Additional experiments such as developing WhiB7-reporter assays and performing 
614 genome-wide association studies on the growing repository of WGS data could provide valuable 
615 evidence for the clinical relevance of mutations in this upstream region and further clarify their 
616 contribution to drug resistance. These regulatory pathways may also present novel therapeutic 
617 targets, offering opportunities to enhance the efficacy of both current and future antibiotic regimens 
618 against M. abscessus. Thorough understanding of these regulatory mechanisms will facilitate the 
619 development of more effective treatments and improve clinical outcomes for patients suffering from 
620 NTM-PD.
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644 Supplementary data
645 Table S1. Allelic exchange substrate (AES) for creating a MAB_3509c Zeocin knockout.

AES part Nucleotide sequence
Homologous left 
arm (1000 bp)

GGCGGCATTCCGCCGGAGTTCGGCGAGGTGCTGTGCTGGGCGCGCGATGAGCAGTGGGACCAGGTGATCC
GTCTGATCAAGCAGCTCGGCTTCATGCCGCCGGACGTTCAGCTGTCCGGGGATCAGGTGATGGATTACATCA
GACCGCTTTGGCCCTATGTCGATCCGCTGCGCGCGGGTGAGTTCCATTTCACCCGCGAGTGGTTCCAGCAGG
CCGCAGTCGCGTCGACCGACCTGTTGGACGAGGGATTCGCGGACCGATTCAAATTGGCGCGTCAGATGACG
GTGCCGCCGGGTTACGTCATGCTGCTGCGCACTCTCGGCGGCATGATCGGGGTTCTGGTGCAACTCGATGC
GCATGTGAACTACGCGGCGATCGCCGAACAATGGATGCCGGGATTCTTCCCGCCTAACTCCACATCGGCCTA
AACGCATTGCTCCCCATCGCCGAATGACGATGGGGAGCAATGGTTATCAGGCCCTACAACCTTCTTGGCCGG
CGGCGTCATGCCGCGGCGGTGTCGGCGTCGGGCAGTGGGTTCTTGCGCGGGCGTCCACGCGGCCGCTTGC
GCGCCACAATGGTCCCCTGCTCAAGAATCTCACCGCCCCACACTCCCCACGGCTCTGCGCGGTCCAGCGCAG
CGGCCAGGCACTGCGACCGGATCGGGCAGTCCGCGCACAGCGCCTTCGCCCGCTCCAGGTCGGCGGGGCTT
TCCGCGAACCACAGGTCCGCGTCCGCGACGTGGCACGGCAGCGCGAGTCTTCGGGCCTCCACTTCAACGGT
CATCATGTGTCCGTTCACCTGCTTCCTCTTCGGTTCCTCGTAAAACTGCTGGTCTCGTATCGGTGTCTTATCGA
TCGAGATCCGGAACCACGCTTGAGGTTTGGGGCTCAAACAAATGTGGCCACGGATCCCGGTGGTGTCGGGT
CCGTGGCCTGGGAGGCGGTTGTGGGGATACCTAGATGTATCCCCTATTCACGGACGCGACATTCGCGGCTG

Zeocin resistance 
cassette (700 bp)

GTGTAGGCTGGAGCTGCTTCGAAGTTCCTATACTTTCTAGAGAATAGGAACTTCGGAATAGGAACTTGTTGA
CAATTAATCATCGGCATAGTATATCGGCATAGTATAATACGACAAGGTGAGGAACTAAACCATGGCCAAGTT
GACCAGTGCCGTTCCGGTGCTCACCGCGCGCGACGTCGCCGGAGCGGTCGAGTTCTGGACCGACCGGCTCG
GGTTCTCCCGGGACTTCGTGGAGGACGACTTCGCCGGTGTGGTCCGGGACGACGTGACCCTGTTCATCAGC
GCGGTCCAGGACCAGGTGGTGCCGGACAACACCCTGGCCTGGGTGTGGGTGCGCGGCCTGGACGAGCTGT
ACGCCGAGTGGTCGGAGGTCGTGTCCACGAACTTCCGGGACGCCTCTGGGCCGGCCATGACCGAGATCGGC
GAGCAGCCGTGGGGGCGGGAGTTCGCCCTGCGCGACCCGGCCGGCAACTGCGTGCACTTCGTGGCCGAGG
AGCAGGACTGAATGCATCTCTCCCCATGCGAGAGTAGGGAACTGCCAGGCATCAAATAAAACGAAAGGCTC
AGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATGAAGT
TCCTATACTTTCTAGAGAATAGGAACTTCGGAATAGGAACTAAGGAGGATATTCATATG

Homologous right 
arm (1000 bp)

ATGGGCATCACGCCACAAGGTGTCTCCGTAATTGGTGGGTGTGTTCATTTCGCTCCTCCTTCCGTCTACTCGC
ACGTGAACAGGTCTTGGTTTGGAATCCTCGCGAATTCCTGAAGCCCAGAGTAAAAGGTCACCTATCGGTTGA
CAAGTTATTTTTGACCTGCGGCGATACTTCAAAACCAGTTTCGTCGAACTGGCATCTTTTCTCGGTGAGACAT
GGCCGAAGATCAGCGGTGGCCCACCCTGGCACCGAAATCAACGTTGTGCAGATGCGCACTCACACTTTCCCT
GCACAACGTCGATCTAGACATACTGGGCTCTACACGGAAGTGAGCAGCCGCGAGCGGAAAAGATCCAACAC
CTGGTCGAGGGCCGCCCGTGTGGGCTGCCCGGGCTCATCGATGAGATGTTCGGTCACCACCGAGTGCGGCG
GCATCGGCGAACCAGGACGAGCGGACTCACCGGGCAGCTCGATTGCAATGAACGCGTCCCCCAGTTCGTCG
CGCAGGAACTGAAAACGCTCGGCGGGCACCAGTTTGTCGGTGGTGAAGCGCATGCCGATCACCTTGAGCCC
CTCATGCTGGCAGCGGTGCTTGACCTTGCTCAGGTCCTCCGGAGAGATATCGATGTTGTACCGGGCCTTCTT
ACTGAGGCCGAACGGTAGCGAGGGCTGCGACAGCACCGGTGCGAGCAGCCTGTCGTCTGCCGCCATGGCC
AGCGCGTATCCACCGGTGAAACACATGCCGATGGCACCGACCCCCGGGCCGCCGTTGCGCTCATGTTCGTTC
TGCGCCAGCGCCCGCAGCCAGTTGATCACCGACGAGGTCTTCCCCGTCGCCAGCACCGTAAATTCGCGGCTC
ACGCATCCCCGGAACATCGAAGACGCCATGTAGGTGCTGGTACGCAGCCAACCATCGGCCTTCGGGTCGAC
GCTTTGGCCGGGATTCCCGAAGAGGTGCGGCATGACGGCGGTGCAACCGATATCAGCCACCTTGCGCGC

646

647
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648 Table S2. List of primers used in this study.

Primer name Nucleotide sequence 5’-3’
MAB_3509c knockout
PCR-ZEO-FW TGCGAGAGTAGGGAACTGCCAG
PCR-ZEO-RV ACTGGTCAACTTGGCCATGGTT
PCR-3509C-FW TTCTTTGTACCGGCGGTTGTCG
PCR-3509C-RV GGGTGAAACCAAGATCGTATTGCGAAA
rpoB sequencing
PCR-RPOB-FW TCCTGCCCACCTTCCCTC
PCR-RPOB-RV GCTGGTTAGGCGAAGTCCTC
SANGER-RPOB-RRDR-FW GGCCAGACCACGATGACC
SANGER-RPOB-RRDR-RV GGCGAACCAGGATCTTCTCC
RT-qPCR
qPCR-whiB7-FW ACCTCAAGCGTGGTTCCG
qPCR-whiB7-RV CCTCCACTTCAACGGTCATC
qPCR-AAC-FW CTGTGTCCAATATGCCAACC
qPCR-AAC-RV GAATGCCTCAATGAGTAATTCAC
qPCR-ERM-FW GGAGTTCGTTGTGGATCTGG
qPCR-ERM-RV AAACCGTGAACGAAGGTGTC
qPCR-EIS2-FW GAGGTCAACCGCAAATTCAC
qPCR-EIS2-RV CACGACATGACGGCTGAAC
qPCR-SIGA-FW CACAAAGGGTTACAAGTTCTCG
qPCR-SIGA-RV GCTTGTTGATGACCTCGACC

649

650 Table S3. Mean percentage of bacterial survival relative to the starting inoculum, determined at day 7 of each treatment 
651 round during the experimental evolution of M. abscessus under combined AMK and RFB pressure.

 Survival % 
day 7

% increase 
relative to round 
1

Round 1 0.0182%

Round 2 0.0209% 14.6%

Round 3 0.0854% 368.6%

Round 4 0.5078% 2687.2%

652
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653

654 Figure S1. Colony-forming unit (CFU) enumeration. Blue: combination drug pressure of amikacin (100 µg/mL) and rifabutin 
655 (10 µg/mL), black: amikacin (100 µg/mL), orange: rifabutin (10 µg/mL), green: no drug growth control. The rapid regrowth 
656 observed under single-drug exposure highlights the emergence of resistance, while combination therapy effectively 
657 prevents the development of resistance.

658

659 Figure S2. Predicted regulatory RNA fold loop structures constructed with RNA fold Vienna web server. (A) Predicted Rho-
660 independent terminator structure at position –151 to –105 relative to the whiB7 start codon. (B) Predicted upstream 
661 antiterminator structure at position –203 and –132 relative to the whiB7 start codon. (C) Predicted downstream 
662 antiterminator structure at position –142 to –74 relative to the whiB7 start codon.

663
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