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Prevalence of mutations conferring resistance among
multi- and extensively drug-resistant Mycobacterium
tuberculosis isolates in China

Yan Chen1,2, Bing Zhao3, Hai-can Liu1, Qing Sun1,4, Xiu-qin Zhao1, Zhi-guang Liu1, Kang-lin Wan1 and
Li-li Zhao1

To identify the mutations in multi- and extensively drug-resistant tuberculosis isolates and to evaluate the use of molecular

markers of resistance, we analyzed 257 multi- and extensively drug-resistant isolates and 64 pan-sensitive isolates from 23

provinces in China. Seven loci associated with drug resistance, including rpoB for rifampin (RIF), katG, inhA and oxyR-ahpC for

isoniazid (INH), gyrA and gyrB for ofloxacin (OFX), and rrs for kanmycin (KAN), were examined by DNA sequencing. Compared

with the phenotypic data, the sensitivity and specificity for DNA sequencing were 91.1% and 98.4% for RIF, 80.2% and 98.4%

for INH, 72.2% and 98.3% for OFX and 40% and 98.2% for KAN, respectively. The most common mutations found in RIF,

INH, OFX and KAN resistance were Ser531Leu (48.2%) in rpoB, Ser315Thr (49.8%) in katG, C(−15)T (10.5%) in inhA,
Asp94Gly (20.3%), Asp94Ala (12.7%) and Ala90Val (21.5%) in gyrA, and A1401G (40%) in rrs. This molecular information

will be helpful to establish new molecular biology-based methods for diagnosing multi- and extensively drug-resistant

tuberculosis in China.

The Journal of Antibiotics (2016) 69, 149–152; doi:10.1038/ja.2015.106; published online 21 October 2015

INTRODUCTION

Drug-resistant tuberculosis is a growing global problem and a major
public health concern.1 China is one of the countries in which
tuberculosis is widespread. A recent (2007) national survey of drug-
resistant tuberculosis isolates in China indicated that ~ 5.7% of new
cases of tuberculosis and 25.6% of previously treated cases were
multidrug-resistant tuberculosis (MDR-TB) strains (strains resistant to
at least rifampin (RIF) and isoniazid (INH)).2 Among the MDR-TB
isolates, ~ 8% were extensively drug-resistant tuberculosis (XDR-TB),2

defined as tuberculosis strains resistant to any fluoroquinolone and to
at least one of the three injectable drugs of capreomycin, amikacin and
kanmycin (KAN), in addition to being MDR. Due to the long
treatment phase, high treatment cost, unsatisfactory therapeutic
efficacy and high mortality, the emergence of MDR-TB and XDR-
TB has become a major threat to the control of tuberculosis.1

Abuse of antibiotics is one of the important causes of drug
resistance. Accurate and rapid detection of drug susceptibility is
crucial for the timely implementation of an effective therapeutic
regimen to interrupt the transmission of MDR- and XDR-TB.
However, traditional culture-based drug susceptibility testing is limited
by the slow growth characteristics of Mycobacterium tuberculosis

(M. tuberculosis). Previous reports showed that resistance to tubercu-
losis was usually associated with certain genetic mutations.3,4 Further-
more, the characteristics of the mutations showed some diversity in
different counties and regions. Hence, studying the characteristics of
gene mutations among MDR- and XDR-TB isolates in China is
imperative for the establishment of rapid and accurate diagnostics
methods to be implemented in China.
Although there are several reports on the mutated features of MDR-

TB in local areas of China,3,5,6 information regarding the mutations
among MDR-TB isolates remains unclear in many regions of China.
This study is the first to include a large number of MDR- and XDR-
TB isolates (230 MDR- and 27 XDR-TB isolates, and 64 pan-sensitive
isolates) from 23 provinces of China, to determine the drug resistance
mutations. In addition, seven drug resistance-associated loci, including
katG, inhA and OxyR-ahpC intergenic region, rpoB, gyrA, gyrB and rrs,
were analyzed in our research.

MATERIALS AND METHODS

Ethical approval
The study was approved by the Ethics Committee of the National Institute for
Communicable Disease Control and Prevention, Chinese Center for Disease
Control and Prevention. The patients with tuberculosis included in this study
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were given a Subject information sheet and they all gave written informed
consent to participate in the study.

M. tuberculosis isolates
A total of 257 M. tuberculosis identified as MDR-TB isolates were recovered
from patients with pulmonary tuberculosis in 23 different provinces in China
(Fujian, Guangdong, Guangxi, Hunan, Hubei, Jiangxi, Chongqing, Sichuan,
Anhui, Zhejiang, Gansu, Guizhou, Xizang, Henan, Hebei, Beijing, Shandong,
Shanxi, Shaanxi, Ningxia, Inner Mongolia, Jilin and Heilongjiang). For every
province, 8–15 MDR- and XDR-TB strains were selected. Sixty-four isolates
identified as pan-susceptible strains were selected as negative controls using a
random number table matched by region and isolation time. The H37Rv
(ATCC 27294) strain was used as the reference.

Drug susceptibility testing
All of the isolates were cultured on Lowenstein-Jensen solid medium. The drug
susceptibility testing was routinely determined via the 1% indirect proportions
method utilizing Lowenstein–Jensen solid medium supplemented individually
with the following drugs: INH (0.2 μg ml− 1), RIF (40.0 μgml− 1), OFX
(2.0 μgml− 1) and KAN (30.0 μgml− 1).7

DNA isolation, PCR amplification and sequencing
Genomic DNA was extracted from M. tuberculosis strains using the CTAB
(cetyltrimethylammonium bromide)-NaCl method.8 The DNA was dissolved in
pure water and stored at − 20 °C. The following seven loci were amplified by
PCR: rpoB, katG, inhA, oxyR-ahpC, gyrA, gyrB and rrs. The primer sequences
and amplicon positions are presented in Supplementary Table 1. The target
fragments were amplified in a 30 μl reaction volume, containing 15 μl of 2xTaq
master mix, 0.5 μl (25 μM) of forward and reverse primer, 1 μl of genomic DNA
(~100 ng) and 13 μl of distilled H2O. The amplification parameters consisted of
an initial denaturation at 95 °C for 5min, followed by 35 cycles of denaturation
at 95 °C for 40 s, annealing at 64 °C for 40 s, elongation at 72 °C for 1min and a
final elongation at 72 °C for 7min. The amplified products underwent
electrophoresis in a 1.5% agarose gel and were sent for sequencing. All
sequence data were compared with the reference M. tuberculosis H37Rv strain
(GenBank accession number NC_000962) using BioEdit version 7.05.3
(Tom Hall, North Carolina State University, Raleigh, NC, USA).

Resolution of discrepancy
The tests were repeated with both methods in the event of a discrepancy
between the DNA sequencing and drug susceptibility testing results. If the
repeated results were inconsistent with the initial data, a third round of
detection was performed and the concordance result was used.

Statistical analysis
All data were analyzed with SPSS 16.0 software. Percentages and confidence
intervals (CIs) were calculated as appropriate. The χ2-test was used for
comparisons. Differences were considered statistically significant at a P-value
of o0.05.

RESULTS

RIF and rpoB
A 543-bp fragment containing the RIF-resistant determining region
(RRDR) of 81 bp in rpoB was examined in this study. In total, among
the 257 MDR-TB isolates, 234 (91.1%) isolates contained at least one
mutation (including insertions and deletions), whereas the remaining
23 isolates (8.9%) lacked such mutations (Supplementary Table 2).
Notably, 99.6% (233 isolates) of the isolates carried mutations within
the rpoB RRDR region, and 1 isolate (0.4%) contained a mutation not
in the rpoB RRDR. The most frequent mutations were in codons 531,
526 and 516 (Table 1), which accounted for 82.1% of the RIF-resistant
isolates (Supplementary Table 2). Of 64 pan-susceptible isolates, only
1 double mutation (Ile572Phe/Ser574Leu) was identified outside the
rpoB RRDR. The detection of mutations in rpoB exhibited a sensitivity

of 91.1% and a specificity of 98.4% compared with conventional
phenotypic drug susceptibility testing (Table 2).

INH and inhA, katG and oxyR-ahpC
The majority of INH resistance-associated mutations were in katG, the
inhA promoter and the intergenic region oxyR-ahpC. Our results
demonstrated that 80.2% of INH-resistant isolates harbored a muta-
tion within at least one of these three regions. One-hundred and thirty
isolates harbored mutations only in katG, 20 isolates harbored
mutations only in inhA and 32 isolates harbored mutations only in
oxyR-ahpC (Supplementary Table 3). Twenty-four isolates harbored
mutations in two regions. The most common mutations were katG315
(140 isolates), especially for Ser315Thr (128 isolates; Table 1) and inhA
C(−15)T (27 isolates). Two novel mutations, the C(−34) deletion and
C(−34)T, were identified in inhA. Another novel mutation, C(−26)T
in inhA, was also identified in one pan-susceptible isolate. Hence, the
combination of mutations within katG, inhA and OxyR-ahpC inter-
genic regions could detect INH resistance with a sensitivity of 80.2%
and a specificity of 98.4%, better than that obtained using the data for
any single gene mutation (Table 2).

OFX and gyrA and gyrB
Among the 79 isolates resistant to OFX, a total of 53 isolates (67.1%)
carried mutations in gyrA, including codons 94, 90 and 91
(Supplementary Table 4). Codon 94 was the most prevalent mutation
site; others included 16 isolates with Asp94Gly, 9 isolates with
Asp94Ala, 3 isolates with Asp94Asn, 2 isolates with Asp94Tyr,
2 isolates with Asp94His and 1 isolate with Asp94Phe
(Supplementary Table 4). One isolate with Asp94Ala also had
Ser91Pro. Ala90Val was the next most prevalent mutation, with 17
isolates presenting this mutant type. All tuberculosis clinical isolates
possessed a substitution of Ser95Thr in gyrA. No mutation other than
Ser95Thr was observed in OFX-susceptible isolates. Six OFX-resistant
strains carried mutations within gyrB, including Arg446His (n= 3),
Asp461Asn (n= 2) and Gly512Arg (n= 1). Double mutations in gyrA
and gyrB were detected in two isolates. Four OFX-susceptible isolates
displayed mutations in gyrB: one isolate with Arg446His, one isolate
with Gln503His and two isolates with Gly512Arg. Sequence analyses of

Table 1 Most frequent mutations within seven drug

resistance-associated loci in MDR-TB isolates

Drug Locus Mutation No. of resistant isolates Relative frequency (%)

RIF rpoBa Ser531Leu 124 48.2

His526Tyr 18 7.0

Asp516Val 15 5.8

His526Asp 14 5.4

His526Arg 12 4.7

INH inhA −15 C-T 27 10.5

katG Ser315Thr 128 49.8

oxyR-ahpC −10 C-T 8 3.1

OFX gyrA Ala90Val 17 21.5

Asp94Gly 16 20.3

Asp94Ala 10 12.7

gyrBb Arg446His 3 3.8

KAN rrs 1401A-G 16 40.0

Abbreviations: INH, isoniazid; KAN, kanmycin; MDR-TB, multidrug-resistant tuberculosis; OFX,
ofloxacin; RIF, rifampin.
aThe amino acid number is based on homologous mutations in Escherichia coli.
bThe amino acid number is according to http://www.ncbi.nlm.nih.gov/nuccore/NC_000962.3?
report= genbank&from=5240&to=7267.
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gyrA and gyrB had a sensitivity and specificity of 72.2% and 98.3%,
respectively (Table 2).

KAN and rrs
Sixteen of 40 KAN-resistant isolates contained the transition A1401G
in rrs. Moreover, we also found five KAN-susceptible MDR-TB
isolates carrying A1449G, C1459G, G1473T or T1491A
(Supplementary Table 5). No mutation was observed in rrs among
64 pan-susceptible isolates. The rrs mutation displayed a susceptibility
of 40% and a specificity of 98.2% for the detection of KAN resistance
among the strains analyzed.

DISCUSSION

Rapid and reliable diagnostic methods are urgently required to control
the rise in MDR-TB. Determining the type and frequency of specific
mutations associated with drug resistance is crucial to develop rapid
and accurate molecular diagnostic methods. Therefore, we investigated
the type and frequency of common drug resistance-conferring
mutations that occurred in a large number of MDR- and XDR-TB
isolates from multiple Chinese provinces.
Mutations in rpoB are the main cause of RIF resistance. Our results

showed a sensitivity of 91.1% for phenotypic RIF resistance among
MDR-TB, in accordance with the data from some regions of China
and Argentina (P40.05).5,9,10 The highest frequency of RIF mutations
is in the rpoB RRDR region, particularly in codons 531, 526 and
516.3–5,10 Our study verified these findings: 82.1% of MDR-TB isolates
had a mutation in one of these three codons.
By contrast, resistance to INH is more complex, and mutations

within katG and the promoter of inhA account for the majority of
INH-resistant isolates. Mutations in the intergenic region of oxyR-
ahpC are another important cause of INH resistance. In our study, the
sensitivity was 58.4% for katG, 14.4% for inhA, and 67.7% for the two
genes together. This sensitivity is lower than that reported from
America and Africa (Po0.05).4,10,11 We also determined that 32
(12.5%) isolates had mutations only in oxyR-ahpC. When the
mutations in oxyR-ahpC were considered in association with katG
and inhA, the sensitivity of detecting INH resistance increased to
80.2%, suggesting that mutations in oxyR-ahpC were significant for
detecting INH resistance among MDR-TB isolates in China. Two
novel mutations in inhA, the C(−34) deletion and C(−34)T, were

identified in the present study. Further research is required to
determine their roles. Furthermore, 51 MDR-TB isolates possessed
no mutation within the three genes, which suggests that there may be
alternative mechanisms of INH resistance, such as an active drug
efflux pump.12,13

Fluoroquinolone is an important second-line anti-tuberculosis drug
for therapy in patients with MDR-TB. It could inhibit the function of
DNA gyrase, which is encoded by gyrA and gyrB. Thus, mutations in
gyrA and gyrB give rise to fluoroquinolone resistance. The gyrA QRDR
region, particularly in codons 94, 90 and 91, has been considered as
the primary source of mutations.14–16 In our study, 67.1% of OFX-
resistant isolates carried at least one mutation in the three codons,
lower than the surveys in the United States and Argentina
(Po0.05),4,10 but similar to other reports from China
(P40.05).16,17 This suggests that there are regional variations in gyrA
mutations. In addition, Ser95Thr was observed in all 321 clinical
isolates. This mutation is not associated with OFX resistance, but is a
naturally occurring polymorphism. For mutations in gyrB, only 7.6%
of the mutations occurred in OFX-resistant isolates. Arg446His in gyrB
occurred in three OFX-resistant isolates and one OFX-sensitive isolate,
which was thought to confer a low-level resistance.16,18 In addition,
gyrB Gly512Arg and gyrA Ala90Val together occurred in one OFX-
resistant isolate, but gyrB Gly512Arg was also the only mutation in two
OFX-sensitive isolates, suggesting that Gly512Arg alone does not
confer OFX resistance. In addition, 22 OFX-resistant isolates
(27.8%) were wild-type for either gyrA or gyrB. Hence, some other
causes, such as an active drug efflux pump, permeability reduction of
the bacterial cell wall19,20 or hetero-resistance,21 may contribute to the
development of OFX resistance.
KAN is an important second-line injectable drug for MDR-TB

treatment. Resistance to KAN mostly develops as a result of alterations
in rrs coding for 16S ribosomal RNA. A1401G in rrs has been
identified as the primary cause of resistance to KAN, which correlates
with high-level resistance.22 In our study, 40% of the KAN-resistant
MDR-TB possessed the A1401G mutation, consistent with the data
from the United States (P40.05),4 but lower than the findings from
some regions (Po0.05).5,10 This difference is probably attributable to
geographical differences. Clearly, there are other mechanisms such as a
mutation in eis,23 and other unknown mechanisms that have a role in
KAN resistance. Four mutations, A1449G, C1459G, G1473T and

Table 2 Evaluation of DNA sequencing of seven drug resistance-associated loci and phenotypic DSTa

No. of isolates

Resistant Susceptible

Drug Locus With mutation Without mutation With mutation Without mutation Sensitivity (%) Specificity (%)

RIF rpoB 234 23 1 63 91.1 98.4

INH inhA 37 220 1 63 14.4 98.4

katG 150 107 0 64 58.4 100.0

oxyR-ahpC 42 215 0 64 15.3 100.0

inhA and/or katG 174 83 1 63 67.7 98.4

inhA and/or katG and/or oxyR-ahpC 206 51 1 63 80.2 98.4

OFX gyrA 53 26 0 242 67.1 100.0

gyrB 6 73 4 238 7.6 98.3

gyrA and/or gyrB 57 22 4 238 72.2 98.3

KAN rrs 16 24 5 276 40.0 98.2

Abbreviations: DST, drug susceptibility testing; INH, isoniazid; KAN, kanmycin; OFX, ofloxacin; RIF, rifampin.
aThe diagnostic performance of DNA sequencing in comparison with DST was determined after the resolution of natural polymorphisms and silent mutations.
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T1491A, were identified in KAN-sensitive strains, which were not
reported to confer KAN resistance in previous publications.
Compared with the phenotypic results, the specificity for detecting

INH, RIF, KAN and OFX resistance by DNA sequencing in the
present study was 98.4% (95% CI, 97.0–99.8%), 98.4% (95% CI,
97.0–99.8%), 98.3% (95% CI, 96.9–99.7%) and 98.2% (95% CI, 96.7–
99.7%), respectively, in agreement with the range of 93.6 to 100.0% in
the literature (P40.05).3,4,5,10

Notably, some drug resistance could not be explained in the present
study. Thus, whole-genome sequencing might be required to search
for additional loci conferring drug resistance and to promote the
performance of the sequencing-based assay.
In general, the establishment of rapid molecular methods requires

the verification of molecular data with respect to phenotypic results.
Here, we accomplished a survey of seven loci known to harbor
mutations conferring resistance to first- and second-line anti-tuber-
culosis drugs among a large number of MDR/XDR-TB cases in China.
The results indicated that DNA sequencing could detect 91.1% of RIF,
80.2% of INH, 72.2% of OFX and 40.0% of KAN resistance among
MDR-TB isolates in China. Moreover, we also identified the pre-
dominant mutations among MDR-TB isolates in China as rpoB531,
katG315, inhA-15, gyrA94 and -90 and rrs1401. This information is
useful to develop rapid diagnostic tests, such as reverse dot blot
hybridization assays,24,25 gene chips26,27 and multiplex allele-specific
PCR,28–31 for faster detection of MDR/XDR-TB, more appropriate
anti-tuberculosis treatment regimens and reduced transmission of
drug-resistant TB.
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