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Genetic variants and their association with phenotypic 
resistance to bedaquiline in Mycobacterium tuberculosis: a 
systematic review and individual isolate data analysis

Nabila Ismail*, Emmanuel Rivière*, Jason Limberis, Stella Huo, John Z Metcalfe, Rob M 
Warren, Annelies Van Rie
South African Medical Research Council Centre for Tuberculosis Research and Department of 
Science and Innovation - National Research Foundation Centre of Excellence for Biomedical 
Tuberculosis Research, Division of Molecular Biology and Human Genetics, Faculty of Medicine 
and Health Sciences, Stellenbosch University, Cape Town, South Africa (N Ismail PhD, Prof R M 
Warren PhD); Family Medicine and Population Health, Faculty of Medicine, University of Antwerp, 
Antwerp, Belgium (E Rivière MSc, Prof A Van Rie PhD); Division of Experimental Medicine, 
University of California, San Francisco, San Francisco, CA, USA (J Limberis PhD); Division of 
Pulmonary and Critical Care Medicine, Zuckerberg San Francisco General Hospital and Trauma 
Centre, University of California, San Francisco, San Francisco, CA, USA (S Huo MSc, Prof J Z 
Metcalfe PhD)

Summary

Background—Bedaquiline is a crucial drug for control of rifampicin-resistant tuberculosis. 

Molecular drug resistance assays could facilitate effective use of bedaquiline and surveillance 

of drug resistance emergence. To facilitate molecular assay development, we aimed to identify 

genomic markers of bedaquiline resistance.

Methods—In this systematic review and individual isolate analysis, we searched Europe PubMed 

Central and Scopus for studies published from the inception of each database until Oct 19, 

2020, that assessed genotypic and phenotypic bedaquiline resistance in clinical or non-clinical 

Mycobacterium tuberculosis isolates. All studies reporting on the assessment of variants in the 

four genes of interest (Rv0678, atpE, pepQ, and Rv1979c) and phenotypic bedaquiline data in 

both clinical and non-clinical samples were included. We collated individual isolate data from 

eligible studies to assess the association between genomic variants with phenotypic bedaquiline 

resistance, using a standardised method endorsed by WHO. Risk of bias of the extracted 

data was independently assessed by two authors using the Quality Assessment of Diagnostic 
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Accuracy Studies tool for clinical studies and Systematic Review Center for Laboratory Animal 

Experimentation tool for animal studies. The primary outcome was to identify mutations 

associated with resistance in four genes of interest (Rv0678, atpE, pepQ, and Rv1979c); for each 

genomic variant, the odds ratio (OR), 95% CI, and p value were calculated to identify resistance 

markers associated with bedaquiline resistance. This study is registered with PROSPERO, 

CRD42020221498.

Findings—Of 1367 studies identified, 41 published between 2007 and 2020 were eligible for 

inclusion. We extracted data on 1708 isolates: 1569 (91·9%) clinical isolates and 139 (8·1%) 

non-clinical isolates. We identified 237 unique variants in Rv0678, 14 in atpE, 28 in pepQ, and 

11 in Rv1979c. Most clinical isolates with a single variant reported in Rv0678 (229 [79%] of 

287 variants), atpE (14 [88%] of 16 variants), pepQ (32 [100%] of 32 variants), or Rv1979c 
(115 [98%] of 119 variants) were phenotypically susceptible to bedaquiline. Except for the atpE 
187G→C (OR ∞, [95% CI 13·28–∞]; p<0·0001) and Rv0678 138_139insG (OR 6·91 [95% CI 

1·16–47·38]; p=0·016) variants, phenotypic–genotypic associations were not significant (p≥0·05) 

for any single variant in Rv0678, atpE, pepQ, and Rv1979c.

Interpretation—Absence of clear genotypic–phenotypic associations for bedaquiline 

complicates the development of molecular drug susceptibility tests. A concerted global effort 

is urgently needed to assess the genotypic and phenotypic drug susceptibility of M tuberculosis 
isolates, especially in patients who have received unsuccessful bedaquiline-containing regimens. 

Treatment regimens should be designed to prevent emergence of bedaquiline resistance and 

phenotypic drug susceptibility tests should be used to guide and monitor treatment.

Funding—Research Foundation Flanders, South African Medical Research Council, Department 

of Science and Innovation - National Research Foundation, National Institute of Health Institute of 

Allergy and Infectious Diseases, and Doris Duke Charitable Foundation.

Introduction

Half a million people were diagosed with rifampicin-resistant tuberculosis in 2019.1 

The expedited approval of bedaquiline in 2012 allowed for swift access by people with 

multidrug-resistant tuberculosis; it also enabled the development of all-oral multidrug­

resistant tuberculosis treatment regimens and improved survival of patients with multidrug­

resistant tuberculosis.2–4 However, the expedited approval of bedaquiline meant that 

concurrent implementation of validated genomic or phenotypic drug susceptibility tests 

(DST) was not possible. To date, many countries still do not have phenotypic DST capacity 

for bedaquiline.5–7

Development of an accurate molecular assay requires a strong understanding of the genetic 

correlates of bedaquiline resistance. Bedaquiline targets subunit C of Mycobacterium 
tuberculosis ATP synthase—encoded by the atpE gene—inhibiting energy production.8 

Laboratory experiments have shown an association between atpE variants and bedaquiline 

resistance.9 Clinical studies found that resistance was also associated with variants in the 

Rv0678 (mmpR) gene, which encodes a repressor protein regulating efflux pump expression 

via the mmpS5-mmpL5 operon, thereby implicating a drug efflux mechanism in bedaquiline 

resistance.10,11 In 2016, pepQ (rv2535c) and Rv1979c were identified as genes that might be 
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associated with bedaquiline resistance.12,13 Mutations in pepQ (encoding a putative Xaa-Pro 

amino-peptidase) and Rv1979c (encoding a putative permease) have been implicated in 

bedaquiline resistance, but the underlying mechanisms remain unknown.14,15

To facilitate the development of a molecular bedaquiline resistance diagnostic tool, we 

did a systematic literature review and pooled individual isolate data analysis to assess the 

association between phenotypic resistance and variants in the Rv0678, atpE, pepQ, and 

Rv1979c genes.

Methods

Search strategy and selection criteria

In this systematic review and individual isolate analysis, we included studies reporting 

phenotypic DST or minimal inhibitory concentration (MIC) and assessment of variants 

in the four genes of interest (Rv0678, atpE, pepQ, and Rv1979c) in both clinical and 

non-clinical M tuberculosis isolates. We excluded conference abstracts and book chapters 

or studies not reporting original data. We searched Europe PubMed Central and Scopus 

for articles published from inception of each database to Oct 19, 2020, using the terms 

(“bedaquiline” OR “sirturo” OR “TMC207” OR “R207910”) AND (“tuberculosis” OR 

“TB”) AND (“MIC” OR “MICs”) OR (“minimum” AND “inhibitory” AND concentration*) 

OR resist* OR susceptib*) AND (muta* OR “genetic” OR “genome”: OR sequenc*) 

without language or date restrictions. When information was missing authors were contacted 

for clarification (eg, authors were contacted to confirm whether genotyping of atpE or 

Rv0678 was done). A full search of the grey literature was not done, but WHO publications 

were eligible for inclusion. Two authors independently screened articles for eligibility. 

After removal of duplicate entries, article titles and abstracts were reviewed to exclude 

studies not related to M tuberculosis or bedaquiline; basic science research articles not 

focusing on phenotype–genotype association and studies reporting on general clinical and 

epidemiological topics of tuberculosis were also excluded. The full text of selected articles 

was reviewed to confirm eligibility. The reference lists of meta-analyses, review articles, and 

included manuscripts were searched (By ER) for eligible publications missed by the search.

Data analysis

Variables extracted at the individual isolate level were geographical origin of isolation; 

isolate type (clinical, murine, or in vitro); bedaquiline exposure status; variants reported 

in Rv0678, atpE, pepQ, and Rv1979c or any additional gene as indicated by the author; 

variant type (single nucleotide polymorphism [SNP] and insertions or deletions); nucleotide 

and amino acid changes; presence of co-occurring variants; bedaquiline MIC; phenotypic 

DST; and sequencing method. Data on isolate lineage was not extracted because these were 

available for only a minority of isolates. When either nucleotide or amino acid change was 

not provided, missing data were inferred using Expasy,16 or through contact with the author. 

Data were extracted manually by one investigator (ER) and was checked by a second (AVR). 

Authors were contacted when information was missing. For isolates reported by multiple 

studies, only the first study was chosen unless the later study reported additional phenotypic 

or genotypic data.
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Two investigators (ER and AVR) independently assessed the risk of bias and concern 

of applicability using the Quality Assessment of Diagnostic Accuracy Studies tool for 

clinical studies (QUADAS-2) and Systematic Review Center for Laboratory Animal 

Experimentation tool for animal studies (SYRCLE; appendix 1 pp 3–7, 8–14).17,18 Quality 

was not assessed for the in-vitro studies because no comprehensive and standardised 

guidelines were available.

We classified isolates as phenotypically susceptible or resistant to bedaquiline according 

to the breakpoint concentrations of 1 μg/mL for mycobacteria growth indicator tube 

(MGIT), 0·25 μg/mL for 7H11,19 0·25 μg/mL for 7H10,20 and 0·125 μg/mL for 7H9 

broth microdilution formats, including microplate alamarBlue assay (MABA), resazurin 

microtiter assay (REMA) and Thermo Fisher Scientific microtiter plates.21 Phenotypic 

results were classified as indeterminate out of quality concern (silent mutations classified 

as resistant),22 or when the method was not specified.23 Classification agreement of isolates 

as phenotypically resistant or susceptible by different methods was investigated for isolates 

assessed by multiple methods. For isolates with information on at least the atpE and Rv0678 
genes, we described the MIC distribution of (1) wild-type isolates; (2) isolates with one or 

more variants in the Rv0678 gene; (3) one or more variants in the atpE gene; and (4) variants 

in both atpE and Rv0678. MIC distributions of isolates with only pepQ or Rv1979c variants 

were not described due to scarce data.

We collated the genotypic and phenotypic data of individual isolates and applied the 

standardised method for interpreting the association between variants (exposure) and 

phenotypic resistance (outcome).24 Because of the large number of variants and the 

paucity of data per variant, we included clinical and non-clinical isolates.25 Isolates were 

excluded if variants were not reported for both atpE and Rv0678 genes. Association with 

phenotypic resistance was investigated for variants that were observed at least once when 

occurring alone in phenotypically resistant isolates and for variants reported independently 

of the presence of co-occurring variants for phenotypically susceptible isolates. We also 

investigated the association of combinations of mutations observed more than once in 

phenotypically resistant isolates with bedaquiline resistance.

The primary outcome was to identify mutations associated with resistance in four genes 

of interest: atpE, Rv0678, pepQ, and Rv1979c. We also investigated the association with 

bedaquiline resistance for combinations of variants.

Odds ratios (OR) were used to evaluate the association of the genotypic and phenotypic data. 

95% CIs and p values were calculated using the fisher test function in the stats package 

R (version 4.0.0). Except for non-sense mutations and frameshift mutations, p values were 

adjusted for false discovery rate using the Benjamini-Hochberg procedure. Associations with 

phenotypic resistance were considered significant when the p value was less than 0·05 and 

the OR CIs did not cross 1 (appendix 1 pp 2–3). This study is registered with PROSPERO, 

CRD42020221498.
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Role of the funding source

The funders of the study had no role in study design, data collection, data analysis, data 

interpretation, or writing of the report.

Results

Of the 1367 identified studies, 40 (2·9%) were eligible for inclusion.8,10,11,13,21–23,26–58 

Additionally, a technical report published by WHO was identified and included (figure 

1).19 QUADAS-2 assessment of the clinical studies showed that the risk of bias was 

unclear for 19 (68%) of 28 studies19,22,23,26,29,30,32,33,39,44,46–49,52,53,55,56,58 due to a 

possible absence of masked interpretation of mutations; risk of bias was high for 11 

studies23,27,28,32,35,40,43,44,47,48,53 that used a phenotypic DST method not approved by 

WHO (appendix 1 pp 3–7). According to the QUADAS-2 assessment, the level of 

concern regarding applicability was classified as high for six (21%) of the 28 clinical 

studies23,35,45,48,49,51 because they did not report on both atpE and Rv0678 genes. SYRCLE 

assessment of the animal studies showed that all studies had an unclear risk of selection, 

performance, and detection bias, and a low risk of attrition, reporting, or other sources of 

bias (appendix 1 pp 8–14).

The review included data on 1708 M tuberculosis isolates: 1569 (91·9%) clinical and 139 

(8·1%) non-clinical isolates. Of the 1569 clinical isolates (originating from 32 countries; 

appendix 1 p 15), 1198 (76·4%) were obtained from patients who were bedaquiline naive 

and 297 (18·9%) from patients who had been exposed to bedaquiline. No exposure data were 

available for the remaining 74 (4·7%) patients. Of the 139 non-clinical isolates, 113 (81%) 

were in-vitro manipulated samples and 26 (19%) were isolates from murine studies. To 

identify genomic variants, 19 (46%) of 41 studies used whole-genome sequencing, 14 (34%) 

used targeted sequencing, and five (12%) studies used both (confirmed whole-genome 

sequencing results with targeted sequencing); three studies did not specify the sequencing 

technique used (table 1). Four (10%) studies reported on variants in atpE only, six (15%) 

reported on Rv0678 only, 11 (27%) on Rv0678 and atpE, nine (22%) on Rv0678, atpE 
and pepQ, and 11 (27%) studies reported on all four genes of interests (Rv0678, atpE, 

pepQ, and Rv1979c; table 1). Two (5%) studies reported on Rv0677c,26,32 and one (2%) 

study on atpB.43 15 studies (933 samples) used MGIT, 13 (913 samples) used 7H11 media, 

eight (70 samples) used MABA, eight (158 samples) used REMA, three (423 samples) used 

Thermo Fisher Scientific microtiter plates, three (42 samples) used 7H10 media, and one 

(35 samples) used 7H9 media with tetrazolium chloride to determine the bedaquiline MIC; 

seven studies used two methods and two studies used three methods for all isolates (table 

1). Overall, 1383 (82·7%) of the 1672 isolates were classified as phenotypically susceptible, 

and 289 (17·3%) as resistant to bedaquiline. Agreement in classification of isolates was 

high between MGIT and Thermo Fisher microtiter plate (393 [99%] of 396 isolates had 

the same classification), and between MGIT and 7H11 (445 [97%] of 459 isolates had the 

same classification; appendix 1 p 16). Estimates for agreement between other methods was 

imprecise due to the low number of samples.

31 (76%) of the studies reported on variants in atpE and Rv0678 (table 1). Of the 1178 

isolates analysed in these studies, 819 (69·5%) were wild type, of which 807 (99%) were 
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clinical isolates. 401 (62%) of the 652 wild-type isolates had a MGIT MIC of 0·25 μg/mL or 

less and 648 (99%) of 652 isolates had an MIC of 1 μg/mL or less. Only four (1%) of the 

652 wild-type isolates were phenotypically resistant on MGIT (MIC >1 μg/mL; figure 2A). 

MIC distributions of wild-type isolates on other platforms were similar to MGIT (appendix 

1 pp 17–18).

37 (90%) studies reported on Rv0678 variants in 1653 isolates. 1214 (73·4%) of these 

isolates were Rv0678 wild type and 439 (26·6%) contained one or more Rv0678 variants 

(table 1; appendix 2). 386 (88%) of the 439 samples with a mutation in the Rv0678 
gene were clinical samples. Variants occurred along the entire 498 base-pair coding region 

of the Rv0678 gene and in the 85 base-pair intergenic region between the Rv0678 and 

Rv0677c genes (figure 3; appendix 1 p 19). Overall, 237 unique Rv0678 variants were 

identified at 209 different positions of the Rv0678 gene: 152 (64%) unique SNPs (including 

ten silent mutations) and 85 (36%) unique insertions or deletions. 142 (60%) of the 237 

unique variants were reported only once. 395 (90%) of the 439 isolates with mutations 

had either a single (320 [73%]) or multiple (75 [17%]) Rv0678 variants with no variants 

reported in the other genes of interest. 23 (5%) of 439 isolates contained both Rv0678 and 

atpE variants, and 21 (5%) isolates had co-occurring Rv1979c variants. 79 (95%) of the 

83 isolates with multiple variants in the Rv0678 gene were clinical isolates, of which 57 

(72%) were retrieved from patients who had previously received bedaquiline. The MIC of 

isolates that had one or more Rv0678 variants but were atpE wild type ranged from less 

than 0·25 to more than 4 μg/mL, and 49 (34%) of these 145 isolates were phenotypically 

resistant on MGIT (figure 2C). MIC distributions of isolates with Rv0678 variants on other 

platforms were similar to MGIT (appendix 1 pp 17–18). Of the 439 samples with Rv0678 
variants, 386 (88%) were clinical isolates, 198 (51%) were retrieved from patients who were 

bedaquiline naive and 174 (45%) from patients who had previously received bedaquiline; 

bedaquiline exposure was unknown for the remaining 14 (4%) isolates. 229 (80%) of 287 

clinical isolates with any type of Rv0678 variants (143 had SNPs and 144 had insertions 

or deletions) but no variants in the other genes of interest were phenotypically susceptible 

isolates: 120 (83%) of 144 with insertions or deletions and 109 (76%) of 143 with SNPs.

35 (85%) studies reported on atpE variants in 1233 isolates, of which 1145 (92·9%) were 

atpE wild type and 88 (7·1%) contained one or more atpE variants (table 1; appendix 2). 

Overall, 14 unique variants were reported at 10 distinct positions in the 246 base-pair-long 

coding region (figure 3, appendix 1 p 20). One (7%) SNP was synonymous, one (7%) was 

non-sense, and 12 (86%) were missense. No insertions or deletions were reported. Of the 

14 unique atpE variants reported, seven (50%) were only reported once. Possible hotspot 

regions were located at positions 82 and 83 and 183–198. In addition, three mutations were 

identified in the 200 base-pair upstream region of the atpE gene. 65 (74%) of 88 isolates 

with atpE variants had either a single (n=62) or multiple (n=3) variants in this gene but none 

in the other genes of interest; the remaining 23 (26%) isolates had variants in both atpE 
and Rv0678, whereas none had co-occurring variants in pepQ or Rv1979c. 12 (86%) of 14 

isolates carrying only atpE variants and 14 (78%) of 18 isolates carrying atpE and Rv0678 
variants were phenotypically resistant on MGIT (figure 2B, D). MIC distributions of isolates 

with atpE variants and a combination of atpE and Rv0678 variants on other platforms are 

reported in the appendix 1 (pp 17–18), but are difficult to compare with MGIT due to the 
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scarcity of data. Of the 26 clinical isolates containing one or more variants in the atpE 
gene, three (12%) were retrieved from patients who were bedaquiline naive, 18 (69%) from 

patients who were bedaquiline exposed, and five (19%) had an unknown exposure status. Of 

the 16 clinical isolates with an isolated atpE variant and no other mutations, 14 (88%) were 

phenotypically susceptible to bedaquiline.

20 (49%) studies reported on 1061 isolates with variants in pepQ (table 1; appendix 2), of 

which 1022 (96·3%) were wild type and 39 (3·7%) contained one of 28 unique variants in 

the pepQ gene or one of two variants upstream in the pepQ gene (appendix 1 pp 21–22). 

All 32 clinical isolates with pepQ variants were phenotypically susceptible; three (43%) of 

the seven murine isolates with a pepQ variant were phenotypically resistant to bedaquiline 

(appendix 2).

11 (27%) studies reported on variants in Rv1979c (table 1; appendix 2). Overall, 18 unique 

Rv1979c variants were reported in 140 clinical isolates (appendix 1 pp 23–24). 115 (97%) 

of 119 isolates without co-occurring variants in other genes of interest were phenotypically 

susceptible to bedaquiline (appendix 2).

Two (5%) studies reported on variants in the mmpS5-mmpL5 genes.26,32 Two variants were 

reported in clinical isolates (appendix 2). The isolate containing the mmpL5 1030G→C 

variant was phenotypically resistant to bedaquiline; the isolate containing the mmpL5 
1804T→C variant was phenotypically susceptible to bedaquiline. In the only study reporting 

on atpB variants,43 three variants without co-occurring variants in other genes of interest 

were reported upstream of atpE: −53G→A, −72T→C, and −138T→C. Only the −72T→C 

variant was reported in a phenotypically resistant clinical isolate.

Of the 1708 isolates included in our study, 36 (2·1%) were excluded from the statistical 

analysis of the genotype–phenotype association due to quality concerns on the phenotypic 

DST and 529 (31·0%) were excluded because of an absence of data on both atpE and 

Rv0678. Of the 1143 included isolates, 659 (57·7%) were wild type, 292 (25·5%) were 

phenotypically susceptible and contained one or more variants in the genes of interest, and 

192 (16·8%) were phenotypically resistant. 1071 (93·7%) of 1143 isolates were clinical 

isolates, of which 724 (67·6%) were from patients who were bedaquiline naive and 277 

(25·9%) from patients who were bedaquiline exposed. Only one insertion mutation in 

Rv0678 (138_139insG) was associated with phenotypic resistance (OR 6·91 [95% CI 1·16–

47·38]; p=0·016). There was no evidence of association with resistance (p≥0·05) for the 

other 59 insertions or deletions and any of the 102 assessed SNPs in the Rv0678 gene 

(table 2; appendix 3). The only variant in the atpE gene associated with resistance was 

the 187G→C mutation (OR ∞ [13·28–∞]; p<0·0001), which was reported in ten in-vitro 

isolates and one clinical isolate (table 3). There was no evidence of association with 

phenotypic resistance for any of the 27 pepQ variants and 17 Rv1979c variants (p≥0·05; 

table 3).

16 unique combinations of variants were reported more than once: eight dual Rv0678 
variants, one dual atpE variant, three combinations of variants in atpE and Rv0678, three 

combinations of variants in Rv0678 and Rv1979c, and one combination of three Rv0678 
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variants. All four combinations containing a variant in atpE were associated with resistance 

(OR ≥24·7, p<0·05; appendix 1 p 25). The dual atpE combination contained two variants 

(82G→A and 183G→T) that were both reported in susceptible isolates when occurring 

alone. One combination contained the 187G→C atpE variant, which was associated with 

resistance when occurring alone, together with the 141_142insC variant in Rv0678, which 

was reported as a single variant in 13 phenotypically susceptible and four resistant isolates. 

One combination contained a deletion in Rv0678 with the 83A→C variant in atpE, which 

also occurred alone in a resistant isolate. One combination contained the 188C→T atpE 
and the 425T→G Rv0678 variants, both of which were only reported in phenotypically 

susceptible isolates when occurring alone. Of the eight dual Rv0678 variant combinations, 

two were associated with resistance (OR∞ [95% CI 1·51–∞]; p=0·024; appendix 1 p 

25). Both contained the 141_142insC variant, once in combination with the 138_139insG 

variant—which were shown to be associated with resistance in isolation—and once in 

combination with the 322A→G variant—which has not yet been reported alone. The 

other seven combinations of Rv0678 variants, which consisted of two variants that had 

either been reported in isolation solely in susceptible isolates or had been reported in both 

susceptible and resistant isolates, were not associated with resistance (p≥0·05). Two of the 

three combinations of a variant in Rv0678 and Rv1979c were associated with resistance (OR 

≥24·8, p<0·024; appendix 1 p 25). Both contained the 1226G→A variant in Rv1979c, which 

had been reported alone in two phenotypically resistant and 37 phenotypically susceptible 

isolates.

Treatment outcome data were available for 56 patients (appendix 4), of whom nine (16%) 

had a variant present in atpE or Rv0678 at the start of treatment. 36 (80%) of 45 patients 

with wild-type Rv0678 and atpE at baseline acquired a variant during bedaquiline treatment. 

Treatment was classified as successful in 26 (46%) of 56 patients after culture conversion, 

but 17 (30%) patients did not have culture conversion; of these 17 patients, eight (47%) died. 

Three (5%) of 56 patients relapsed, of whom one (33%) died, and treatment was ongoing 

in eight (14%) patients. Two (4%) of 56 patients were lost to follow-up. Nine (35%) of 26 

patients whose treatment was classified as successful had wild-type atpE and Rv0678 at the 

end of treatment. The other 47 (84%) of 56 patients for whom treatment outcome data were 

available had at least one variant in one of the genes of interest at the end of treatment.

Discussion

Our results show that 8 years after US Food and Drug Administration approval of 

bedaquiline for multidrug-resistant tuberculosis treatment,2 the association of genotypic 

variants with phenotypic resistance or clinical outcomes remains unclear due to scarce data 

and study heterogeneity. By summarising 13 years of data, we generated the most exhaustive 

catalogue to date: 14 unique variants in atpE, 237 in Rv0678, 28 in pepQ, and 11 in 

Rv1979c. Results of our systematic literature review confirmed that variants in the atpE gene 

result in high level resistance,31 but the evidence originates predominantly from in vitro and 

animal experiments, with few documented clinical cases. Our results show that variants in 

the Rv0678 gene are numerous and scattered throughout the gene, with most of the SNPs, 

insertions, and deletions occurring in phenotypically susceptible clinical isolates. Although 

pepQ and Rv1979c have been hypothesised to play a role in the development of bedaquiline 
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resistance,12,13 the data we collated on these genes showed that it is unlikely that they play 

an important role in resistance.

Our analysis is the first to statistically evaluate the association between variants in atpE, 

Rv0678, pepQ, and Rv1979c with phenotypic resistance. Using a standard methodology,24 

two single variants (atpE 187G→C and Rv0678 138_139insG) were associated with 

resistance. However, this knowledge will not contribute substantially to clinical care because 

the atpE 187G→C variant was only reported once and the Rv0678 138_139insG variant 

three times in clinical isolates over the past 13 years. None of the other single variants 

assessed in atpE, Rv0678, pepQ, or Rv1979c were associated with phenotypic resistance 

(p≥0·05), likely due to scarce data. Eight combinations of variants were associated with 

resistance. One contained the atpE 187G→C variant and one the Rv0678 138_139insG 

variant, confirming their association with resistance. The only dual atpE combination 

contained two variants (82G→A and 183G→T) only reported in susceptible isolates when 

occurring in isolation. The Rv1979c 1226G→A variant, which occurred in 37 susceptible 

isolates and two resistant isolates and was associated with resistance when occurring in 

combination with two different Rv0678 variants that were not associated with resistance 

when occurring in isolation. These findings highlight the difficulty of translating the 

phenotype of a variant when it occurs in isolation to a co-occurring variant. An updated 

literature search done during the review process of this Article on March 27, 2021, yielded 

one additional study that would have been eligible for inclusion in our systematic review and 

analysis.59 This study reported one new variant (Rv0678 110A→V), with all other variants 

already included in our dataset. Data from this study were not extracted because they would 

not affect the results and interpretation of our study.

Our review extends the knowledge on bedaquiline resistance by increasing the number 

of articles reviewed from 18–2214,15,60 to 41, by stratifying information by bedaquiline 

exposure status, and by summarising the effect of genetic variants on treatment outcome. 

Despite these strengths, several limitations should be noted. To collect as much data as 

possible, we included both clinical and non-clinical studies. Although it is broadly accepted 

that in-vivo antibiotic resistance can be replicated in vitro, this assumption has yet to be 

proven for bedaquiline specifically.25 Likewise, we included data from multiple clinical 

studies of different designs to increase the amount of data. Regarding phenotypic DST, 

multiple methodologies were used, but only MGIT, 7H11, and Thermo Fisher microdilution 

plates have been validated.21 Although no provisional breakpoints have been endorsed for 

MABA and REMA, these methods were used for a minority of samples and inter-phenotypic 

DST agreement with other methods was high. Because not all studies investigated or 

reported all genes of interest, the sample size of the genotype–phenotype analysis was 

reduced by only including samples with data on both atpE and Rv0678. This restriction 

was not applied to the pepQ and Rv1979c genes due to scare data. Most variants were only 

reported in a small number of isolates, many co-occurred with other variants, and minor 

variants were not always assessed, complicating the assessment of the genotype–phenotype 

association. Variants in genes that might compensate for loss of function by another variant, 

as has been shown for mmpS5-mmpL5 variants co-occurring with Rv0678 variants,14 

were rarely reported. Clofazimine exposure status was only reported in 19 (46%) of 41 

studies. This impeded full description of previous selection pressure on Rv0678 because 
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clofazimine can result in cross resistance with bedaquiline.34 Our aim to assess the effect 

of resistance conferred by specific variants on treatment outcome was limited by scarce 

data. Finally, multiple studies were at high risk of bias due to incomplete description of 

the phenotypic DST and genotyping methods used. Future studies should be designed and 

reported according to international guidelines for diagnostic accuracy studies.17,61

In summary, our findings show that our current knowledge on the genomic basis of 

bedaquiline resistance is insufficient to develop a rapid molecular assay. To advance our 

knowledge on the phenotypic–genotypic association for bedaquiline, a concerted effort 

is needed to report comprehensive genotypic (preferably whole-genome sequencing) and 

phenotypic (using standardised methodologies) data together with treatment outcome 

information, especially in people who experience treatment failure. Alternative approaches 

to determine the genotypic–phenotypic association should be explored, and multidrug­

resistant tuberculosis treatment regimens should be designed to protect bedaquiline; 

phenotypic DST should be used to guide and monitor treatment of patients suffering from 

multidrug-resistant tuberculosis.
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Research in context

Evidence before this study

Multiple cases of unsuccessful treatment in patients receiving bedaquiline-containing 

regimens have been reported since bedaquiline was approved for the treatment of 

multidrug-resistant tuberculosis in 2012. Numerous variants in genes believed to be 

associated with bedaquiline resistance (atpE, Rv0678, pepQ, and Rv1979c) have 

been documented in in-vitro experiments, animal studies, and clinical Mycobacterium 
tuberculosis isolates. Three systematic reviews have collated data published between 

2005 and 2018 on bedaquiline resistance. These systematic reviews were descriptive 

and did not aim to determine the statistical association between genomic variants and 

phenotypic bedaquiline resistance. Consequently, no genomic markers for bedaquiline 

resistance have been identified with confidence. To assess the association of genomic 

markers with bedaquiline resistance, we searched Europe PubMed Central and Scopus 

from the inception of each database to Oct 19, 2020, using the following search 

terms (“bedaquiline” OR “sirturo” OR “TMC207” OR “R207910”) AND (“tuberculosis” 

OR “TB”) AND (“MIC” OR “MICs”) OR (“minimum” AND “inhibitory” AND 

“concentration”*) OR resist* OR susceptib*) AND (mut* OR “genetic” OR “genome” 

OR sequenc*) without any language or date restrictions. An updated literature search 

done during the review process of this Article on March 27, 2021, using the same search 

criteria yielded one additional study which would have been eligible for inclusion in 

our study. However, this study was not included in this version of the systematic review 

because only one new variant, not already present in our dataset, was reported.

Added value of this study

By increasing the number of included studies from 18–22 in previous reviews to 41, 

we present the most extensive catalogue of genomic variants in bedaquiline resistance 

associated genes (14 in atpE, 237 in Rv0678, 28 in pepQ, 11 in Rv1979c) and 

corresponding minimal inhibitory concentrations to date. We show that the highest 

number of unique variants occur in the Rv0678 gene without any hotspot regions. 

Second, our review is the first to summarise data on genetic variants and treatment 

outcome, and to stratify results by type of study (clinical or non-clinical) and by 

exposure status to bedaquiline. We show that there is little evidence for the role of atpE, 

pepQ, and Rv1979c in clinical bedaquiline resistance. Third, we assessed the statistical 

association between the presence of genomic variants in the atpE, Rv0678, pepQ, and 

Rv1979c and phenotypic bedaquiline resistance. Using a standardised method, we show 

that only two single variants, atpE 187G→C and Rv0678 138_139insG, are associated 

with bedaquiline resistance. Furthermore, we identified eight unique combinations of 

mutations associated with resistance, three of which were a combination of variants in 

atpE and Rv0678, one dual variant in atpE, two a variant in Rv1979c and Rv0678, and 

two dual Rv0678 variants. The statistical association with bedaquiline resistance for other 

mutations remains unknown.

Implications of all the available evidence
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The findings of a large (>200) number of genetic variants in Rv0678 scattered across 

the gene, the occurrence of variants in both phenotypically susceptible and resistant 

M tuberculosis isolates and in isolates from patients who were bedaquiline naive and 

those who were previously exposed to bedaquiline, and the observation that only 

two genomic variants were statistically associated with bedaquiline resistance suggest 

that development of a rapid molecular drug susceptibility assay will be challenging. 

Consequently, to safeguard bedaquiline as an effective treatment option, treatment 

regimens should be carefully designed to avoid emergence of bedaquiline resistance, 

and phenotypic drug susceptibility testing methods should be used to guide and monitor 

treatment. A concerted research effort is needed to assess the genotypic and phenotypic 

drug susceptibility of M tuberculosis isolates, especially in patients in whom bedaquiline 

containing regimens were not successful.
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Figure 1: Study profile
DST=drug susceptibility tests.

Ismail et al. Page 17

Lancet Microbe. Author manuscript; available in PMC 2021 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: MGIT MIC distribution
Only isolates with information on both atpE and Rv0678 genes were included. Isolates for 

which the reported MIC could not be reported as one of the concentrations in this figure 

were excluded. (A) MGIT MIC distribution of wild-type samples (652 isolates). (B) MGIT 

MIC distribution of isolates with one or more atpE variants and wild-type Rv0678 (13 

isolates). (C) MGIT MIC distribution of isolates with one or more Rv0678 variants and 

wild-type atpE (138 isolates). (D) MGIT MIC distribution of isolates with one or more 

atpE variants and one or more Rv0678 variants (17 isolates). MGIT=mycobacteria growth 

indicator tube. MIC=minimal inhibitory concentration.
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Figure 3: Observed variants across the Rv0678 and atpE genes
Position of observed variants across the Rv0678 and atpE genes in all samples and in 

samples stratified by origin (clinical and non-clinical) and bedaquiline exposure status 

(exposed and naive) are shown. *Only atpE variant observed in an isolate from a patient who 

was bedaquiline treatment naive.

Ismail et al. Page 19

Lancet Microbe. Author manuscript; available in PMC 2021 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ismail et al. Page 20

Ta
b

le
 1

:

St
ud

y 
ch

ar
ac

te
ri

st
ic

s

P
he

no
ty

pi
ng

 m
et

ho
d

C
lo

fa
zi

m
in

e 
D

ST
Sa

m
pl

e 
ty

pe
B

ed
aq

ui
lin

e 
ex

po
su

re
G

en
ot

yp
in

g 
m

et
ho

d
at

pE
R

v0
67

8
pe

pQ
R

v1
97

9c
N

um
be

r 
of

 
is

ol
at

es

Is
m

ai
l e

t a
l (

20
18

)37
M

G
IT

Y
es

In
 v

itr
o

N
A

W
G

S
Y

es
Y

es
Y

es
Y

es
9

B
lo

em
be

rg
 e

t a
l (

20
15

)28
M

G
IT

Y
es

C
lin

ic
al

E
xp

os
ed

Ta
rg

et
ed

Y
es

Y
es

N
R

N
R

3

H
of

fm
an

 e
t a

l (
20

16
)35

M
G

IT
Y

es
C

lin
ic

al
E

xp
os

ed
W

G
S

N
R

Y
es

N
R

N
R

1

X
u 

et
 a

l (
20

17
)56

M
A

B
A

Y
es

C
lin

ic
al

N
ai

ve
W

G
S 

an
d 

ta
rg

et
ed

Y
es

Y
es

Y
es

Y
es

6

V
ez

ir
is

 e
t a

l (
20

17
)52

7H
11

N
o

C
lin

ic
al

M
ix

Ta
rg

et
ed

Y
es

Y
es

N
R

N
R

5

V
ill

el
la

s 
et

 a
l (

20
17

)53
7H

11
Y

es
C

lin
ic

al
N

ai
ve

Ta
rg

et
ed

Y
es

Y
es

Y
es

N
R

34
7

Z
im

en
ko

v 
et

 a
l (

20
17

)58
*

7H
11

N
o

C
lin

ic
al

M
ix

Ta
rg

et
ed

Y
es

Y
es

Y
es

Y
es

85

Pe
re

to
ki

na
 e

t a
l (

20
20

)47
*

M
G

IT
 a

nd
 7

H
11

N
o

C
lin

ic
al

M
ix

Ta
rg

et
ed

Y
es

Y
es

Y
es

Y
es

34
4

Pa
ng

 e
t a

l (
20

17
)46

M
A

B
A

Y
es

C
lin

ic
al

N
ai

ve
Ta

rg
et

ed
Y

es
Y

es
Y

es
N

R
5

Is
m

ai
l e

t a
l (

20
18

)39
M

G
IT

 a
nd

 T
F 

pl
at

e
Y

es
C

lin
ic

al
M

ix
W

G
S

Y
es

Y
es

Y
es

Y
es

39
1

M
ar

tin
ez

 e
t a

l (
20

18
)43

R
E

M
A

Y
es

C
lin

ic
al

N
ai

ve
W

G
S

Y
es

Y
es

Y
es

N
R

56

G
ho

do
us

i e
t a

l (
20

19
)33

M
G

IT
 a

nd
 7

H
11

Y
es

C
lin

ic
al

M
ix

W
G

S
Y

es
Y

es
Y

es
Y

es
19

A
lm

ei
da

 e
t a

l (
20

16
)13

7H
11

Y
es

M
ur

in
e

N
A

W
G

S 
an

d 
ta

rg
et

ed
Y

es
Y

es
Y

es
N

R
4

To
rr

ea
 e

t a
l (

20
15

)51
M

G
IT

 a
nd

 7
H

11
N

o
C

lin
ic

al
N

ai
ve

Ta
rg

et
ed

N
R

Y
es

N
R

N
R

98

Y
an

g 
et

 a
l (

20
18

)22
M

T
T

N
o

C
lin

ic
al

N
ai

ve
Ta

rg
et

ed
Y

es
Y

es
N

R
N

R
35

Is
m

ai
l e

t a
l (

20
19

)38
M

G
IT

Y
es

In
 v

itr
o

N
A

W
G

S
Y

es
Y

es
Y

es
Y

es
12

Is
m

ai
l e

t a
l (

20
19

)36
7H

10
N

o
In

 v
itr

o
N

A
W

G
S

Y
es

Y
es

N
R

N
R

6

G
ha

ja
va

nd
 e

t a
l (

20
19

)32
M

A
B

A
N

o
C

lin
ic

al
N

ai
ve

W
G

S
Y

es
Y

es
Y

es
Y

es
24

de
 V

os
 e

t a
l (

20
19

)30
M

G
IT

N
o

C
lin

ic
al

M
ix

W
G

S
Y

es
Y

es
N

R
N

R
7

Po
ls

fu
ss

 e
t a

l (
20

19
)48

M
G

IT
 a

nd
 R

E
M

A
Y

es
C

lin
ic

al
M

ix
W

G
S

N
R

Y
es

N
R

N
R

5

R
an

co
ita

 e
t a

l (
20

18
)49

7H
11

 a
nd

 R
E

M
A

Y
es

C
lin

ic
al

N
R

W
G

S
N

R
Y

es
N

R
N

R
4

X
u 

et
 a

l (
20

17
)55

M
A

B
A

Y
es

In
 v

itr
o 

an
d 

cl
in

ic
al

N
ai

ve
Ta

rg
et

ed
Y

es
Y

es
Y

es
N

R
7

A
nd

ri
es

 e
t a

l (
20

14
)11

†
R

E
M

A
Y

es
In

 v
itr

o 
an

d 
m

ur
in

e
N

A
W

G
S 

an
d 

ta
rg

et
ed

Y
es

Y
es

N
R

N
R

22

K
ou

l e
t a

l (
20

07
)41

†
R

E
M

A
, M

A
B

A
, a

nd
 

7H
10

N
o

In
 v

itr
o

N
A

Ta
rg

et
ed

Y
es

N
R

N
R

N
R

2

X
u 

et
 a

l (
20

19
)54

M
A

B
A

N
o

M
ur

in
e

N
A

W
G

S 
an

d 
ta

rg
et

ed
Y

es
Y

es
Y

es
N

R
18

Lancet Microbe. Author manuscript; available in PMC 2021 November 17.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ismail et al. Page 21

P
he

no
ty

pi
ng

 m
et

ho
d

C
lo

fa
zi

m
in

e 
D

ST
Sa

m
pl

e 
ty

pe
B

ed
aq

ui
lin

e 
ex

po
su

re
G

en
ot

yp
in

g 
m

et
ho

d
at

pE
R

v0
67

8
pe

pQ
R

v1
97

9c
N

um
be

r 
of

 
is

ol
at

es

K
lo

pp
er

 e
t a

l (
20

20
)40

M
G

IT
N

o
C

lin
ic

al
N

ai
ve

W
G

S
Y

es
Y

es
N

R
N

R
1

K
an

ig
a 

et
 a

l (
20

20
)21

M
G

IT
, 7

H
11

, a
nd

 T
F 

pl
at

e
N

o
In

 v
itr

o
N

A
N

R
Y

es
Y

es
N

R
N

R
5

N
im

m
o 

et
 a

l (
20

20
)44

7H
11

N
o

C
lin

ic
al

M
ix

W
G

S
N

R
Y

es
N

R
N

R
19

A
nd

re
s 

et
 a

l (
20

20
)26

M
G

IT
Y

es
C

lin
ic

al
M

ix
W

G
S

Y
es

Y
es

Y
es

Y
es

20

Ta
nt

ry
 e

t a
l (

20
17

)50
M

A
B

A
N

o
In

 v
itr

o
N

A
W

G
S

Y
es

N
R

N
R

N
R

2

C
on

ra
di

e 
et

 a
l (

20
20

)29
M

G
IT

Y
es

C
lin

ic
al

E
xp

os
ed

W
G

S
Y

es
Y

es
N

R
N

R
1

W
H

O
 (

20
18

)19
M

G
IT

, a
nd

 7
H

11
Y

es
C

lin
ic

al
M

ix
N

R
Y

es
Y

es
N

R
N

R
53

B
at

ta
gl

ia
 e

t a
l (

20
20

)27
R

E
M

A
N

o
C

lin
ic

al
N

ai
ve

W
G

S
Y

es
Y

es
Y

es
N

R
51

N
im

m
o 

et
 a

l (
20

20
)45

7H
11

N
o

C
lin

ic
al

M
ix

W
G

S
Y

es
Y

es
Y

es
Y

es
7

L
iu

 e
t a

l (
20

20
)42

T
F 

pl
at

e
N

o
C

lin
ic

al
M

ix
Ta

rg
et

ed
Y

es
Y

es
Y

es
Y

es
27

D
eg

ia
co

m
i e

t a
l (

20
20

)31
R

E
M

A
N

o
In

 v
itr

o
N

A
W

G
S

Y
es

Y
es

Y
es

N
R

14

Y
an

g 
et

 a
l (

20
20

)57
M

A
B

A
N

o
C

lin
ic

al
N

ai
ve

Ta
rg

et
ed

Y
es

Y
es

Y
es

N
R

6

Y
os

hi
ya

m
a 

et
 a

l (
20

20
)23

N
R

N
o

C
lin

ic
al

E
xp

os
ed

N
R

N
R

Y
es

N
R

N
R

1

H
ui

tr
ic

 e
t a

l (
20

10
)10

7H
10

N
o

In
 v

itr
o

N
A

Ta
rg

et
ed

Y
es

N
R

N
R

N
R

34

H
ar

tk
oo

rn
 e

t a
l (

20
14

)34
R

E
M

A
Y

es
In

 v
itr

o
N

A
W

G
S 

an
d 

ta
rg

et
ed

Y
es

Y
es

N
R

N
R

6

Se
ga

la
 e

t a
l (

20
12

)8
7H

11
N

o
In

 v
itr

o
N

A
Ta

rg
et

ed
Y

es
N

R
N

R
N

R
18

To
ta

l
··

··
··

··
··

35
37

20
11

17
08

‡

D
ST

=
dr

ug
 s

us
ce

pt
ib

ili
ty

 te
st

. M
A

B
A

=
M

ic
ro

pl
at

e 
A

la
m

ar
 B

lu
e 

A
ss

ay
. M

G
IT

=
M

yc
ob

ac
te

ri
al

 G
ro

w
th

 I
nc

ub
at

or
 T

ub
es

. M
T

T
=

2,
3-

di
ph

en
yl

-5
-(

2-
th

ie
ny

l)
-t

et
ra

zo
liu

m
 c

hl
or

id
e.

 N
A

=
no

t a
pp

lic
ab

le
. N

R
=

no
t 

re
po

rt
ed

. R
E

M
A

=
R

es
az

ur
in

 M
ic

ro
tit

er
 p

la
te

 A
ss

ay
. T

F=
T

he
rm

oF
is

he
r. 

W
G

S=
w

ho
le

 g
en

om
e 

se
qu

en
ci

ng
.

* St
ud

ie
s 

sh
ar

ed
 7

0 
is

ol
at

es
.

† St
ud

ie
s 

sh
ar

ed
 tw

o 
is

ol
at

es
.

‡ E
xc

lu
di

ng
 7

2 
sh

ar
ed

 is
ol

at
es

.

Lancet Microbe. Author manuscript; available in PMC 2021 November 17.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ismail et al. Page 22

Ta
b

le
 2

:

A
ss

oc
ia

tio
n 

be
tw

ee
n 

in
se

rt
io

ns
, d

el
et

io
ns

, a
nd

 s
in

gl
e 

nu
cl

eo
tid

e 
po

ly
m

or
ph

is
m

s 
in

 th
e 

R
v0

67
8 

ge
ne

 a
nd

 p
he

no
ty

pi
c 

re
si

st
an

ce

P
he

no
ty

pi
c 

D
ST

 r
es

ul
ts

St
at

is
ti

ca
l a

ss
oc

ia
ti

on
 b

et
w

ee
n 

ph
en

ot
yp

e 
an

d 
ge

ne
ti

c 
va

ri
an

t*

A
ll

C
lin

ic
al

N
on

-c
lin

ic
al

O
R

 e
st

im
at

e 
(9

5%
 C

I)
p 

va
lu

e†

R
S

R
S

R
S

In
se

rt
io

ns
 o

r 
de

le
ti

on
s

19
8_

19
9i

ns
G

2
0

2
0

0
0

∞
 (

0·
93

–∞
)

0·
02

8

21
2d

el
C

, 1
39

_1
41

in
sT

G
, 1

45
–1

47
in

de
l, 

16
_1

7d
el

G
G

, 1
72

_1
73

in
sI

S6
11

0,
 1

8_
19

de
lG

G
, 

19
de

lG
, a

nd
 3

30
de

lA
1‡

0
1‡

0
0

0
∞

 (
0·

13
–∞

)
0·

17

25
9_

26
0i

ns
G

, 2
72

_2
73

in
sI

S6
11

0,
 3

34
_3

35
in

sI
S6

11
0,

 3
49

_3
50

in
sI

S6
11

0,
 3

8_
39

in
sA

, 
65

_6
6i

ns
IS

61
10

, a
nd

 9
4_

95
in

sI
S6

11
0

1‡
0

0
0

1‡
0

∞
 (

0·
13

–∞
)

0·
17

13
8_

13
9i

ns
G

4
3

4
3

0
0

6·
91

 (
1·

16
–4

7·
38

)
0·

01
6

19
3d

el
G

2
5

0
5

2
0

2·
03

 (
0·

19
–1

2·
53

)
0·

33

14
1_

14
2i

ns
C

4
13

4
13

0
0

1·
68

 (
0·

39
–5

·5
1)

0·
32

19
2_

19
3i

ns
G

3
14

3
14

0
0

1·
10

 (
0·

20
–3

·9
9)

0·
75

27
4_

27
5i

ns
A

1
5

1
5

0
0

1·
00

 (
0·

02
–8

·9
7)

1·
00

19
2d

el
G

 a
nd

 2
88

de
lC

1‡
6‡

1‡
6‡

0
0

0·
83

 (
0·

02
–6

·8
9)

1·
00

13
8_

14
0i

ns
G

A
0

1
0

1
0

0
0·

00
 (

0·
00

–1
95

·6
4)

1·
00

10
7d

el
G

, 1
38

_1
40

in
sG

G
, 1

40
_1

41
in

sG
, 1

40
_1

41
in

sG
, 1

42
_1

43
de

lC
T,

 1
42

_1
43

in
sC

, 
14

2d
el

C
, 1

5D
el

G
, 1

76
_1

77
de

lC
G

, 1
76

_1
78

in
sG

C
, 1

92
_1

94
in

sG
G

, 1
93

_1
94

in
sG

, 
21

4d
el

C
, 2

62
_2

63
in

sA
, 2

74
_2

83
de

lT
A

T
T

T
C

C
G

G
T,

 2
88

de
lG

, 3
18

_3
20

in
sC

G
, 3

35
de

lC
, 

43
_4

4i
ns

A
, 4

37
_4

38
in

sT
, 4

57
de

lG
, a

nd
 4

6i
nd

el

0
1‡

0
1‡

0
0

0·
00

 (
0·

00
–1

92
·5

9)
1·

00

14
0_

14
1i

ns
C

, 2
91

_2
92

in
sA

, 2
9d

el
G

, 3
59

_3
60

in
sG

, 4
64

_4
65

in
sC

, 4
65

_4
66

in
sC

, 
13

6_
13

7i
ns

G
, a

nd
 1

98
de

lG
0

2‡
0

2‡
0

0
0·

00
 (

0·
00

–2
6·

43
)

1·
00

13
3_

13
4i

ns
T

G
, 1

39
_1

40
in

sG
, 1

84
_1

85
in

sC
, a

nd
 4

35
de

lT
0

3‡
0

3‡
0

0
0·

00
 (

0·
00

–1
2·

02
)

1·
00

43
4d

el
T

0
4

0
4

0
0

0·
00

 (
0·

00
–7

·5
2)

1·
00

16
de

lG
0

5
0

5
0

0
0·

00
 (

0·
00

–5
·4

2)
0·

60

41
8_

41
9i

ns
G

0
9

0
9

0
0

0·
00

 (
0·

00
–2

·5
1)

0·
37

To
ta

l
33

12
0

24
12

0
9

0

SN
P

s 
(i

nc
lu

di
ng

 n
on

-s
en

se
 m

ut
at

io
ns

)

18
9C

→
A

3
0

0
0

3
0

∞
 (

2·
06

–∞
)

0·
38

97
A
→

G
2

0
1

0
1

0
∞

 (
0·

94
–∞

)
0·

45

15
2A

→
C

, 1
58

C
→

G
, a

nd
 2

87
G
→

A
2‡

0
2‡

0
0

0
∞

 (
0·

93
–∞

)
0·

45

Lancet Microbe. Author manuscript; available in PMC 2021 November 17.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ismail et al. Page 23

P
he

no
ty

pi
c 

D
ST

 r
es

ul
ts

St
at

is
ti

ca
l a

ss
oc

ia
ti

on
 b

et
w

ee
n 

ph
en

ot
yp

e 
an

d 
ge

ne
ti

c 
va

ri
an

t*

A
ll

C
lin

ic
al

N
on

-c
lin

ic
al

O
R

 e
st

im
at

e 
(9

5%
 C

I)
p 

va
lu

e†

R
S

R
S

R
S

40
0C

→
T

 (
no

n-
se

ns
e)

2
0

0
0

2
0

∞
 (

0·
93

–∞
)

0·
02

8

40
3C

→
G

 a
nd

 2
81

G
→

A
2‡

0
0

0
2‡

0
∞

 (
0·

93
–∞

)
0·

45

28
0C

→
T

 a
nd

 3
61

G
→

A
1‡

0
1‡

0
0

0
∞

 (
0·

13
–∞

)
0·

73

14
8C

→
T

 a
nd

 2
14

C
→

T
1‡

0
0

0
1‡

0
∞

 (
0·

13
–∞

)
0·

73

27
6T

→
A

 (
no

n-
se

ns
e)

1
0

0
0

1
0

∞
 (

0·
13

–∞
)

0·
17

26
3A

→
G

, 1
55

C
→

T,
 2

57
C
→

T,
 2

86
C
→

T,
 2

15
G
→

A
, 3

26
G
→

C
, 1

24
T
→

C
, 3

23
T
→

C
, 

33
2T

→
A

, a
nd

 4
37

T
→

C
1‡

0
1‡

0
0

0
∞

 (
0·

13
–∞

)
0·

73

27
1A

→
C

, 4
13

A
→

G
, 6

5A
→

T,
 1

20
G
→

C
, 1

97
G
→

A
, 1

31
T
→

C
, a

nd
 4

07
T
→

C
1‡

0
0

0
1‡

0
∞

 (
0·

13
–∞

)
0·

73

61
G
→

T
 (

no
n-

se
ns

e)
1

0
0

0
1

0
∞

 (
0·

13
–∞

)
0·

17

15
T
→

7C
2

1
2

1
0

0
10

·0
5 

(0
·5

2–
59

1·
28

)
0·

73

5G
→

T
2

1
2

1
0

0
10

·0
0 

(0
·5

2–
58

8·
18

)
0·

73

2T
→

C
1

1
1

1
0

0
5·

03
 (

0·
06

–3
93

·6
5)

1·
00

26
5C

→
T

 (
si

le
nt

)
1

1
1

1
0

0
4·

97
 (

0·
06

–3
89

·5
5)

0·
31

20
2A

→
G

, 4
03

C
→

T
1‡

1‡
0

1‡
1‡

0
4·

97
 (

0·
06

–3
89

·5
5)

1·
00

10
7C

→
T,

 1
58

C
→

T,
 1

76
C
→

T,
 1

85
C
→

T,
 2

96
C
→

T,
 1

93
G
→

A
, a

nd
 5

9T
→

G
1‡

1‡
1‡

1‡
0

0
4·

97
 (

0·
06

–3
89

·5
5)

1·
00

33
7G

→
A

 a
nd

 3
50

T
→

G
1‡

2‡
1‡

2‡
0

0
2·

48
 (

0·
04

–4
7·

88
)

1·
00

13
6T

→
C

 a
nd

 2
48

T
→

C
0

1‡
0

1‡
0

0
0·

00
 (

0·
00

–1
93

·6
0)

1·
00

22
5C

→
T

 (
si

le
nt

)
0

1
0

1
0

0
0·

00
 (

0·
00

–1
92

·5
9)

1·
00

11
A
→

C
, 1

4A
→

G
, 1

65
A
→

C
, 3

31
A
→

G
, 6

7A
→

G
, 1

1C
→

A
, 5

3C
→

A
, 2

20
C
→

G
, 

25
1C

→
T,

 2
68

C
→

T,
 2

79
C
→

A
, 4

06
C
→

G
, 1

09
G
→

A
, 1

49
G
→

C
, 1

94
G
→

C
, 1

96
G
→

T,
 

24
5G

→
A

, 2
59

G
→

A
, 3

52
G
→

A
, 3

58
G
→

A
, 3

93
G
→

C
, 4

17
G
→

A
, 4

21
G
→

C
, 6

1G
→

A
, 

20
T
→

A
, 2

40
T
→

G
, 2

54
T
→

G
, 2

74
T
→

G
, 4

16
T
→

C
, 4

37
T
→

G
, 4

69
T
→

G
, 5

9T
→

C
, a

nd
 

93
T
→

G

0
1‡

0
1‡

0
0

0·
00

 (
0·

00
–1

92
·5

9)
1·

00

42
5T

→
G

0
2

0
2

0
0

0·
00

 (
0·

00
–2

7·
13

)
1·

00

18
7A

→
G

0
2

0
2

0
0

0·
00

 (
0·

00
–2

6·
70

)
1·

00

10
6G

→
A

 a
nd

 3
65

T
→

C
0

2‡
0

2‡
0

0
0·

00
 (

0·
00

–2
6·

56
)

1·
00

4A
→

T,
 1

72
A
→

C
, 2

47
C
→

G
, 2

53
G
→

T,
 2

59
G
→

C
, 3

26
G
→

T,
 3

62
G
→

A
, 7

G
→

A
, 

23
6T

→
C

, a
nd

 2
78

T
→

C
0

2‡
0

2‡
0

0
0·

00
 (

0·
00

–2
6·

43
)

1·
00

78
T
→

G
 (

no
n-

se
ns

e)
0

2
0

2
0

0
0·

00
 (

0·
00

–2
6·

43
)

1·
00

79
8T

→
G

 (
si

le
nt

)
0

3
0

3
0

0
0·

00
 (

0·
00

–1
2·

02
)

1·
00

Lancet Microbe. Author manuscript; available in PMC 2021 November 17.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ismail et al. Page 24

P
he

no
ty

pi
c 

D
ST

 r
es

ul
ts

St
at

is
ti

ca
l a

ss
oc

ia
ti

on
 b

et
w

ee
n 

ph
en

ot
yp

e 
an

d 
ge

ne
ti

c 
va

ri
an

t*

A
ll

C
lin

ic
al

N
on

-c
lin

ic
al

O
R

 e
st

im
at

e 
(9

5%
 C

I)
p 

va
lu

e†

R
S

R
S

R
S

34
1T

→
C

0
4

0
4

0
0

0·
00

 (
0·

00
–7

·5
2)

1·
00

67
A
→

C
 a

nd
 T

25
→

4C
0

6‡
0

6‡
0

0
0·

00
 (

0·
00

–4
·2

2)
1·

00

11
9T

→
C

0
7

0
7

0
0

0·
00

 (
0·

00
–3

·4
4)

1·
00

To
ta

l
57

10
9

34
10

9
23

0
··

··

T
he

 v
ar

ia
nt

s 
th

at
 a

re
 o

bs
er

ve
d 

on
ly

 in
 r

es
is

ta
nt

 is
ol

at
es

 a
re

 s
ho

w
n 

on
 to

p,
 w

ith
 v

ar
ia

nt
s 

th
at

 a
re

 o
bs

er
ve

d 
on

ly
 in

 s
us

ce
pt

ib
le

 is
ol

at
es

 a
re

 s
ho

w
n 

on
 th

e 
bo

tto
m

 o
f 

th
e 

ta
bl

e.

To
 b

e 
in

cl
ud

ed
 s

tu
di

es
 h

ad
 to

 r
ep

or
t a

t a
 m

in
im

um
 o

n 
va

ri
an

ts
 in

 b
ot

h 
th

e 
R

v0
67

8 
an

d 
at

pE
 g

en
e 

an
d 

co
-o

cc
ur

ri
ng

 m
ut

at
io

ns
 c

ou
ld

 n
ot

 b
e 

pr
es

en
t i

n 
ph

en
ot

yp
ic

al
ly

 r
es

is
ta

nt
 is

ol
at

es
. D

el
=

de
le

tio
n.

 
D

ST
=

dr
ug

 s
us

ce
pt

ib
ili

ty
 te

st
. I

nd
el

=
in

se
rt

io
n 

or
 d

el
et

io
n.

 I
ns

=
in

se
rt

io
n.

 O
R

=
od

ds
 r

at
io

. R
=

re
si

st
an

t. 
S=

su
sc

ep
tib

le
. S

N
P=

si
ng

le
 n

uc
le

ot
id

e 
po

ly
m

or
ph

is
m

.

* St
at

is
tic

al
 a

na
ly

si
s 

us
in

g 
th

e 
st

an
da

rd
is

ed
 m

et
ho

d 
pu

bl
is

he
d 

by
 M

io
tto

 a
nd

 c
ol

le
ag

ue
s.

24

† p 
va

lu
e 

ad
ju

st
ed

 f
or

 f
al

se
 d

is
co

ve
ry

 r
at

e 
fo

r 
al

l m
is

se
ns

e 
SN

Ps
; p

 v
al

ue
s 

w
er

e 
no

t a
dj

us
te

d 
fo

r 
in

se
rt

io
ns

, d
el

et
io

ns
, s

ile
nt

 m
ut

at
io

ns
, a

nd
 n

on
-s

en
se

 m
ut

at
io

ns
.

‡ n 
re

pr
es

en
ts

 th
e 

nu
m

be
r 

of
 s

tr
ai

ns
 r

ep
or

te
d 

w
ith

 e
ac

h 
of

 th
e 

un
iq

ue
 v

ar
ia

nt
s 

lis
te

d.

Lancet Microbe. Author manuscript; available in PMC 2021 November 17.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ismail et al. Page 25

Ta
b

le
 3

:

A
ss

oc
ia

tio
n 

be
tw

ee
n 

va
ri

an
ts

 in
 th

e 
at

pE
, p

ep
Q

, a
nd

 R
v1

97
9c

 R
v0

67
8 

ge
ne

 a
nd

 p
he

no
ty

pi
c 

re
si

st
an

ce

P
he

no
ty

pi
c 

D
ST

 r
es

ul
ts

St
at

is
ti

ca
l a

ss
oc

ia
ti

on
 b

et
w

ee
n 

ph
en

ot
yp

e 
an

d 
ge

ne
ti

c 
va

ri
an

t*

A
ll

C
lin

ic
al

N
on

-c
lin

ic
al

O
R

 e
st

im
at

e 
(9

5%
 C

I)
p 

va
lu

e†

R
S

R
S

R
S

at
pE

18
7G

→
C

11
0

1
0

10
0

∞
 (

13
·2

8–
∞

)
<

0·
00

01

83
A
→

T
2

0
0

0
2

0
∞

 (
0·

93
–∞

)
0·

45

83
A
→

C
1

0
0

0
1

0
∞

 (
0·

13
–∞

)
0·

73

72
T
→

C
1

0
1

0
0

0
∞

 (
0·

13
–∞

)
0·

73

83
A
→

G
3

1
0

1
3

0
15

·5
7 

(1
·2

4–
14

·2
2)

0·
45

18
3G

→
T

0
1

0
1

0
0

0·
00

 (
0–

19
9·

86
)

1·
00

18
8C

→
T

0
1

0
1

0
0

0·
00

 (
0–

19
7·

73
)

1·
00

19
6A

→
G

, 5
3G

→
A

, a
nd

 7
3G

→
A

0
1‡

0
1‡

0
0

0·
00

 (
0–

92
·5

9)
1·

00

18
3G

→
A

 (
si

le
nt

)
0

1
0

1
0

0
0·

00
 (

0–
92

·5
9)

1·
00

13
8T

→
C

0
3

0
3

0
0

0·
00

 (
0–

2·
01

)
1·

00

G
82

G
→

A
0

4
0

4
0

0
0·

00
 (

0–
0·

60
)

1·
00

To
ta

l
18

14
2

14
16

0
··

··

pe
pQ

81
1d

el
C

 a
nd

 1
31

T
→

C
0

1‡
0

0
0

1‡
0·

00
 (

0–
23

0·
84

)
1·

00

32
4A

→
G

, 3
52

A
→

G
, 5

38
A
→

G
, 7

06
A
→

G
, 3

1C
→

T,
 1

11
4C

→
G

, 2
06

C
→

T,
 2

69
C
→

T,
 

37
1C

→
T,

 4
33

C
→

A
, 7

C
→

T,
 9

14
C
→

T,
 1

2G
→

C
, 1

10
8G

→
A

, 2
74

G
→

A
, 2

78
G
→

A
, 

64
1T

→
C

, 4
54

G
→

A
, 5

00
G
→

T,
 a

nd
 6

40
G
→

T
0

1‡
0

1‡
0

0
0·

00
 (

0–
30

·8
4)

1·
00

42
de

lC
0

2
0

0
0

2
0·

00
 (

0–
1·

67
)

1·
00

10
21

A
→

G
, 4

07
A
→

G
, 2

33
C
→

T,
 2

0G
→

A
, 3

47
G
→

T,
 a

nd
 9

25
G
→

A
0

2‡
0

2‡
0

0
0·

00
 (

0–
1·

67
)

1·
00

To
ta

l
0

34
0

30
0

4
··

··

R
v1

97
9c

73
3A

→
C

1
0

1
0

0
0

∞
 (

0·
19

–∞
)

0·
73

12
26

G
→

A
2

37
2

37
0

0
0·

39
 (

0·
05

–1
·5

8)
1·

00

11
4G

→
C

1
23

1
23

0
0

0·
32

 (
0·

01
–0

·0
1)

1·
00

15
5A

→
C

, 5
62

C
→

T,
 1

21
6G

→
A

, 7
24

G
→

A
, 1

05
7T

→
G

, 3
11

T
→

C
, a

nd
 8

24
T
→

C
0

1‡
0

1‡
0

0
0·

00
 (

0–
29

1·
36

)
1·

00

Lancet Microbe. Author manuscript; available in PMC 2021 November 17.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ismail et al. Page 26

P
he

no
ty

pi
c 

D
ST

 r
es

ul
ts

St
at

is
ti

ca
l a

ss
oc

ia
ti

on
 b

et
w

ee
n 

ph
en

ot
yp

e 
an

d 
ge

ne
ti

c 
va

ri
an

t*

A
ll

C
lin

ic
al

N
on

-c
lin

ic
al

O
R

 e
st

im
at

e 
(9

5%
 C

I)
p 

va
lu

e†

R
S

R
S

R
S

14
03

A
→

G
, 2

0G
→

A
, 1

87
A
→

G
, 1

43
2C

→
G

, a
nd

 5
20

C
→

T
0

2‡
0

2‡
0

0
0·

00
 (

0–
40

·0
9)

1·
00

79
8G

 (
si

le
nt

)
0

2
0

2
0

0
0·

00
 (

0–
40

·0
9)

1·
00

11
4G

→
T

 o
r 

C
0

8
0

8
0

0
0·

00
 (

0–
4·

42
)

1·
00

15
1T

→
A

0
14

0
14

0
0

0·
00

 (
0–

2·
26

)
1·

00

85
7A

→
G

0
22

0
22

0
0

0·
00

 (
0–

1·
36

)
0·

73

To
ta

l
3

12
1

3
12

1
0

0
··

··

T
he

 v
ar

ia
nt

s 
th

at
 a

re
 o

bs
er

ve
d 

on
ly

 in
 r

es
is

ta
nt

 is
ol

at
es

 a
re

 s
ho

w
n 

on
 to

p,
 w

ith
 v

ar
ia

nt
s 

th
at

 a
re

 o
bs

er
ve

d 
on

ly
 in

 s
us

ce
pt

ib
le

 is
ol

at
es

 a
re

 s
ho

w
n 

on
 th

e 
bo

tto
m

 o
f 

th
e 

ta
bl

e.

To
 b

e 
in

cl
ud

ed
 s

tu
di

es
 h

ad
 to

 r
ep

or
t a

t a
 m

in
im

um
 o

n 
va

ri
an

ts
 in

 b
ot

h 
th

e 
R

v0
67

8 
an

d 
at

pE
 g

en
es

 a
nd

 c
o-

oc
cu

rr
in

g 
m

ut
at

io
ns

 c
ou

ld
 n

ot
 b

e 
pr

es
en

t i
n 

ph
en

ot
yp

ic
al

ly
 r

es
is

ta
nt

 is
ol

at
es

. D
el

=
de

le
tio

n.
 

D
ST

=
dr

ug
 s

us
ce

pt
ib

ili
ty

 te
st

. I
ns

=
in

se
rt

io
n.

 O
R

=
od

ds
 r

at
io

. R
=

re
si

st
an

t. 
S=

su
sc

ep
tib

le
.

* St
at

is
tic

al
 a

na
ly

si
s 

us
in

g 
th

e 
st

an
da

rd
is

ed
 m

et
ho

d 
pu

bl
is

he
d 

by
 M

io
tto

 a
nd

 c
ol

le
ag

ue
s.

24

† p 
va

lu
e 

ad
ju

st
ed

 f
or

 f
al

se
 d

is
co

ve
ry

 r
at

e 
fo

r 
al

l m
is

se
ns

e 
si

ng
le

 n
uc

le
ot

id
e 

po
ly

m
or

ph
is

m
; p

 v
al

ue
s 

w
er

e 
no

t a
dj

us
te

d 
fo

r 
in

se
rt

io
ns

, d
el

et
io

ns
, s

ile
nt

 m
ut

at
io

ns
, a

nd
 n

on
-s

en
se

 m
ut

at
io

ns
.

‡ n 
re

pr
es

en
ts

 th
e 

nu
m

be
r 

of
 s

tr
ai

ns
 r

ep
or

te
d 

w
ith

 e
ac

h 
of

 th
e 

un
iq

ue
 v

ar
ia

nt
s 

lis
te

d.

Lancet Microbe. Author manuscript; available in PMC 2021 November 17.


	Summary
	Introduction
	Methods
	Search strategy and selection criteria
	Data analysis
	Role of the funding source

	Results
	Discussion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Table 1:
	Table 2:
	Table 3:



