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Abstract 

Background To investigate the prevalence and molecular characterization of bedaquiline resistance among MDR-TB 
isolates collected from Chongqing, China.

Methods A total of 205 MDR-TB isolates were collected from Chongqing Tuberculosis Control Institute between 
March 2019 and June 2020. The MICs of BDQ were determined by microplate alamarblue assay. All strains were geno-
typed by melting curve spoligotyping, and were subjected to WGS.

Results Among the 205 MDR isolates, the resistance rate of BDQ was 4.4% (9/205). The 55 (26.8%) were from male 
patients and 50 (24.4%) were new cases. Furthermore, 81 (39.5%) of these patients exhibited lung cavitation, 13 (6.3%) 
patients afflicted with diabetes mellitus, and 170 (82.9%) isolates belonged to Beijing family. However, the distribution 
of BDQ resistant isolates showed no significant difference among these characteristics. Of the 86 OFX resistant iso-
lates, 8 isolates were XDR (9.3%, 8/86). Six BDQ resistant isolates (66.7%, 6/9) and two BDQ susceptible isolates (1.0%, 
2/196) carried mutations in Rv0678. A total of 4 mutations types were identified in BDQ resistant isolates, including 
mutation in A152G (50%, 3/6), T56C (16.7%, 1/6), GA492 insertion (16.7%, 1/6), and A274 insertion (16.7%, 1/6). BDQ 
showed excellent activity against MDR-TB in Chongqing.

Conclusions BDQ showed excellent activity against MDR-TB in Chongqing. The resistance rate of BDQ was not 
related to demographic and clinical characteristics. Mutations in Rv0678 gene were the major mechanism to BDQ 
resistance, with A152G as the most common mutation type. WGS has a good popularize value and application pros-
pect in the rapid detection of BDQ resistance.
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Introduction
Drug-resistant tuberculosis, especially multidrug-resist-
ant tuberculosis (MDR-TB), remains a major threat to 
global TB control and prevention strategy. In 2020, an 
estimate of approximate 0.5 million rifampicin-resistant 
(RR-)/MDR-TB cases occurred globally, of which 78% 
were MDR-TB [1]. The treatment of MDR-TB is chal-
lenging due to the lack of effective drugs, and the over-
all rate of treatment success is currently 57%, imposing a 
burden on health care resources [1]. Therefore, new and 
effective anti-TB drugs are urgently needed to improve 
the chemotherapy of MDR-TB [2].

Bedaquiline (BDQ), a novel oral diarylquinoline drug, 
had excellent efficacy against both drug susceptible and 
drug resistant MTB [3] and was recommended by WHO 
for the treatment of MDR [4]. However, BDQ resistance 
was also emerged with the introduction to the treatment 
regimens, and several mechanisms of BDQ resistance 
had been identified. Mutations in atpE gene, encoding 
subunit C of the ATP synthase, can prevent BDQ from 
binding to the C subunit, thus resulting in BDQ resist-
ance [3]. Mutations in Rv0678 gene, coding for the 
repressor of MmpS5-MmpL5 efflux system, were associ-
ated with resistance to BDQ [5, 6]. Besides, mutations in 
gene encoding the uncharacterized transporter Rv1979c 
and the cytoplasmic peptidase PepQ were also reported 
to confer BDQ resistance [7–9].

Though BDQ has not been widely used in China, the 
primary drug resistance of BDQ has emerged [6]. Chong-
qing, the only municipal city in Southwest China with a 
high incidence of tuberculosis, will promote the use of 
BDQ in the treatment of MDR-TB. However, with little 
information about the prevalence of BDQ resistance in 
Chongqing, it is meaningful to investigate the prevalence 
and molecular characterization of BDQ resistance by 
whole genome sequencing (WGS) among MDR-TB iso-
lates, which will improve the diagnosis and treatment of 
MDR patients.

Materials and methods
Bacterial strains
A total of 205 MDR-TB isolates were collected from 
Chongqing Tuberculosis Control Institute between 
March 2019 and June 2020. All isolates were from 
patients with symptoms suggestive of active pulmo-
nary TB, and the demographic and clinical characteris-
tics were obtained. All isolates were subcultured on the 
Löwenstein–Jensen (L–J) medium for 4 weeks at 37 ℃.

Conventional drug susceptibility testing
Drug susceptibility was determined using the 1% pro-
portion method on L–J medium according to the guide-
lines of the WHO [10], with rifampin (RIF), 40  μg/ml; 

isoniazid (INH), 0.2 μg/ml; streptomycin (SM), 10 μg/ml; 
ethambutol (EMB), 2  μg/ml; capreomycin (CM), 40  μg/
ml; kanamycin (KM), 30  μg/ml; ofloxacin (OFX), 2  μg/
ml; amikacin (AM). The MDR-TB was defined as resist-
ance to at least INH and RIF. Extensively drug-resistant 
tuberculosis (XDR-TB) isolates were defined as MDR-TB 
isolates with additional resistance to both OFX and KM 
[11].

Minimum inhibitory concentrations
For MDR-TB identified by conventional drug suscepti-
bility testing, the MICs of BDQ were determined using 
microplate alamarblue assay [12]. The breakpoint concen-
trations were defined as 0.25 μg/ml for BDQ according to 
the European Committee on Antimicrobial Susceptibility 
Testing (EUCAST) guidelines [13, 14]. Mycobacterium 
tuberculosis H37Rv (ATCC 27249) was used as the con-
trol strain. The MIC value was defined as the lowest con-
centration of antibiotic that inhibited visible growth of 
mycobacteria.  MIC50 and  MIC90 was defined as the con-
centration required to inhibit the growth of 50% and 90% 
of the strains, respectively.

MeltPro assay
Genomic DNA from MDR-TB isolates was extracted 
using the cetyltrimethylammonium bromide (CTAB) 
method. All strains were genotyped by melting curve 
spoligotyping performed in the SLAN-96S system 
(Hongshi, Shanghai, China) as previously described [15]. 
The results were automatically exported by the SLAN 
software (Zeesan, Xiamen, China), followed by compar-
ing to the SITVIT database to identify the genotype.

Whole genome sequencing
The qualified DNA samples were sent to the Annoroad 
Gene Technology (Beijing, China) for whole genome 
sequencing (WGS) service based on Illumina Hiseq2500 
sequencing platform. The sequencing reads were aligned 
to the H37Rv reference genome (NC_000962).

Statistical analysis
The person chi-square test or Fisher exact test was used 
to compare proportions or resistant rates. A P < 0.05 
was considered statistically significant. All the statistical 
analyses were performed in the SPSS 20.0 (IBM Corp., 
Armonk, NY).

Results
BDQ MIC to MDR
The distribution of MDR isolates at the MIC of BDQ 
was shown in Fig.  1. Among the 205 MDR isolates, the 
number of bacteria showing MIC > 0.25 μg/ml as deter-
mined by BDQ resistance was 4.4% (9/205). The  MIC50 
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and  MIC90 values were 0.031  μg/ml and 0.125  μg/ml, 
respectively.

Clinical data analysis of MDR isolates
Demographic and clinical characteristics of MDR isolates 
patients were summarized in Table 1. For the 205 MDR 
patients, 55 (26.8%) were from female patients, and there 
were 50 (24.4%) new cases and 155 (75.6%) re-treated 
cases. The resistance rate of BDQ (4.4%, 9/205) was 
lower than that of commonly used first- and second-line 
drugs with SM (72.2%, 148/205), EMB (37.6%, 77/205), 

Fig. 1 Distribution of minimum inhibitory concentration (MIC, μg/
ml) of BDQ for MDR (n = 205)

Table 1 Differences of characteristics between  BDQR and  BDQS MDR strains

Characteristics No. (%) of isolates 
(n = 205)

No. (%) of isolates

BDQR

(n = 9)
BDQS

(n = 196)
OR P

(95%CI)

Sex

 Female 55(26.8) 3(33.3) 52(26.5) Ref.

 Male 150(73.2) 6(66.7) 144(73.5) 0.72(0.17–2.99) 0.95

Age (years)

 ≤ 40 69(33.7) 4(44.4) 65(33.2) Ref.

 41–59 96(46.8) 3(33.3) 93(47.4) 0.52(0.11–2.42) 0.65

 ≥ 60 40(19.5) 2(22.2) 38(19.4) 0.86(0.15–4.89) 1.00

Lineage

 Lineage 4 37(18.0) 0(0.0) 37(18.9) Ref.

 Lineage 2 168(82.0) 9(100.0) 159(8.1) 0.95(0.91–0.98) 0.32

Genotype

 Modern Beijing 98(47.8) 1(11.1) 97(49.5) Ref.

 Ancient Beijing 72(35.1) 8(88.9) 64(32.7) 12.13(1.48–99.28)  < 0.01

 Non-Beijing 35(17.1) 0(0.0) 35(17.8) 1.01(0.99–1.03) 1.00

Treatment History

 New case 50(24.4) 3(33.3) 47(24.0) Ref.

 Re-treated 155(75.6) 6(66.7) 149(76.0) 0.63(0.15–2.62) 0.81

Lung Cavitation

 No 124(60.5) 6(66.7) 118(60.2) Ref

 Yes 81(39.5) 3(33.3) 78(39.8) 0.76(0.18–3.11) 0.97

Diabetes Mellitus

 No 192(93.7) 7(77.8) 185(94.4) Ref.

 Yes 13(6.3) 2(22.2) 11(5.6) 4.81(0.89–25.90) 0.10

Previous exposure to

 None 16(7.8) 1(11.1) 15(7.7) Ref.

 FL drugs 124(60.5) 5(55.6) 119(60.7) 0.63(0.07–5.76) 0.52

 FL and SL drugs 65(31.7) 3(33.3) 62(31.6) 0.73(0.07–7.48) 1.00

Resistance to

 SM 148(72.2) 7(77.8) 141(71.9) 4.81(0.89–25.91) 0.10

 EMB 77(37.6) 5(55.6) 72(36.7) 2.15(0.56–8.28) 0.43

 OFX 86(42.0) 8(88.9) 78(39.8) 12.10(1.48–98.68) < 0.01

 KM 30(14.6) 1(11.1) 29(14.8) 0.72(0.09–5.97) 1.00
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OFX (42.0%, 86/205) and KM (14.6%, 30/205). Of the 9 
BDQ resistant isolates, the proportion of ancient Beijing 
strains (88.9%, 8/9) was significantly higher than that of 
modern Beijing strains (11.1%, 1/9) (P < 0.01), and the 
number of OFX resistant isolates was significantly higher 
than that of OFX sensitive isolates (P < 0.01).

MDR against BDQ in different resistance pattern
The MIC of BDQ resistant isolates against SM, EMB, 
KM and OFX was shown in Table 2. The 31 isolates sen-
sitive to SM, EMB, KM and OFX were all susceptibility 
to BDQ. As the number of drug resistance increases, the 
drug resistance rate of BDQ increased from 0 to 14.4%. 
Of the 86 OFX resistant isolates, 8 isolates were XDR 
with the resistance rate of 9.3% (8/86). And the resistance 
rate of BDQ in OFX resistant isolates (9.3%) was higher 
than that in SM resistant isolates (4.7%), EMB resist-
ant isolates (6.5%), and KM resistant isolates (3.3%). The 
resistance rate of BDQ in isolates resistant to any first 
and second line drug (8.9%) was higher than that in iso-
lates resistant to first line drugs (7.7%) and second line 
drugs (1.2%), respectively.

WGS Identification of BDQ resistance‑related mutations
The BDQ-resistant mutants were performed by WGS 
in 205 MDR isolates (Table 3). No mutations within the 
atpE, pepQ, and Rv1979 gene were observed in 9 BDQ 
resistant isolates. Six BDQ resistant isolates (66.7%, 6/9) 
and two BDQ susceptible isolates (1.0%, 2/196) carried 
mutations in Rv0678, which has  statistical  significance. 
A total of 4 mutations types were identified in BDQ 
resistant isolates, including A152G mutation causing 

Gln51Arg amino acid change (50%, 3/6), T56C mutation 
causing Phe19Ser amino acid change (16.7%, 1/6), GA492 
insertion (16.7%, 1/6), and A274 insertion (16.7%, 1/6). 
Besides, G307A causing Gly103Ser amino acid change 
and G184A causing Ala62Thr amino acid change in the 
Rv0678 gene were identified in BDQ sensitive isolates. 
The six BDQ resistant isolates with mutations in Rv0678 
gene all belonged to ancient Beijing genotype, and were 
resistant to at least two drugs in Table 4. Both of the two 
BDQ susceptible isolates with mutations in Rv0678 gene, 
one non-Beijing and one mordern Beijing genotype, were 
resistant to SM.

Genotypic predictions
As shown in Table  5, the sensitivity of WGS prediction 
for BDQ resistance was 66.7%, the specificity was 99.0%, 
the positive predictive value was 75.0%, and the negative 
predictive value was 98.5%.

Discussion
Although BDQ has been proven to be highly effective in 
the treatment of MDR-TB [16], inadequate or incomplete 
use may lead to the emergence of resistant strains [17]. 
Unfortunately, few studies have explored the resistance 
status of MDR-TB against BDQ in Chongqing. Therefore, 
we performed drug susceptibility test and conducted 
sequence analyses of BDQ resistance genes for 205 MDR 
isolates. The resistance rate of MDR-TB to BDQ was 
4.4%, lower than that of commonly used first- and sec-
ond-line drugs, indicating that BDQ has strong activity 
against MDR isolates in Chongqing. Though the resist-
ance rate lower than that reported in Shanxi (5.56%) [15] 

Table 2 MIC distribution of BDQ resistant isolates against SM, EMB, KM and OFX

Drug resistance profile No. of strains No. of strains with different MIC (μg/ml) No. (%) of BDQ 
resistant strains

≤ 0.008 0.016 0.031 0.063 0.125 0.25 0.5 1 2 4 8

All isolates 205 8 28 77 50 26 7 6 3 0 0 0 9 (4.4)

Fully susceptible isolates 31 2 6 13 7 1 2 0 0 0 0 0 0(0)

Resistant to one drug 56 4 5 22 15 7 2 1 0 0 0 0 1(1.8)

Resistant to two drugs 76 1 11 30 17 11 3 3 0 0 0 0 3 (3.9)

Resistant to three drugs 35 1 4 11 9 5 1 2 2 0 0 0 4(11.4)

Resistant to four drugs 7 0 2 1 2 1 0 1 0 0 0 0 1(14.4)

Resistant to SM 148 3 18 57 35 23 5 6 1 0 0 0 7(4.7)

Resistant to EMB 77 2 9 28 17 12 3 4 1 0 0 0 5(6.5)

Resistant to OFX 86 2 13 27 23 11 2 6 2 0 0 0 8(9.3)

Resistant to KM 30 2 7 7 9 2 1 1 0 0 0 0 1(3.3)

Resistant to SM and (or) EMB 82 4 8 35 18 13 3 1 0 0 0 0 1(1.2)

Resistant to KM and (or) OFX 13 1 3 3 4 1 0 1 0 0 0 0 1(7.7)

Resistant to any first and 
second line drugs

79 1 11 26 21 10 3 5 2 0 0 0 7(8.9)
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and in national survey in China (7.16%) [18], higher than 
reported in a retrospective cohort study in China (2.2%) 
[19] and national drug resistance surveillance in 2015 
(1%) [20]. These inconsistent results may be attributed to 
the difference in the epidemic strains, medication back-
ground and the breakpoints used across studies. Given 
the cross resistance between BDQ and clofazimine, prior 
exposure to clofazimine could reduce the susceptibility 
to BDQ [21]. And the period from the start of treatment 

can also affect the BDQ MIC [22]. To our knowledge, all 
isolates were without documented prior use of BDQ, and 
4.4% MDR-TB strains resistant to BDQ suggesting that 
though BDQ showed excellent activity against MDR-
TB, the emergence of BDQ resistant isolates may lead to 
the rapid loss of this valuable new drug. Therefore, it is 
necessary to dynamically monitor the BDQ resistance to 
optimize BDQ administration regimen, further to avoid 
the occurrence of acquired resistance, and maximize the 

Table 3 Mutation analysis of BDQ resistant genes among 205 MDR isolates

Compared a to b: X2 = 14.795

P < 0.001

Resistance 
pattern

Isolate number Gene mutation type No. of isolates 
(%)

MIC of BDQ (μg/
ml)

atpE Rv0678 pepQ Rv1979

BDQ resistant 
isolates (9)

22A050, 22A133, 
22A148

WT CAG152CGG 
Gln51Arg

WT WT 3 0.500

22A118 WT TTC56TCC Phe-
19Ser

WT WT 1 0.500

22A177 WT 492 position 
ins_GA

WT WT 1 1.000

22A180 WT 274 position ins -A WT WT 1 1.000

Total 6 (66.7)a 0.500–1.000

BDQ sensitive 
isolates (196)

22A076 WT GGC307AGC 
Gly103Ser

WT WT 1 0.125

22A079 WT GCC184ACC 
Ala62Thr

WT WT 1 0.250

22A128 WT WT GCC411GCT 
Ala137Ala

WT 1 0.031

22A174 WT WT GAA1080GAT/Glu-
360Asp

WT 1 0.016

22A012, 22A025, 
22A030, 22A032, 
22A041

WT WT WT GTT1276ATT/
Val426lle

5 0.031–0.063

22A222 WT WT WT C(−70)G 1 0.063

22A196 WT WT WT GCG717GCA/
Ala239Ala

1 0.063

22A005 WT WT WT TCG785TTG/Ser-
262Leu

1 0.016

22A227 WT WT WT GTC286ATC/
Val96lle

1 0.031

22A204 WT WT WT GCC449GTC/Ala-
150Val

1 0.250

22A039 WT WT WT GTT155GGT/Val-
52Gly

1 0.031

22A016, 22A029, 
22A201, 22A220, 
22A223

WT WT WT WT 5 ≤ 0.008–0.031

22A006, 22A009 WT WT WT WT 2 0.031

22A044 WT WT WT WT 1 0.016

22A206 WT WT WT WT 1 0.031

22A028 WT WT WT WT 1 ≤ 0.008

22A008 WT WT WT WT 1 0.031

Total 26 (13.3)b ≤ 0.008–0.250
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effectiveness of new drugs, even in patients who have not 
been exposed to BDQ.

The resistance rate of BDQ in isolates resistant to any 
first and second line drug (8.9%) was higher than that in 
isolates resistant to first line drugs (1.2%) and second line 
drugs (7.7%), indicating that with the increase of drug 
resistance types and the complexity of resistant back-
ground, the BDQ resistance rate also increased. In addi-
tion, we found that the BDQ resistance rate in retreated 
patients (66.7%) was higher than that of new patients 
(33.3%), whether this attributed to the past medical his-
tory needs to be further studied. Of the 9 BDQ resistant 
isolates, the proportion of OFX resistant isolates (8/9) 
was significantly higher than that of OFX sensitive isolate 
(1/9), and the resistance rate of BDQ in OFX resistant 
isolates (9.3%) was higher than that in SM resistant iso-
lates (4.7%), EMB resistant isolates (6.5%), KM resistant 
isolates (3.3%), suggesting isolates resistant to OFX were 
more likely to develop BDQ resistance, which was a risk 
factor of BDQ resistance.

Since the development and approval of BDQ for clini-
cal use, the number of BDQ resistant isolates associ-
ated with inadequate or incomplete treatment is steadily 
growing [22]. To investigate the potential mechanisms 
and genetic background of BDQ resistant isolates, we 
performed whole-genome sequencing. Though the fact 
that mutations in the atpE, pepQ, and Rv1979c gene con-
fer bedaquiline resistance [3, 7, 8], no mutations were 
observed in this study. The 66.7% (6/9) BDQ resistant 

isolates had variants in the Rv0678 gene, which was the 
main mechanism of primary BDQ resistance in Chong-
qing, and all belonged to low level resistance (0.5–1 μg/
ml). The mutation loci in Rv0678 gene were scattered 
and the mutation types were complicated. Of the 6 iso-
lates carrying Rv0678 mutations included two non-syn-
onymous Single Nucleotide Polymorphisms SNPs and 
deletions, the most frequently variations were A152G 
(50%), which has reported to be associated with BDQ 
resistance in MDR isolates [23]. Besides, the A274 inser-
tion identified in the present study was found in clinical 
BDQ-resistant isolates [6]. However, there were three 
BDQ resistance isolates (33.3%, 3/9) without mutations, 
suggesting additional mechanisms must be involved in 
the resistance, such as other potential target and non-tar-
get resistance mechanisms, such as changes in cell wall 
permeability caused by transcriptional and protein levels 
and drug efflux pump structure. Two BDQ susceptible 
isolates with mutations in Rv0678 gene were in the criti-
cal concentration of BDQ resistance and a gradient below 
the critical concentration, which may be attributed to 
operational factors, such as result interpretation, bacteria 
activity, drug concentration or other inaccurate factors. 
Two pepQ mutant strains and 11 Rv1979 mutant strains 
were all sensitive to BDQ, which were not related to drug 
resistance. Moreover, the other two (Rv0678 T56C and 
GA492 insertion) were novel mutation types, which were 
not reported previously. Further analysis in expression 
levels of MmpS5 and MmpL5 efflux pump will contrib-
ute to illustrate the role of these novel mutations in BDQ 
resistance.

The Beijing genotype was the predominant isolates 
in Chongqing with 47.8% modern Beijing genotype and 
35.1% ancient Beijing genotype. However, the proportion 
of ancient Beijing strains (88.9%, 8/9) was significantly 
higher than that of modern Beijing strains (11.1%, 1/9) 
in BDQ resistant isolates, and 75% (6/8) BDQ resistant 
isolates with Rv0678 mutation were ancient Beijing type, 
indicating ancient Beijing genotype was more prone to 
BDQ resistance and Rv0678 mutation.

In this study, WGS for BDQ drug resistance was con-
sistent with phenotypic drug susceptibility test. How-
ever, the relatively dispersed mutation loci of BDQ 
resistance associated genes may result in the presence 

Table 4 Drug resistance data of isolates with mutations in 
Rv0678 gene

Isolate number MIC of 
BDQ (μg/
ml)

Drug resistance 
profile

Genotype

22A050 0.5 SM + EMB + OFX Ancient Beijing

22A118 0.5 SM + OFX Ancient Beijing

22A133 0.5 SM + EMB + OFX Ancient Beijing

22A148 0.5 SM + EMB + OFX + KM Ancient Beijing

22A177 1 EMB + OFX + KM Ancient Beijing

22A180 1 SM + EMB + OFX Ancient Beijing

22A076 0.125 SM non-Beijing

22A079 0.25 SM Mordern Beijing

Table 5 WGS predictions versus DST phenotype for BDQ

WGS DST phenotype (n) Total Sensitivity (%) Specificity (%) PPV (%) NPV (%) Kappa

Resistant(9) Sensitive(196)

Mutation 6 2 8 66.7(30.9–91.0) 99.0(96.0–99.8) 75.0(35.6–95.5) 98.5(95.3–99.6) 0.693

Non-mutaion 3 194 197
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of "false-susceptible" detected by PCR-sequencing 
of hot spots of current resistance-associated genes. 
Therefore, WGS can quickly and accurately determine 
the mutation loci, and has preferable specificity (99%) 
in predicting BDQ resistance. But for the non-target 
resistance mechanism, the phenotypic drug sensitive 
test was superior to WGS. So, the phenotypic drug sen-
sitive test together with WGS was helpful to early diag-
nosis and individualized treatment of drug-resistant 
tuberculosis, which  has excellent application value in 
the rapid detection of BDQ resistance.

Conclusions
BDQ showed excellent activity against MDR-TB in 
Chongqing. The resistance rate of BDQ was not related 
to demographic and clinical characteristics. Mutations 
in Rv0678 gene were the major mechanism to BDQ 
resistance, with A152G as the most common mutation 
type. WGS has a good popularize value and application 
prospect in the rapid detection of Bdq resistance.

Abbreviations
MDR-TB  Multidrug-resistant tuberculosis
RR  Rifampicin resistant
BDQ  Bedaquiline
WGS  Whole genome sequencing
L–J  Lowen Löwenstein–Jensen
RIF  Rifampin
INH  Isoniazid
SM  Streptomycin
EMB  Ethambutol
CM  Capreomycin
KM  Kanamycin
OFX  Ofloxacin
AMK  Amikacin
XDR-TB  Extensively drug-resistant tuberculosis
EUCAST  European Committee on Antimicrobial Susceptibility Testing
CTAB  Cetyltrimethylammonium bromide

Acknowledgements
The authors acknowledgement the staff at Chongqing Tuberculosis Control 
Institute, Chongqing Public Health Medical Center, and Beijing children’s 
hospital.

Author contributions
HY, FJ, ZDM, and LWG contributed in study design, data collection, and analy-
sis. ZHW and LTX conducted in manuscript writing. LFN, HY and FJ conducted 
laboratory testing; HY revised the manuscript. All authors read and approved 
the final manuscript.

Funding
This work was supported by Chongqing medical scientific research project 
(2020MSXM089, 2021MSXM300 & 2022MSXM061), Ningbo Natural Sci-
ence Foundation (2018A610238), and Beijing Natural Science Foundation 
(7224328).

Availability of data and materials
The datasets in the present study are accessible from the corresponding 
author, ZHENG HW.

Declarations

Ethics approval and consent to participate
This study was approved by the Ethics Committee of the Chongqing Tuber-
culosis Control Institute. Informed consent was obtained from all subjects 
involved in the study.

Consent for publication
All authors have reviewed and approved the manuscript for publication.

Competing interests
The authors declare that there is no competing interests regarding the publi-
cation of this paper.

Received: 5 December 2022   Accepted: 15 February 2023

References
 1. World Health Organization. Global tuberculosis report 2020. Geneva: 

World Health Organization; 2020.
 2. Yao C, Guo HP, Li Q, Zhang XX, Shang YY, Li TX, Wang YF, Xue ZT, Wang L, 

Li L, et al. Prevalence of extensively drug-resistant tuberculosis in a Chi-
nese multidrug-resistant TB cohort after redefinition. Antimicrob Resist 
Infect Control. 2021;10(1):126.

 3. Andries K, Verhasselt P, Guillemont J, Göhlmann HWH, Neefs JM, Winkler 
H, Gestel JV, Timmerman P, Zhu M, Lee E, et al. A diarylquinoline drug 
active on the ATP synthase of Mycobacterium tuberculosis. Science. 
2005;307(5707):223–7.

 4. World Health Organization. Consolidated guidelines on drug-resistant 
tuberculosis treatment. Geneva: World Health Organization; 2019.

 5. Hartkoorn RC, Uplekar S, Cole ST. Cross-Resistance between clofazimine 
and bedaquiline through upregulation of MmpL5 in Mycobacterium 
tuberculosis. Antimicrob Agents Chemother. 2014;58(5):2979–81.

 6. Villellas C, Coeck N, Meehan CJ, Lounis N, Jong BD, Rigouts L, Andries K. 
Unexpected high prevalence of resistance-associated Rv0678 variants 
in MDR-TB patients without documented prior use of clofazimine or 
bedaquiline. J Antimicrob Chemother. 2017;72(3):684–90.

 7. Nieto Ramirez LM, Quintero Vargas K, Diaz G. Whole genome sequenc-
ing for the analysis of drug resistant strains of Mycobacterium tubercu-
losis: a systematic review for bedaquiline and delamanid. Antibiotics. 
2020;9(3):133.

 8. Almeida D, Ioerger T, Tyagi S, Li SY, Mdluli K, Andries K, Grosset J, Sacchet-
tinie J, Nuermberger E. Mutations in pepQ confer low-level resistance to 
bedaquiline and clofazimine in Mycobacterium tuberculosis. Antimicrob 
Agents Chemother. 2016;60(8):4590–9.

 9. Degiacomi G, Sammartino JC, Sinigiani V, Marra P, Urbani A, Pasca MR. 
In vitro study of bedaquiline resistance in Mycobacterium tuberculosis 
multi-drug resistant clinical isolates. Front Microbiol. 2020;11:559469.

 10. Falzon D, Jaramillo E, Schunemann HJ, Arentz M, Bauer M, Bayona J, Blanc 
L, Caminero JA, Daley CL, Duncombe C, et al. WHO guidelines for the 
programmatic management of drug-resistant tuberculosis: 2011 update. 
Eur Respir J. 2011;38(3):516–28.

 11. Zhao YL, Xu SF, Wang LX, Chin DP, Wang SF, Jiang GL, Xia H, Zhou Y, Li Q, 
Ou XC, et al. National survey of drug-resistant tuberculosis in China. N 
Engl J Med. 2012;366:2161–70.

 12. Xie LX, Wang XB, Zeng J, Zhou ML, Duan XK, Li QM, Zhang Z, Luo HP, 
Pang L, Li W, et al. Proteome-wide lysine acetylation profiling of the 
human pathogen Mycobacterium tuberculosis. Int J Biochem Cell Biol. 
2015;59:193–202.

 13. Cholo MC, Mothiba MT, Fourie B, Anderson R. Mechanisms of action and 
therapeutic efficacies of the lipophilic antimycobacterial agents clofazi-
mine and bedaquiline. J Antimicrob Chemother. 2017;72(2):338–53.

 14. Dookie N, Rambaran S, Padayatchi N, Mahomed S, Naidoo K. Evolution of 
drug resistance in Mycobacterium tuberculosis: a review on the molecular 
determinants of resistance and implications for personalized care. J 
Antimicrob Chemother. 2018;73(5):1138–51.



Page 8 of 8Hu et al. Ann Clin Microbiol Antimicrob           (2023) 22:19 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 15. Yang J, Pang Y, Zhang TH, Xian XP, Li Y, Wang R, Wang PT, Zhang M, Wang 
JY. Molecular characteristics and in vitro susceptibility to bedaquiline 
of Mycobacterium tuberculosis isolates circulating in Shaanxi. China Int J 
Infect Dis. 2020;99:163–70.

 16. Collaborative Group for the Meta-Analysis of Individual Patient Data in 
MDRTBt, Ahmad N, Ahuja SD, Akkerman W, Alffenaar JWC, Andersonet 
LF, Baghaei P, Bang D, Barry PM, Bastos ML, et al. Treatment correlates of 
successful outcomes in pulmonary multidrug-resistant tuberculosis: an 
individual patient data meta-analysis. Lancet. 2018;392(10150):821–34.

 17. Khoshnood S, Goudarzi M, Taki E, Darbandi A, Kouhsari E, Heidary M, 
Motahar M, Moradi M, Bazyar H. Bedaquiline: current status and future 
perspectives. J Glob Antimicrob Resist. 2021;25:48–59.

 18. Wang GR, Jiang GL, Jing W, Zong ZJ, Yu X, Chen XT, Li WM, Huang HR. 
Prevalence and molecular characterizations of seven additional drug 
resistance among multidrug-resistant tuberculosis in China: a subse-
quent study of a national survey. J Infect. 2021;82(3):371–7.

 19. Huang HR, Ding N, Yang TT, Li CD, Jia XM, Wang GR, Zhong J, Zhang J, 
Jiang GL, Wang SQ, et al. Cross-sectional whole-genome sequencing and 
epidemiological study of multidrug-resistant Mycobacterium tuberculosis 
in China. Clin Infect Dis. 2019;69(3):405–13.

 20. He WC, Liu CF, Liu DX, Ma AJ, Song YM, He P, Bao JJ, Li YC, Zhao B, Fan JL, 
et al. Prevalence of Mycobacterium tuberculosis resistant to bedaquiline 
and delamanid in China. J Glob Antimicrob Resist. 2021;26:241–8.

 21. Liu YH, Gao MQ, Du J, Wang L, Gao JT, Shu W, et al. Reduced Susceptibil-
ity of Mycobacterium tuberculosis to bedaquiline during antituberculosis 
treatment and its correlation with clinical outcomes in China. Clin Infect 
Dis. 2021;73(9):e3391–7.

 22. Peretokina IV, Krylova LY, Antonova OV, Kholina MS, Kulagina EV, Nosova 
EY, Safonova SG, Borisov SE, Zimenkov DV. Reduced susceptibility and 
resistance to bedaquiline in clinical M. tuberculosis isolates. J Infect. 
2020;80(5):527–35.

 23. Ismail N, Omar SV, Ismail NA, Peters RPH. Collated data of mutation 
frequencies and associated genetic variants of bedaquiline, clofazi-
mine and linezolid resistance in Mycobacterium tuberculosis. Data Brief. 
2018;20:1975–83.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Investigation of bedaquiline resistance and genetic mutations in multi-drug resistant Mycobacterium tuberculosis clinical isolates in Chongqing, China
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Bacterial strains
	Conventional drug susceptibility testing
	Minimum inhibitory concentrations
	MeltPro assay
	Whole genome sequencing
	Statistical analysis

	Results
	BDQ MIC to MDR
	Clinical data analysis of MDR isolates
	MDR against BDQ in different resistance pattern
	WGS Identification of BDQ resistance-related mutations
	Genotypic predictions

	Discussion
	Conclusions
	Acknowledgements
	References


