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Introduction
Tuberculosis remains an important public health problem especially in the developing world. 

The global impact of tuberculosis is significant, with an annual estimate of 9.6 million tuberculosis 

cases and over 1.5 million deaths due to tuberculosis in 2014.1 The tuberculosis burden is 

worsened by the emergence and spread of multi-drug resistant (MDR) tuberculosis cases, defined 

as simultaneous resistance to at least rifampicin and isoniazid, with or without resistance to any 

other drug.1

In Malawi, there were 5564 new smear-positive cases of tuberculosis registered in 2014.1 Patients 

diagnosed with tuberculosis are treated with the standard quadruple antibiotic therapy 

recommended for drug-susceptible tuberculosis (rifampicin, isoniazid, ethambutol and 

pyrazinamide). Rapid detection of drug resistance is crucial in choosing the most effective 

treatment to avert morbidity and mortality of infected individuals and reduce the risk of MDR 

tuberculosis transmission.1

Rifampicin, if the isolate is susceptible, is a very important component of the current tuberculosis 

treatment regimen and has proved to be effective to both susceptible strains and strains resistant 

to streptomycin and isoniazid.1 However, there is growing resistance to rifampicin, largely due 

to particular genomic mutations in the rpoB gene of Mycobacterium tuberculosis.2 The rpoB gene 

encodes the β subunit of RNA polymerase, which is involved in chain initiation and elongation. 

A signature sequence for M. tuberculosis identification is contained in this region.3,4 Mutations in 

the rifampicin resistance determining region (RRDR) of this gene (codons 507–533) are associated 

with rifampicin resistance.5 Detection of such mutations indicates rifampicin-resistant 

tuberculosis strains and can be used as a predictor for MDR tuberculosis, although not a complete 

surrogate marker.6

Background: Availability and access to the detection of resistance to anti-tuberculosis drugs 

remains a significant challenge in Malawi due to limited diagnostic services. The Xpert® MTB/

RIF can detect Mycobacterium tuberculosis and resistance to rifampicin in a single, rapid assay. 

Rifampicin-resistant M. tuberculosis has not been well studied in Malawi.

Objectives: We aimed to determine mutations in the rifampicin resistance determining region 

(RRDR) of the rpoB gene of M. tuberculosis strains which were defined as resistant to rifampicin 

by the Xpert MTB/RIF assay.

Methods: Rifampicin-resistant isolates from 43 adult patients (≥ 18 years) from various districts 

of Malawi were characterised for mutations in the RRDR (codons 507–533) of the rpoB gene 

by DNA sequencing.

Results: Mutations were found in 37/43 (86%) of the resistant isolates in codons 511, 512, 513, 

516, 522, 526 and 531. The most common mutations were in codons 526 (38%), 531 (29.7%) and 

516 (16.2%). Mutations were not found in 6/43 (14%) of the resistant isolates. No novel rpoB 

mutations other than those previously described were found among the rifampicin-resistant 

M. tuberculosis complex strains.

Conclusion: This study is the first to characterise rifampicin resistance in Malawi. The chain-

termination DNA sequencing employed in this study is a standard method for the determination 

of nucleotide sequences and can be used to confirm rifampicin resistance obtained using other 

assays, including the Xpert MTB/RIF. Further molecular cluster analysis, such as spoligotyping 

and DNA finger printing, is still required to determine transmission dynamics and the 

epidemiological link of the mutated strains.
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Globally, it is estimated that 3.3% of new cases and 20% of 

previously-treated cases have MDR tuberculosis and that 

9.7% of these cases have pre-extensively drug resistant 

tuberculosis.1 A substantial percentage (37%) of new 

tuberculosis cases and a staggering percentage (74%) of the 

global estimate of MDR tuberculosis incident cases were not 

reported or remained undiagnosed in 2014. Determination of 

the pattern of drug resistance is performed in less than 3% of 

people diagnosed with tuberculosis worldwide.1,7,8

Phenotypic drug susceptibility testing (DST) relies on 

detection of growth and is performed using an antibiotic 

susceptibility testing set consisting of a growth control and 

one tube for each anti-tuberculosis test drug, with known 

concentration.9 Phenotypic DST is widely used in limited-

resource settings. This method is inexpensive and accurate, 

though time consuming due to its reliance on the growth of 

M. tuberculosis, which takes a long time to obtain results.10 

Mutation(s) in the genes relevant to responses to each drug 

are associated with resistance to tuberculosis drugs.10 

Genotypic DST methods target well-characterised resistance-

associated mutations. Genotypic DST determines such 

mutations in the tested gene region only and as such, 

unknown or less frequent mutations might be missed.11,12 

Molecular tools for rapid DST are developed upon a better 

understanding of mutations responsible for drug resistance 

in the bacterial genome.13,14 Several molecular methods, 

including the Xpert® MTB/RIF (Cepheid, Sunnyvale, 

California, United States), have been developed for the 

detection of M. tuberculosis complex DNA and RRDR 

mutations associated with rifampicin resistance.15,16,17 The 

World Health Organization strongly recommends the use of 

Xpert MTB/RIF as the initial diagnostic test for use on 

pulmonary specimens from adults and children suspected of 

having HIV-associated tuberculosis or MDR tuberculosis.1

The use of DNA sequencing complements the above assay 

in detecting new mutations, as well as confirming the 

presence of the most frequent mutations that could be 

associated with drug resistance, and has conferred excellent 

benefits to patient care due to the larger DNA fragment that 

is sequenced.18,19 DNA sequencing determines mutations 

by comparing the differences between the gold standard 

(H37Rv reference strain) and the test nucleotide sequence.20,21

We aimed to assess the RRDR of the rpoB gene for mutations 

in M. tuberculosis strains that were defined as rifampicin 

resistant by the Xpert MTB/RIF assay and to establish 

the prevalence of such mutations in tuberculosis-infected 

Malawians.

Methods
Ethical considerations
Approvals for this study were granted by University of 

the Witwatersrand Human Research Ethics Committee 

(M120256), National Health Sciences Research Committee 

(NHSRC) in Malawi (NHSRC # 999) and the University of 

North Carolina (UNC; Chapel Hill) Institutional Review 

Board (CID 1211). Obtaining consent was waived because the 

study used previously-stored and residual sputum pellets, 

and consent from patients was given during recruitment 

and/or this was part of routine testing for tuberculosis drug 

resistance.

Study population
We conducted this study using processed sputum sediments 

(pellets) from new and previously-treated patients, ≥ 18 years 

of age. Demographic and clinical information was collected 

from the respective laboratory tuberculosis registers and 

entered in Excel (Microsoft, Inc., Redmond, Washington, 

United States) spreadsheets. Both retrospective and 

prospective pellets (N = 995) were used in the current study.

Retrospective pellets
Retrospective sputum pellets (n = 351) were collected between 

April 2011 and July 2012 from a study conducted in outpatients 

initiating tuberculosis treatment at Martin Preuss Centre at 

Bwaila Hospital (Bwaila) in Lilongwe, which was looking at 

the prevalence of drug-resistant tuberculosis at this HIV/

tuberculosis clinic.22 Sputum samples were processed for 

routine culture at the UNC Project laboratory following the 

N-acetyl-L-cysteine and sodium hydroxide (NALC-NaOH) 

method. Pellets were inoculated on both mycobacterium 

growth indicator tubes (MGIT) and Löwenstein Jensen media. 

DST was performed using the Hain MTBDRplus assay (Hain 

Lifescience GmbH, Nehren, Germany). Residual pellets were 

stored at -80°C and selected at random for use in this study 

without any special criteria to eliminate bias.

Prospective pellets
Prospective sputum pellets came from patients suspected 

of drug-resistant tuberculosis (n = 644) who presented 

consecutively to district hospitals in Malawi, and sputum 

samples were sent to the National Tuberculosis Reference 

Laboratory (NTRL) in Lilongwe for conventional DST 

between June 2012 and May 2014. Sputum was processed 

using the NALC-NaOH method and the pellet was split in 

two. The first sample was used for routine culture and 

conventional DST at the NTRL, while the other was stored 

for up to two weeks at 2°C – 8°C for Xpert MTB/RIF testing 

and MGIT culture at the UNC laboratory.

Mycobacterium cultures at the UNC laboratory
Pellets were re-suspended in 1.5 mL of phosphate buffer 

and split into different volumes. One part was processed 

for routine culture using MGIT and the other was processed 

on Xpert MTB/RIF (0.5 mL). MGIT tubes were inoculated 

with 500 µL of the re-suspended sample as previously 

described23 and were monitored daily for growth using a 

hand-held BACTEC MicroMGIT Reader for up to 42 days. 

Smears were prepared from positive cultures, stained 

using Ziehl-Neelsen stain (Becton, Dickinson & Company, 

Sparks, Maryland, United States) and examined for 
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acid-fast bacilli. Determination of eligibility for DNA 

sequencing was dependent on results from the Xpert MTB/

RIF assay (software version G4). DNA was extracted from 

corresponding MGIT cultures if rifampicin resistance was 

detected by Xpert MTB/RIF.

Xpert MTB/RIF assay

Samples (n = 995) were processed as per the manufacturer’s 

instructions. A sample reagent buffer was added to 500 µL of 

the re-suspended pellet in the ratio of 3:1 (sample reagent 

buffer:specimen) as described previously.24 The container 

was closed tightly and then vigorously shaken for 15 seconds. 

The mixed specimen was left to stand for 10 minutes followed 

by another vigorous shaking for 15 seconds and left to 

stand for a further five minutes. Thereafter, 2 mL of the 

mixed specimen was loaded into a single-use Xpert MTB/

RIF cartridge. The closed cartridge was loaded into the 

GeneXpert® instrument, where extraction, amplification and 

detection of M. tuberculosis and screening for resistance to 

rifampicin were performed automatically and simultaneously. 

Results were available within two hours. The Xpert MTB/

RIF probe and cycle threshold (Ct) value was documented 

for each tuberculosis strain that was detected as resistant to 

rifampicin.

DNA extraction and amplification
Genomic bacterial DNA was extracted from cultures at the 

UNC laboratory using the HAIN GenoLyse kit (Hain 

Lifescience GmbH, Nehren, Germany). From MGIT liquid 

media, 1.0 mL was transferred to a Sarstedt micro-centrifuge 

tube. The tube was centrifuged for 15 minutes at 14 000 rpm. 

The supernatant was carefully discarded and the pellet was 

re-suspended in 100 µL Lysis Buffer from the kit, vortexed 

thoroughly and incubated at 95°C in a heating block for five 

minutes. Tubes were removed and briefly centrifuged to 

remove condensation. To each tube, 100 µL of Neutralization 

Buffer was added, vortexed for five seconds and then 

centrifuged for five minutes at 14 000 rpm. Supernatant was 

transferred to a new tube and the pellet was discarded. The 

extracted DNA was stored at -80°C for use as DNA template.

MTBDRplus line probe assay

The GenoType®MTBDRplus line probe assay (Version 2) was 

performed according to the manufacturer’s instructions. In 

brief, an appropriate number of PCR tubes, one for each 

sample and one each for a PCR positive (M. tuberculosis DNA) 

and negative (dH
2
O) control were labelled. A master mix was 

prepared for one reaction and the final volume adjusted 

according to the total number of samples, with some excess 

to allow for pipetting errors. The solution was mixed by 

inversion and an aliquot of 45 µL of the prepared master mix 

was transferred to each PCR tube. 5 µL of each sample or 

control DNA was added to the appropriate PCR tube. PCR 

was performed in a 9700 DNA thermocycler (Applied 

Biosystems, Foster City, California, United States), using the 

cycling protocol as described by the manufacturer.

DNA PCR
PCR amplification of the rpoB gene, which included the 

RRDR, was carried out using forward primer rpoBF2 (5’-GAG 

GGT CAG ACC ACG ATG AC-3’; nucleotide positions 1030 

to 1049 according to H37Rv numbering, GenBank accession 

number CAB09390.1) and reverse primer rpoBR (5’-GAG 

CCG ATC AGA CCG ATG T-3’; nucleotide positions 1460 to 

1478 according to H37Rv numbering) in a GeneAmp PCR 

system 9700 thermocycler (Applied Biosystems, Foster City, 

California, United States). The total volume of the PCR 

reaction used was 50 µL, containing: 5 µL of 10X high fidelity 

buffer, 1 µL of 10 mM dNTP mix, 2 µL of 50 mM MgSO
4
, 1 µL 

of each primer, 0.2 µL of Taq HiFi (Invitrogen, Carlsbad, 

California, United States), 36.8 µL of molecular grade water 

and 3 µL of extracted genomic DNA. Amplification conditions 

were set at: 94°C for two minutes; followed by 35 cycles of 

94°C for 30 seconds, 55°C for 30 seconds, 68°C for 40 seconds; 

followed by a 10-minute final elongation at 68°C. PCR 

products were purified using the GeneJet PCR purification 

kit (Thermo Scientific, Waltham, Massachusetts, United 

States) following the manufacturer’s instructions. 5 µL of the 

amplified product was visualised on a 1% agarose gel.

DNA sequencing
DNA sequencing was performed in an automated DNA 

sequencer ABI 3700, (Applied Biosystems, Foster City, 

California, United States) using the BigDye terminator V3.1 

sequencing kit with forward primer rpoBS (5’-GCA GAC 

GTT GAT CAA CAT CC-3’) and reverse primer rpoBR 

(5’-GAG CCG ATC AGA CCG ATG T-3’). The total volume of 

the sequencing reaction was 20 µL, containing: 4 µL of BigDye 

terminator, 2 µL of 10X sequencing buffer, 2 µL of water, 1 µL 

of primer and 11 µL of sample. Amplification conditions were 

set for: one minute at 96°C; followed by 25 cycles of 96°C 

for 10 seconds, 50°C for five seconds, 60°C for four minutes; 

followed by a 10-minute final extension at 72°C. The 

completed sequencing reaction mixture was purified using 

75% isopropanol as per the manufacturer’s instructions.

The sample plate was loaded onto the ABI 3700 automated 

DNA sequencer and the resulting sequences were analysed 

and compared to the wild-type sequence of the well-

characterised M. tuberculosis H37Rv reference strain using 

Sequencher software V4.8 (Genecodes Corporation, Ann 

Arbor, Michigan, United States). The well-defined RRDR 

region (codons 507–533) corresponded to codons 426–452 

(nucleotides 1276–1356) in the downloaded H37Rv reference 

sequence.

Statistical analysis
All study data were entered into an Excel spreadsheet 

and then exported and analysed using Stata Version 12 

(StataCorp, College Station, Texas, United States). We 

calculated proportions and percentages based on district, 

patient category, Xpert MTB/RIF probes and codons in the 

RRDR of the rpoB gene to determine resistance mutations 

and their prevalence.
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Results
The 644 specimens from NTRL were categorised clinically as 

previously treated cases (574/644; 89.1%), new (27/644; 4.2%), 

or not known (43/644; 6.7%). From Bwaila, 24/351 (6.8%) 

suspected tuberculosis cases were categorised as retreatment, 

and 327/351 (93.2%) were from patients presenting with 

tuberculosis for the first time.

The Xpert MTB/RIF assay detected rifampicin resistance in 

64/995 (6.4%) specimens, which were selected for further 

DNA sequencing of the larger region of the rpoB gene. Three 

specimens (3/64) were from Bwaila, while the rest (61/64) 

were collected from NTRL. Most of the rifampicin-resistant 

cases detected by Xpert MTB/RIF were associated with probe 

B (23/64) and probe E (23/64). Fifteen (15/64) samples were 

detected by probe D, 2/64 by probe A, while probe C detected 

1/64 samples (Table 1). Of these, 43/64 were successfully 

sequenced. The remainder (n= 21; 32.8%), all from NTRL, 

were not sequenced, either due to failure of PCR amplification 

(n = 19) or they failed sequencing (n = 2) (Figure 1). The PCR 

amplification failure could not be explained, although in part 

this could be due to insufficient template DNA, a an attempt 

was made to extract DNA from pellets (n = 7) which had not 

grown on culture.

Seven different mutations were detected in 37/43 (86%) 

specimens in codons 511, 512, 513, 516, 522, 526 and 531. 

Mutations were common in codons 526 (38%), 531 (29.7%) 

and 516 (16.2%) (Table 2). No insertion, deletion or double 

point mutations were observed. However, mutations were 

not detected in 6/43 (14%) of the strains by DNA sequencing, 

despite being detected by Xpert MTB/RIF probe B (4/6) 

and by probe E (2/6) as rifampicin resistant. Repeat Xpert 

MTB/RIF testing was not done for these strains due to 

insufficient left-over pellets. Delayed Ct values between 

17.0 and 32.7 were observed in 4/6 strains which had no 

mutations. The observed Ct values were markedly higher 

than the ∆Ct max cutoff of > 4 for the automated detection 

of rifampicin resistance by the Xpert MTB/RIF assay.25 The 

remainder (n = 2) gave an undetectable result on probe 

B (n = 1) and probe E (n = 1).

When stratified by district, the prevalence of mutations was 

high in tuberculosis patients from Ntchisi 2/5 (40%), 

Nkhotakota 4/13 (30.8%), Nsanje 5/20 (25%) and Balaka 

2/12 (16.7%). Lilongwe, the capital city of Malawi, had the 

lowest prevalence of mutations 9/466 (1.9%), followed by 

Mulanje 2/57 (3.5%).

As expected, the number of mutations was highest among 

patients registered as retreatment 29/598 (4.8%), compared 

with new cases 8/354 (2.3%). There were no real trends of 

mutations across classified retreatment cases (recurrent, 

default, etc.) in relation to new tuberculosis cases. Mutations 

in codon 531 were found in almost all patient groups, except 

for those classified as recurrent; codon 526 in all groups, 

except in the ‘new patient’ category in which mutations at 

codon 516 were predominant. A single strain from a patient 

with no history of prior tuberculosis treatment was detected 

with a mutation at codon 522.

All 43 specimens that were successfully sequenced were also 

tested on GenoType MTBDRplus and two strains gave 995 sputum pellets analysed on Xpert MTB/RIF

64 defined as RIF resistant

45 amplified
37 from culture
8 from pellets

64 samples
•  DNA Extrac	on:
   49 from culture
  15 from pellets

DNA Sequencing

19 failed PCR
12 from culture
7 from pellets

Not successful
2 from culture

NO
6

Muta�ons

Successful
43

YES
37

Abbreviations: RIF, rifampicin.

FIGURE 1: Workflow and isolate selection for DNA sequencing from tuberculosis 
cultures and processed sediments.

TABLE 1: rpoB gene mutations associated with Xpert MTB/RIF probes used.
DNA sequencing 
mutations

Xpert MTB/RIF probes Total

A B C D E

D516V 1 4 0 0 1 6
Failed sequencing 0 2 0 0 0 2
H526D 0 0 0 1 0 1
H526R 0 0 0 2 0 2
H526Y 0 1 0 10 0 11
L511P 1 0 0 0 0 1
Wild-type 0 4 0 0 2 6
Failed PCR amplification 0 10 0 2 7 19
Q513E 0 1 0 0 1 2
S512T 0 0 0 0 1 1
S513L 0 0 0 0 1 1
S522L 0 0 1 0 0 1
S531L 0 1 0 0 9 10
S531Y 0 0 0 0 1 1
Total 2 23 1 15 23 64

TABLE 2: Distribution of mutations in codons 491–574 of the rpoB gene and 
amino acid changes in the rifampicin resistance determining region, Malawi, 
2011 and 2014†.
Mutated 
codon

Amino acid change Nucleotide change Total isolates 
(n = 37)

Percentage

From To From To

511 Leu Pro CTG CCG 1 2.7%
512 Ser Thr AGC ACC 1 2.7%
513 Gln Leu CAA CTA 1 8.0%

Glu CAA GAG 2
516 Asp Val GAC GTC 6 16.2%
522 Ser Leu TCG TTG 1 2.7 %
526 His Arg CAC CGC 2 38%

Tyr TAC 11
Asp GAC 1

531 Ser Leu TCG TTG 10 29.7%
Tyr TAG 1

†DNA sequencing results using sputum pellets and culture specimens of 37 tuberculosis-
infected patients.
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discordant results. Both strains showed susceptibility to 

rifampicin on GenoType MTBDRplus, but resistance to 

rifampicin on Xpert MTB/RIF. Mutations were not detected 

in these strains by DNA sequencing.

Discussion
This study is the first to characterise rifampicin resistance in 

Malawi. The majority of rpoB gene mutations in this study 

analysed by direct sequencing correlated well with rifampicin 

resistance observed on Xpert MTB/RIF. Our findings reveal 

that 86% of all rifampicin-resistant isolates harboured 

mutations in the RRDR of the rpoB gene with codon 526 

(CAC → TAC) as the most frequent, followed by codon 531 

(TCG → TTG/TAG). By contrast, mutations were not 

detected in 6/43 (14%) of the strains following nucleotide 

sequencing. False-positive rifampicin resistance was most 

likely considering the observed wild-type sequences in these 

strains. Data on drug-resistance mutations involving the 

RRDR of the rpoB gene, which relates highly to rifampicin 

resistance, is new for Malawi as no previous studies have 

analysed the rpoB gene among tuberculosis strains circulating 

in the country.

Previous reports demonstrated that strains requiring high 

rifampicin concentrations in phenotypic DST have been 

associated with mutations at codons 526, 516, and 531,26,27 

corroborating that these are the most prevalent rpoB 

mutations worldwide.28 Several studies of rifampicin-

resistant tuberculosis have reported the presence of novel 

and common rpoB gene mutations, especially in the 

RRDR.29,30,31 In addition, other studies have documented 

the presence of common and novel rpoB mutations outside 

the RRDR.29,32 Based on our amplicon size, we only evaluated 

the most frequently-mutated codons between positions 

491–574, which include the RRDR. The contribution of 

additional mutations to resistance at positions outside the 

region that was sequenced, for example codon 176, cannot 

be ruled out. Future work should focus on sequencing the 

entire rpoB gene.

It is of particular interest that the Xpert MTB/RIF assay 

detected rifampicin resistance in six isolates, but partial 

sequencing of the rpoB gene did not detect any changes in 

the nucleotide sequences, such that the mechanisms/

pathways of resistance of these strains remain unknown. 

Since unprocessed sputum was not sequenced, it was 

difficult to confidently exclude hetero-resistance in these 

strains. In low rifampicin-resistance prevalence areas, the 

Xpert MTB/RIF assay would be expected to falsely diagnose 

some cases,8 which could be the case with these strains. 

Sequencing the entire rpoB gene might help to understand 

the mechanism of resistance of the strains. In contrast, 

results obtained in Swaziland show that the Xpert MTB/

RIF assay did not detect the rpoB I491F mutation (outbreak 

strain) in 38/125 (30%) of the isolates tested as compared to 

DNA sequencing, raising fears about the assay’s unreliability 

due to under-diagnosis and potential treatment inadequacy, 

since it does not detect mutations outside the RRDR.33 

Furthermore, a study by Theron et al. observed that five 

strains were rifampicin resistant on Xpert MTB/RIF, rpoB 

sequencing and/or GenoType MTBDRplus, but susceptible 

on phenotypic DST.34 It should be noted, however, that PCR 

amplicons were different in the Xpert MTB/RIF assay 

versus what was used for the Sanger-based sequencing. The 

probes may have bound to minority variants in the Xpert 

MTB/RIF amplicons, resulting in a positive signal, whereas 

a combination of PCR bias and population-based Sanger 

sequencing (where the limit of detection is approximately 

20% of the quasispecies and only the predominant 

population is reported) might have resulted in only the 

wild-type sequence being detected.35 Moreover, different 

fitness of drug-resistant tuberculosis under culture 

conditions can allow for the outgrowth of wild-type 

tuberculosis,36 accounting for the discordant results between 

the molecular and phenotypic assays.

Drug resistance was detected in some new tuberculosis cases 

and these results were confirmed by detecting mutations in 

the RRDR of the rpoB gene. Detecting resistance to rifampicin 

in new tuberculosis cases highlights the need for testing 

resistance to drugs in this category especially if the patient 

was in contact with a known MDR tuberculosis patient. Our 

results show that the prevalence of mutations associated with 

rifampicin resistance among new tuberculosis cases was 

2.3%. In Malawi, the prevalence of MDR tuberculosis is low 

(0.4%) among new smear-positive cases and is 4.8% among 

retreatment cases. Testing for tuberculosis drug resistance in 

Malawi is not routinely done except for those highly 

suspected of drug resistance.37

Results obtained by the Xpert MTB/RIF assay were in 

agreement with GenoType MTBDRplus results on rifampicin 

resistance, with an exception of 2/43 (4.7%), which were 

sensitive on the GenoType MTBDRplus but rifampicin 

resistant on Xpert MTB/RIF. Ct values of 18.5 and 24.4 

on Xpert MTB/RIF, both on probe B, were interpreted 

as rifampicin resistant. Mixed infection with multiple 

tuberculosis strains was excluded in these strains given the 

wild-type rpoB gene sequences and no observed underlying 

peaks on the DNA sequence chromatograms. Phenotypic 

DST is difficult to standardise and expensive and time-

consuming to maintain routinely. In the absence of molecular 

techniques, several critical questions about tuberculosis 

remain unanswered, including recognition of acquisition 

of drug resistance resulting from gene mutations versus 

transmission of drug resistant strains.38

Limitations
The relatively small number of rifampicin-resistant samples 

observed in the current study limited our ability to establish 

the overall prevalence of rpoB gene mutations in tuberculosis 

strains circulating in Malawi. Moreover, we sequenced only 

an approximately 450 bp amplicon; thus, the contribution of 

mutations in regions outside of the amplicon sequenced to 

overall resistance could not be determined. With the available 

data, an assessment of the epidemiological link between the 

http://www.ajlmonline.org


Page 6 of 7 Original Research

http://www.ajlmonline.org Open Access

rifampicin-resistant strains was not possible, as such further 

molecular cluster analysis is still required to determine 

transmission dynamics of the mutated strains. Future studies 

should consider performing phenotypic DST to detect 

mutations outside the RRDR (full length rpoB gene) and 

compare to DNA sequencing, considering that Sanger 

sequencing has a limit of detection where the minority 

population may not be detected.

Conclusion

The chain termination DNA sequencing employed in this 

study is a standard method for the determination of 

nucleotide sequences. It is conclusive and can be used to 

confirm rifampicin resistance obtained by other assays, 

including the Xpert MTB/RIF assay, despite having a limit of 

detection with minority resistant populations. Although 

phenotypic DST is recommended to verify rifampicin 

resistance when using Xpert MTB/RIF, DNA sequencing can 

be used to detect the frequency and exact site of mutations in 

the RRDR. All tuberculosis strains with mutations in the 

current study had one of the previously-described rpoB gene 

mutations containing nucleotide changes. No new mutations 

were identified. Findings from this study emphasise the need 

for a national representation of sputum specimens from 

tuberculosis-infected patients to assess the magnitude of 

tuberculosis rpoB gene mutations that are responsible for 

rifampicin resistance in Malawi.

Acknowledgements
The authors thank the UNC Project laboratory staff, National 

Tuberculosis Reference Laboratory (Malawi) and laboratory 

staff at the HIV genotyping laboratory at University of the 

Witwatersrand for assisting with the study.

Competing interests
The authors declare that they have no financial or personal 

relationships which may have inappropriately influenced 

them in writing this article.

Sources of support

This project was funded by the National Commission for 

Science and Technology (Malawi) through the Health 

Research Capacity Strengthening Initiative (HRCSI). 

Additional funds were made available by the UNC Project 

(Malawi), UNC Fogarty AITRP (D43 TW001039), UNC 

Centre for AIDS Research (P30 AI50410) and Malawi HIV 

Implementation Research Scientist Program (D43 TW010060).

Authors’ contributions
T.C. conceptualised the study. T.C., I.K., N.N. and I.T. 

performed the experiments. M.H., L.S., W.S., F.N., R.K., 

M.A.P., J.M. and I.F.H. oversaw the operational aspects of the 

study. T.C., N.E.R. and C.S. conducted the data analysis and 

T.C. drafted the manuscript. All authors revised the 

manuscript and approved the final draft.

References
 1. World Health Organization. Global tuberculosis report 2015. Geneva, Switzerland: 

WHO; c2015 [Cited 2016 Jan 27]. Available from: http://apps.who.int/iris/
bitstream/10665/191102/1/9789241565059_eng.pdf

 2. Heep M, Brandstätter B, Rieger U, et al. Frequency of rpoB mutations inside and 
outside the cluster I region in rifampin-resistant clinical Mycobacterium 
tuberculosis isolates. J Clin Microbiol. 2001;39(1):107–110. https://doi.org/ 
10.1128/JCM.39.1.107-110.2001

 3. Helb D, Jones M, Story E, et al. Rapid detection of Mycobacterium tuberculosis 
and rifampin resistance by use of on-demand, near-patient technology. J Clin 
Microbiol. 2010;48(1):229–237. https://doi.org/10.1128/JCM.01463-09

 4. Vadwai V, Boehme C, Nabeta P, et al. Xpert MTB/RIF: a new pillar in the diagnosis 
of extrapulmonary tuberculosis ? J Clin Microbiol. 2011;49(7):2540–5. https://doi.
org/10.1128/JCM.02319-10

 5. Van Rie A, Warren R, Mshanga I, et al. Analysis for a limited number of gene codons 
can predict drug resistance of Mycobacterium tuberculosis in a high-incidence 
community. J Clin Microbiol. 2001;39(2):636–641. https://doi.org/10.1128/JCM. 
39.2.636-641.2001

 6. World Health Organization. Global tuberculosis report 2014. Geneva, Switzerland: 
WHO; c2014 [cited 2015 Oct 27]. Available from: http://apps.who.int/iris/
bitstream/10665/137094/1/9789241564809_eng.pdf

 7. Chaisson RE, Nuermberger EL. Confronting multidrug-resistant tuberculosis. N 
Engl J Med. 2012;366(23):2223–2224. https://doi.org/10.1056/NEJMe1204478

 8. Steingart K, Schiller I, Horne DJ, et al. Xpert® MTB/RIF assay for pulmonary 
tuberculosis and rifampicin resistance in adults. Cochrane Database Syst Rev. 
2014;1:CD009593. https://doi.org/10.1002/14651858.CD009593.pub3

 9. Global Laboratory Initiative. Mycobacteriology laboratory manual. Rockville, MD: 
Otsuka Pharmaceutical Development and Commercialization, Inc.; 2014.

10. Aung WW, Ei PW, Nyunt WW, et al. Phenotypic and genotypic analysis of anti-
tuberculosis drug resistance in Mycobacterium tuberculosis isolates in Myanmar. 
Ann Lab Med. 2015;35(5):494–499. https://doi.org/10.3343/alm.2015.35.5.494

11. Musser JM. Antimicrobial agent resistance in mycobacteria: molecular genetic 
insights. Clin Microbiol Rev. 1995;8(4):496–514.

12. Rattan A, Kalia A, Ahmad N. Multidrug-resistant Mycobacterium tuberculosis : 
molecular perspectives. Emerg Infect Dis. 1998;4(2):195–209. https://doi.org/ 
10.3201/eid0402.980207

13. Nettleman MD. Multidrug-resistant tuberculosis: news from the front. JAMA. 
2005;293(22):2788–2790. https://doi.org/10.1001/jama.293.22.2788

14. World Health Organization. Global tuberculosis control 2008: surveillance, planning, 
financing. Geneva, Switzerland: WHO; c2008 [cited 2016 Nov 06]. Available from: 
http://data.unaids.org/pub/report/2008/who2008globaltbreport_en.pdf

15. García de Viedma D. Rapid detection of resistance in Mycobacterium tuberculosis: a 
review discussing molecular approaches. Clin Microbiol Infect. 2003;9(5): 349–359.

16. Cepheid. Xpert® MTB/RIF Two-hour detection of MTB and resistance to rifampicin. 
Sunnyvale, CA: Cepheid; c2011 [cited 2011 Nov 07]. Available form http://xpert_
mtbrif brochure eu 0089-02lor.pdf

17. Bowles EC, Freyée B, van Ingen J, et al. Xpert MTB/RIF®, a novel automated 
polymerase chain reaction-based tool for the diagnosis of tuberculosis. Int J 
Tuberc Lung Dis. 2011;15(7):988–989. https://doi.org/10.5588/ijtld.10.0574

18. Kourout M, Chaoui I, Sabouni R, et al. Molecular characterisation of rifampicin-
resistant Mycobacterium tuberculosis strains from Morocco. Int J Tuberc lung Dis. 
2009;13(11):1440–1442.

19. Choi J-H, Lee KW, Kang H-R, et al. Clinical efficacy of direct DNA sequencing 
analysis on sputum specimens for early detection of drug-resistant Mycobacterium 
tuberculosis in a clinical setting. Chest. 2010;137(2):393–400. https://doi.org/ 
10.1378/chest.09-0150

20. Xiao HP. Progress in tuberculosis control. Shanghai, China: Fudan University Press; 
c2004 [cited 2011 Nov 07]. Available from: http://xpert_mtbrif brochure eu 0089-
02lor.pdf

21. Si J, Wang Z, Wang Z, et al. Sequencing-based detection of drug-resistant 
Mycobacterium tuberculosis in patients with spinal tuberculosis. Arch Orthop 
Trauma Surg. 2012 Jul;132(7):941–945. https://doi.org/10.1007/s00402-012-1506-7

22. Barnett B, Gokhale RH, Krysiak R, et al. Prevalence of drug resistant TB among 
outpatients at an HIV/TB clinic in Lilongwe, Malawi. Trans R Soc Trop Med Hyg. 
2015;109(12):763–768. https://doi.org/10.1093/trstmh/trv092

23. Blakemore R, Nabeta P, Davidow AL, et al. A multi-site assessment of the 
quantitative capability of the Xpert MTB/RIF assay. Am J Respir Crit Care Med. 
2011;184(9):1076–1084. https://doi.org/10.1164/rccm.201103-0536OC

24. Nicol MP, Workman L, Isaacs W, et al. Accuracy of the Xpert MTB/RIF test for the 
diagnosis of pulmonary tuberculosis in children admitted to hospital in Cape 
Town, South Africa : a descriptive study. Lancet Infect Dis. 2011;11(11):819–824. 
https://doi.org/10.1016/S1473-3099(11)70167-0

25. Scott LE, McCarthy K, Gous N, et al. Comparison of Xpert MTB/RIF with other 
nucleic acid technologies for diagnosing pulmonary tuberculosis in a high HIV 
prevalence setting : a prospective study. PLoS Med. 2011;8(7):1–11. https://doi.
org/10.1371/journal.pmed.1001061

26. Ohno H, Koga H, Kohno S, et al. Relationship between rifampin MICs for and rpoB 
mutations of Mycobacterium tuberculosis strains isolated in Japan. Antimicrob 
Agents Chemother. 1996;40(4):1053–1056.

27. Madania A, Habous M, Zarzour H, et al. Characterization of mutations causing 
rifampicin and isoniazid resistance of Mycobacterium tuberculosis in Syria. Polish 
J Microbiol. 2012;61(1):23–32.

http://www.ajlmonline.org
http://apps.who.int/iris/bitstream/10665/191102/1/9789241565059_eng.pdf
http://apps.who.int/iris/bitstream/10665/191102/1/9789241565059_eng.pdf
https://doi.org/10.1128/JCM.39.1.107-110.2001
https://doi.org/10.1128/JCM.39.1.107-110.2001
https://doi.org/10.1128/JCM.01463-09
https://doi.org/10.1128/JCM.02319-10
https://doi.org/10.1128/JCM.02319-10
https://doi.org/10.1128/JCM.39.2.636-641.2001
https://doi.org/10.1128/JCM.39.2.636-641.2001
http://apps.who.int/iris/bitstream/10665/137094/1/9789241564809_eng.pdf
http://apps.who.int/iris/bitstream/10665/137094/1/9789241564809_eng.pdf
https://doi.org/10.1056/NEJMe1204478
https://doi.org/10.1002/14651858.CD009593.pub3
https://doi.org/10.3343/alm.2015.35.5.494
https://doi.org/10.3201/eid0402.980207
https://doi.org/10.3201/eid0402.980207
https://doi.org/10.1001/jama.293.22.2788
http://data.unaids.org/pub/report/2008/who2008globaltbreport_en.pdf
http://xpert_mtbrif brochure eu 0089-02lor.pdf
http://xpert_mtbrif brochure eu 0089-02lor.pdf
https://doi.org/10.5588/ijtld.10.0574
https://doi.org/10.1378/chest.09-0150
https://doi.org/10.1378/chest.09-0150
http://xpert_mtbrif brochure eu 0089-02lor.pdf
http://xpert_mtbrif brochure eu 0089-02lor.pdf
https://doi.org/10.1007/s00402-012-1506-7
https://doi.org/10.1093/trstmh/trv092
https://doi.org/10.1164/rccm.201103-0536OC
https://doi.org/10.1016/S1473-3099(11)70167-0
https://doi.org/10.1371/journal.pmed.1001061
https://doi.org/10.1371/journal.pmed.1001061


Page 7 of 7 Original Research

http://www.ajlmonline.org Open Access

28. Ramaswamy S, Musser JM. Molecular genetic basis of antimicrobial agent 
resistance in Mycobacterium tuberculosis : 1998 update. Tuber Lung Dis. 
1998;79(1):3–29. https://doi.org/10.1054/tuld.1998.0002

29. Mani C, Selvakumar N, Narayanan S, et al. Mutations in the rpoB gene 
of multidrug-resistant Mycobacterium tuberculosis clinical isolates from India. 
J Clin Microbiol. 2001;39(8):2987–2990. https://doi.org/10.1128/JCM.39.8.2987-
2990.2001

30. Siddiqi N, Shamim M, Hussain S, et al. Molecular characterization of multidrug-
resistant isolates of Mycobacterium tuberculosis from patients in North India. 
Antimicrob Agents Chemother. 2002;46(2):443–50.

31. Varma-Basil M, El-Hajj H, Colangeli R, et al. Rapid detection of rifampin resistance 
in Mycobacterium tuberculosis isolates from India and Mexico by a molecular 
beacon assay. Clin Microbiol. 2004;42(12):5512–5516. https://doi.org/10.1128/
JCM.42.12.5512-5516.2004

32. Lingala MAL, Srikantam A, Jain S, et al. Clinical and geographical profiles of rpoB 
gene mutations in Mycobacterium tuberculosis isolates from Hyderabad and 
Koraput in India. J Microbiol Antimicrob. 2010;2(2):13–18.

33. Sanchez-Padilla E, Merker M, Beckert P, et al. Detection of drug-resistant 
tuberculosis by Xpert MTB/RIF in Swaziland. N Engl J Med. 2015;372(12): 1181–1182. 
https://doi.org/10.1056/NEJMc1413930

34. Theron G, Peter J, van Zyl-Smit R, et al. Evaluation of the Xpert MTB/RIF assay 
for the diagnosis of pulmonary tuberculosis in a high HIV prevalence setting. 
Am J Respir Crit Care Med. 2011;184(1):132–140. https://doi.org/10.1164/
rccm.201101-0056OC

35. Comas I, Borrell S, Roetzer A, et al. Whole-genome sequencing of rifampicin-
resistant M. tuberculosis strains identifies compensatory mutations in RNA 
polymerase. Nat Genet. 2011;44(1):106–110. https://doi.org/10.1038/ng.1038

36. Mariam DH, Mengistu Y, Hoffner SE, et al. Effect of rpoB mutations conferring 
rifampin resistance on fitness of Mycobacterium tuberculosis. Antimicrob Agents 
Chemother. 2004;48(4):1289–1294.

37. Malawi National Tuberculosis Programme. National tuberculosis control 
programme manual. 7th ed. Lilongwe, Malawi: Ministry of Health; 2012.

38. Mathema B, Kurepina NE, Fallows D, et al. Lessons from molecular epidemiology 
and comparative genomics. Respir Crit Care Med. 2008;29(5):467–480. https://
doi.org/10.1055/s-0028-1085699

http://www.ajlmonline.org
https://doi.org/10.1054/tuld.1998.0002
https://doi.org/10.1128/JCM.39.8.2987-2990.2001
https://doi.org/10.1128/JCM.39.8.2987-2990.2001
https://doi.org/10.1128/JCM.42.12.5512-5516.2004
https://doi.org/10.1128/JCM.42.12.5512-5516.2004
https://doi.org/10.1056/NEJMc1413930
https://doi.org/10.1164/rccm.201101-0056OC
https://doi.org/10.1164/rccm.201101-0056OC
https://doi.org/10.1038/ng.1038
https://doi.org/10.1055/s-0028-1085699
https://doi.org/10.1055/s-0028-1085699

