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Background: Early and accurate diagnosis of rifampicin (RIF)-resistant Mycobacterium 
tuberculosis (MTB) is essential for controlling community spread of drug-resistant tubercu-
losis (TB). In order to discover mutations residing outside the rifampicin resistance- 
determining region (RRDR) of the MTB rpoB gene, we conducted this retrospective study.
Methods: We retrospectively screened patient records to obtain Xpert MTB/RIF assay 
results for patients who received care at the Beijing Chest Hospital from 2016 to 2019 in 
order to identify subjects who met study selection criteria. Stored frozen patient isolates were 
cultured, harvested, and then subjected to drug susceptibility testing. Concurrently, entire 
rpoB gene DNA of each isolate was amplified and then sequenced to reveal rpoB mutations.
Results: Overall, 104 RIF-susceptible tuberculosis patients who were tested using the Xpert 
MTB/RIF assay also had poor first-line regimen treatment responses. Isolates obtained from 
these cases included 101 MTB isolates that possessed wild-type rpoB allelic profiles, as 
demonstrated using Sanger sequencing. However, sequences from the other three isolates 
confirmed that rpoB of one isolate harbored a mutation encoding the amino acid substitution 
Ile491Phe and that rpoB genes of two isolates contained a mutation encoding the amino acid 
substitution Ser450Leu.
Conclusion: Our data demonstrated that mutations found outside the RRDR of MTB rpoB 
are rare in Beijing, China, indicating that World Health Organization-approved molecular 
diagnostics are generally suitable for diagnosing RIF resistance.
Keywords: tuberculosis, rifampicin-resistance, rpoB, diagnosis

Introduction
Tuberculosis (TB), which is caused by infection with Mycobacterium tuberculosis 
(MTB) complex, remains a major public health concern worldwide. The emergence 
of drug-resistant TB, especially rifampicin (RIF)- and multidrug-resistant TB, has 
greatly impeded progress toward controlling this disease.2 An estimated 10.0 million 
people developed active TB in 2018, of which 484,000 cases were caused by MTB 
with resistance to RIF. Although RIF is currently the most effective first-line anti-TB 
drug, initial RIF resistance has been responsible for most treatment failures experi-
enced by TB patients receiving the standard first-line treatment regimen.3 Therefore, 
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early and accurate diagnosis of RIF resistance is essential in 
order to administer appropriate treatment as early as possi-
ble to prevent further community transmission of this 
refractory disease.

Conventional diagnosis of drug-resistant TB relies on 
phenotypic drug susceptibility testing (DST) that is based 
on mycobacterial growth.4 Unfortunately, due to the slow 
growth rate of MTB, testing requires months to complete 
after initiation of isolate cultures.5 Recently, Xpert MTB/ 
RIF (Xpert, Cepheid, USA), a fully automated real-time 
PCR assay, can detect MTB, including RIF-resistant MTB, 
directly from clinical samples within 2 hours.6 Based on 
promising Xpert MTB/RIF clinical performance, the 
World Health Organization has recently endorsed imple-
mentation of this assay for diagnosis of TB and MTB drug 
resistance based on testing of numerous specimen types.7 

To detect RIF resistance, the 81-bp genetic region com-
monly associated with MTB rifampin resistance, the 
rifampicin resistance-determining region (RRDR) of the 
rpoB gene, is probed with molecular beacons.6 The accu-
racy of the Xpert MTB/RIF assay for detecting RIF resis-
tance thus depends on the prevalence of mutations within 
the RRDR. A recent observational study from South 
Africa demonstrated that a substantial number of RIF- 
resistant TB cases harbor a rpoB mutation that induces 
an amino acid substitution, Ile491Phe. Of concern, this 
mutation is found outside the RRDR and is not detected 
by current WHO-endorsed commercial tests.8 More impor-
tantly, this type of resistance is also undetectable using 
phenotypic DST methods and therefore testing does not 
exist that can be used to prevent transmission of RIF- 
resistant TB in the community.8 Ultimately, the frequency 
of this specific mutation among RIF-resistant isolates will 
have important implications for clinical diagnostic algo-
rithms used in different settings. Although this mutation 
has been found in DNA of clinical isolates in several 
countries,8–10 little is known about its contribution to RIF 
resistance in China, a global drug resistance hot spot. To 
address this concern, we conducted a retrospective study 
to investigate the prevalence of mutations located outside 
the rpoB RRDR in genomes of RIF-resistant MTB clinical 
isolates in Beijing, China.

Materials and Methods
Patient Selection and Ethics Statement
In this retrospective observational study, we accessed the 
BioBank of Tuberculosis System to obtain standardized 

data for all MTB isolates from culture-positive cases who 
had sought care from 2016 to 2019 at Beijing Chest 
Hospital, a national TB-designated hospital in China. 
Data included routine microscopy results for sputum sam-
ples and test results of patient isolates obtained using the 
Xpert MTB/RIF assay and mycobacterial culture-based 
methods. We then selected study subjects after retrospec-
tively reviewing Xpert MTB/RIF assay results in records 
of consecutive patients to identify patients who met study 
selection criteria. Patients infected with RIF-susceptible 
MTB, as confirmed via Xpert MTB/RIF assay, were trea-
ted with the WHO-recommended RIF-based regimen 
2HRZE/HR. Medical records were further reviewed to 
identify RIF-susceptible TB patients who experienced 
poor clinical response based on culture-positive results 
obtained after 3 months of treatment.

All procedures were carried out in accordance with the 
principles of the World Medical Association’s Declaration 
of Helsinki. The study was approved by the Ethics 
Committee of Beijing Chest Hospital, Capital Medical 
University. Informed consent requirements were waived 
since the study involved clinical isolates containing tuber-
cle bacilli and involved secondary analysis of existing 
clinical data.

Bacteria Subculture and Drug 
Susceptibility Testing
Frozen isolates were selected and cultured on Löwenstein- 
Jensen (L-J) medium for use in further analyses. Fresh 
4-week-old MTB cultures were harvested and then were 
used for drug susceptibility testing to determine minimal 
inhibitory concentrations (MICs) of RIF, rifapentine (RFT), 
and rifabutin (RFB) based on the broth microdilution 
method, as previously described.3 Briefly, after 
a suspension of 0.5 McFarland standard was prepared, 100 
μL of diluted inoculum was transferred to each well of 
a microtiter plate that contained 100 μL/well of drug, with 
drug concentrations in wells varying as two-fold serial dilu-
tions in 7H9 broth over a concentration range of 0.0075 mg/ 
L to 8.0 mg/L. Tubercle bacilli (100 μL/well) were added to 
each well from a stock containing approximately 105 CFU/ 
mL. After incubation of bacteria and drugs for 7–10 days, 70 
μL of alamarBlue solution was added to each well and the 
plates were incubated at 37°C for another 24 h. MIC break-
point concentrations for RIF, RFT and RFB were defined as 
1 mg/L, 0.50 mg/L and 0.50 mg/L, respectively. All experi-
ments were performed in triplicate.
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DNA Extraction and Sequencing
For DNA extraction, one loop of bacteria was resuspended 
in 500 µL of Tris-EDTA (TE) buffer and incubated for 30 
min at 95°C. After centrifugation at 13000 rpm for 5 min, 
the supernatant was used as the source of template DNA 
for PCR amplification. The entire rpoB gene was amplified 
following the method used in our previous work.11 DNA 
sequencing was carried out by RuiBiotech Company 
(Beijing, China). Amino acid polymorphisms were identi-
fied based on comparison with rpoB of the H37Rv refer-
ence strain (GenBank accession no. NC_000962) using the 
Constraint-based Multiple Alignment Tool (https://www. 
ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi?LINK_LOC= 
BlastHomeLink).

Results
Collection of Isolates and Mutation 
Detection
Of 15,630 Xpert-positive isolates, 11,009 (70.4%) were 
identified as RIF-susceptible and the other 4621 (29.6%) 
were RIF-resistant. Clinical responses of RIF-susceptible 
cases were determined based on laboratory testing con-
ducted after patient completion of 3 months of treatment 
with the standard first-line regimen. Testing demonstrated 
that 201 patients were still culture-positive after 3 months 
of treatment, while 81 isolates were not stored in our 
Biobank, subculturing of 15 isolates failed due to lack of 
growth, and one isolate was confirmed to be a coculture of 
MTB and NTM. Ultimately, 104 cases were included for 
complementary MIC testing and DNA sequencing analy-
sis. As shown in Figure 1, of these 104 isolates, 101 
(97.1%) possessed wild-type allelic rpoB profiles, while 
Sanger sequencing confirmed the presence of a mutation 
encoding an amino acid substitution (Ile491Phe) in rpoB 
of one isolate (1.0%) and another substitution (Ser450Leu) 
in two isolates (1.9%) (Figure 1).

MICs of MTB Isolates
MICs of MTB isolates to three rifamycins are summarized 
in Figure 2. Overall, RFB exhibited the highest level of 
in vitro activity against MTB (with an MIC90 value of 
0.016 mg/L) as compared to MIC90 values for RFT 
(0.032 mg/L) and RIF (0.13 mg/L), the latter of which 
was only slightly greater than that of reference strain 
H37Rv. Ultimately, only three isolates were resistant to 
RIF, RFT, and RFB, including two isolates harboring 
a rpoB Ser450Leu substitution and one isolate possessing 

only the wild-type rpoB allele. Notably, one isolate carry-
ing the Ile491Phe mutation had a RIF MIC of 0.25 mg/L, 
which was below the critical concentration of 1.0 mg/L, 
while RFT and RFB MICs for this isolate were 0.12 mg/L 
and 0.25 mg/L, respectively.

Discussion
In order to monitor the efficacy of the Xpert MTB/RIF 
roll-out worldwide, observational studies tracking the pre-
valence of a specific rpoB mutation (Ile491Phe) found 
outside the RRDR are essential for formulating optimal 
diagnostic algorithms based on Xpert MTB/RIF assay 
results obtained for RIF-resistant TB cases.8 In this 
study, our data demonstrated that the rpoB Ile491Phe 
mutation is rare in China. By contrast, a national survey 
conducted in Eswatini revealed that 30% of MDR-TB 
strains carried this mutation.12 Similar results were 
obtained in South Africa that confirmed that 15% of iso-
niazid-monoresistant MTB isolates harbored the Ile491Phe 
rpoB mutation and thus these isolates should be classified 
as MDR isolates.8 Meanwhile, several other studies have 
reported occasional detection of this mutation in isolates 
from European and Asian countries,9,10,13 triggering spec-
ulation regarding underlying reasons for differences in 
Ile491Phe mutation prevalence across countries. On the 
one hand, this specific mutation has been mainly reported 
only in Africa where it is prevalent, as determined using 
whole genome sequencing, and is associated with spoligo-
types ST34 and ST92 that are predominant MTB subli-
neages circulating on that continent.8 Therefore, we 
speculate that this association is the major reason for the 
geographic prevalence of this mutation in Africa. On the 
other hand, different methods used to characterize MTB 
isolates across studies may have biased the results of these 
analytical epidemiological studies.

Another interesting finding is that two isolates with 
high-level RIF resistance due to the Ser450Leu RpoB 
mutation were not detected using the Xpert MTB/RIF 
assay. Early studies revealed striking frequencies of 
genetically heterogeneous bacterial populations in lesions 
of pulmonary TB patients.14 Although the exact reason for 
this phenomenon remains unclear, the heterogeneity of 
bacterial populations in specimens tested via Xpert MTB/ 
RIF assay and mycobacterial cultures may lead to the 
failure of the Xpert MTB/RIF assay to detect RIF resistant 
MTB.15 As consistently shown in previous reports,8 one 
MTB isolate harboring the Ile491Phe mutation was phe-
notypically susceptible to RIF, while the patient providing 
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this isolate experienced a poor clinical response to treat-
ment with a first-line anti-TB regimen, an indicator of RIF 
resistance. Nevertheless, despite resistance of the patient 
MTB infection to RIF, the RFB MIC value (<0.0075 mg/ 
L) of the MTB patient isolate was significantly lower than 
the corresponding critical concentration. Thus, properly 
designed trials are urgently needed to assess the clinical 
efficacy of the standard RFB-containing regimen against 
MTB harboring the rpoB gene Ile491Phe mutation.

Of note, over 97% of cases infected with RIF- 
susceptible MTB experience adverse treatment responses, 
underscoring the complexity associated with tuberculosis 
treatment. Insufficient blood drug concentration, drug- 
resistant mutations after long-term anti-TB treatment, 
potential interactions between anti-TB drugs and other 

drugs, impaired patient immunity, and poor treatment 
adherence may contribute to treatment failure.16 Thus, 
further studies are needed to determine risk factors asso-
ciated with poor treatment responses so that effective 
interventions can be implemented to improve clinical 
responses of this population.

We acknowledge several obvious limitations of the 
present study. First, enrollment of only patients of one 
pilot project limited the significance of our conclusions. 
Further studies are required to validate our findings that 
evaluate more MTB isolates from China. Second, in this 
retrospective study we set selection criteria for poor 
responses based on results obtained after only 3 months 
of treatment in order to enroll more TB patients with 
potential RIF resistance. However, this decision may 

Figure 1 Sequencing results of Xpert RIF-susceptible MTB rpoB genes of isolates from patients with poor clinical responses after 3 months of first-line regimen treatment. 
Abbreviations: TB, tuberculosis; NTM, nontuberculous mycobacteria.
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Figure 2 MICs of MTB isolates to rifampicin (A), rifapentine (B) and rifabutin (C). 
Abbreviation: MIC, minimal inhibitory concentration.
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have led to underestimation of the frequency of mutations 
found outside the rpoB gene RRDR. Third, some isolates 
may harbor mutations conferring resistance rather than 
rpoB gene, which were not detected in our study.

In conclusion, our data demonstrate that MTB rpoB 
mutations outside the RRDR were rare in our Chinese 
cohort, while also demonstrating the potential of the 
WHO-approved molecular diagnostics assay to effectively 
diagnose RIF resistance. In addition, a high proportion of 
cases infected with RIF-susceptible MTB experienced 
adverse clinical outcomes after 3 months of treatment, 
highlighting the urgent need to identify risk factors asso-
ciated with poor treatment responses toward improving 
treatment outcomes of this population.
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