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PREFACE 

 

Tuberculosis (TB), caused by the bacterium Mycobacterium tuberculosis (MTB), is a 

major cause of public health problems, one of the top ten causes of death worldwide, and the 

leading cause of death from a single infectious agent. According to the Global Tuberculosis 

Report, World Health Organization (WHO) estimated 10.0 million (range, 8.8-11.0 million) new 

cases in 2019. There were 1.2 million (range, 1.1-1.3 million) TB deaths among HIV-negative 

people and an additional ~0.2 million deaths (range, 0.18-0.24 million) among HIV-positive 

people [1]. TB affects people of both sexes and all age groups, but the highest burden is in adult 

men, who accounted for 56% of all TB cases in 2019; by comparison, adult women accounted for 

32% and children for 12%. Among all TB cases, 8.2% were among people living with HIV [1]. 

Geographically, in 2019, most TB cases were in the WHO regions of South-East Asia (44%), 

Africa (25%), and the Western Pacific (18%), with smaller shares in the Eastern Mediterranean 

(8.2%), the Americas (2.9%) and Europe (2.5%). The 30 high TB burden countries accounted for 

86% of all estimated incident cases worldwide, and eight of these countries accounted for two-

thirds of the global total: India (26%), Indonesia (8.5%), China (8.4%), the Philippines (6.0%), 

Pakistan (5.7%), Nigeria (4.4%), Bangladesh (3.6%) and South Africa (3.6%) (Figure 1). The 

severity of national TB epidemics in terms of the annual number of incident TB cases relative to 

population size (the incidence rate), varied widely among countries in 2019 (Figure 2).  

For the effective treatment of TB, first-line drugs (FLDs) including isoniazid (INH), 

rifampicin (RIF), ethambutol (EMB), and pyrazinamide (PZA) are used [2]. Treatment of drug 

susceptible TB (DS-TB) consists of a 2-months ‘intensive’ phase with INH, RIF, EMB, and PZA, 

followed by a 4-months ‘continuation’ phase with INH and RIF [1],[3]. 

With an increasing number of drug-resistant TB (DR-TB) each year, effective treatment of 

TB possesses challenges. Multi-drug resistant TB (MDR-TB), which is defined as TB resistant to 

at least two potent anti-TB drugs, isoniazid (INH) and rifampicin (RIF), is a serious threat to fight 

against TB [2],[3]. Extensively drug-resistant TB (XDR-TB) which is MDR-TB strains that have 

developed resistance to any fluoroquinolones and one of the injectable aminoglycosides used in 

anti-TB treatment, compromise the control of TB globally. The WHO estimated that, worldwide, 

in 2019, there were an estimated ~0.46 million (range, 0.40-0.50 million) incident cases of 

rifampicin-resistant TB (RR-TB), and of this, 78% had MDR-TB. The largest burdens of these 

cases were in India (27%), China (14%), and the Russian Federation (8%). As stated by WHO, an 

estimated 3.3% of new TB cases and 18% of previously treated cases had MDR/RR-TB (Figure 

3). Furthermore, about 8.5% of MDR-TB cases were extensively drug-resistant tuberculosis 

(XDR-TB) [1],[2]. 
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Nepal lies in between the high TB burden countries China and India. It is responsible for 

ill-health among thousands of people each year and is ranked as the seventh leading cause of death 

in Nepal [4]. Nepal’s National TB Program (NTP) registered 32,043 cases of TB with an estimated 

annual case notification rate of 112/100,000 [4]. However, WHO estimated an incidence rate of 

238/100,000 and a death rate of 58.77/100,000 for Nepal, indicating that there are missing cases 

in the community [1],[4]. 

Nepal has set an ambitious vision of ending TB in Nepal by 2050 in accordance with the 

National Health Policy 2014 and under the strategic direction of the worldwide initiative to end 

TB – The End TB Strategy. Despite the best efforts of the program is trying to find and cure more 

TB cases in Nepal, the TB case notification, as well as estimated incidence, has been stagnant for 

more than decades now in Nepal [4]. MDR-TB is another challenge for the country. The proportion 

of MDR-TB was 2.2% among new cases and 15.4% among retreatment cases based on DRS survey 

carries out in 2011/12. The routine surveillance showed a much higher proportion of drug-resistant 

pattern among second-line drugs used for the treatment of MDR patients in Nepal. Despite all the 

challenges, Nepal sustained treatment success rates of 90% or more for DS-TB and 70% or more 

for DR-TB cases. Significant challenges still lie in finding those missing cases and managing TB 

through quality and equitable services. 

Early detection of the pathogen is extremely crucial to diagnose TB. The acid-fast bacilli 

(AFB) smear microscopy is the foremost frequently used microbiological test for detection TB in 

developing countries. However, it is not very helpful for follow up patients because it does not 

differentiate between live and dead bacilli. In this method, the sputum specimens are smeared 

directly on the clean glass slides which is subjected to Ziehl-Neelsen (ZN) staining. Although it is 

the fast, less expensive and simple method, it detects roughly 50% of all active cases of TB. A 

definitive diagnosis of TB can only be made by culturing MTB organisms from a specimen taken 

from the patients. MTB organisms can be isolated from sputum (most often), pus, cerebrospinal 

fluid (CSF), biopsied tissue, etc. Conventional culture-based solid media referred to as 

Löwenstein-Jensen (LJ) media remains the gold standard method for identification of MTB and is 

the most sensitive diagnostic techniques. However, conventional culture with solid LJ media might 

take up to eight weeks for mycobacterial growth because of slow growth of mycobacteria. In 

addition, it might take about six weeks for the drug susceptibility testing (DST) results. 

Conventional method using LJ media for culture and DST is a time-consuming, tedious and require 

skilled technician to perform [3],[4]. 

For the rapid treatment and interruption of transmission of DR-TB, rapid detection is 

essential before the implementation of appropriate drugs. The time consuming conventional 

proportional method using LJ medium is the only available DST in Nepal. Recently, NTP has 

adopted the latest diagnostic tools such as Xpert MTB/RIF, Line probe assay (LPA), and 
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Mycobacterium Growth Indicator Tube (MGIT). Rapid DST with Xpert MTB/RIF testing is 

expanding through GeneXpert centers (at-least 1 center per district by 2021). Nepal also planned 

at-least 1 Lab with LPA and culture services per province by 2021 which will be managed and 

supported through 2 National Reference Laboratories [4]. 

The molecular techniques for DST might be more effective for the rapid determination of 

drug-susceptibility in MTB, but it is currently unavailable in a resource-limited laboratory in 

Nepal. DNA sequencing could predict/provide/detect the drug resistance-associating gene 

mutations in a short duration of time, which can be used for effective and early identification of 

drug-resistance TB patients. In addition, poor management of TB results in death and creates DR-

TB which is very difficult and costly to treat resulting in often poorer outcomes [4]. Therefore, it 

is important to establish easy, accessible, reliable, and rapid diagnostic tools for drug-resistant TB 

that can improve TB-control and interrupt DR-TB transmission in the communities. Molecular 

analysis of the target drug resistance-associating genes has been performed in order to determine 

the DR-TB rapidly for the proper implementation of appropriate drugs for the DR-TB treatment. 

Detection and determination of phenotypic and genotypic MDR-TB isolates have limited studies 

in Nepal and rises the gaps between detection and treatment. Gaps between the estimated number 

of new cases and the number reported are due to a mixture of underreporting of detected cases and 

underdiagnoses which is still a major programmatic gap of the TB program [4]. A gap could be 

averted through early diagnosis and treatment. This study was focused on frequency and patterns 

in drug-resistance-associating gene mutations which can contribute to policymaking on proper 

management of DR-TB treatment through early diagnosis and appropriate DR-TB treatment in 

Nepal.  

Research on phenotypic and genotypic DST for FLDs (STR, INH, RIF, EMB, and PZA) 

have been studied worldwide. However, limited studies have been performed on phenotypic DST 

for STR in resource-limited laboratory of Nepal. According to our knowledge, studies on 

genotypic DST for STR; phenotypic and genotypic DST for PZA have not been studied yet in 

Nepal. Therefore, I have chosen two drugs STR and PZA for my Ph.D. study in order to collect 

the information regarding genotypic studies on STR resistance and PZA resistance in MTB isolates 

from Nepal.  

Streptomycin (STR) has been an important drug for the treatment of pulmonary TB [5]. 

For the retreatment TB patients in Nepal, STR has been included in the intensive phase for two 

months with other first-line anti-TB drugs (FLDs) [6]. However, NTP no longer recommends STR 

to be used in retreatment regimens in Nepal [4]. According to the WHO-recommended regimen as 

published in “WHO treatment guidelines for MDR and RR-TB, 2018 Pre-final test” [7] and 

updated guidelines in “WHO consolidated guidelines on drug-resistant tuberculosis treatment, 

2019” [3], STR is categorized into Group C agents in which it may be included in the treatment of 
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MDR/RR-TB patients aged 18 years or more on longer regimens when susceptibility has been 

demonstrated and adequate measures to monitor for adverse reaction can be ensured if amikacin 

is not available [4]. To move into the new WHO recommendation, NTP will develop a 

comprehensive transition plan [4]. With an increment of MDR-TB cases, and in addition of MDR-

TB isolates resistant to second-line drugs and newly discovered drugs, STR should be used in 

combination with other drugs for MDR-TB treatment regimen. Despite its high rate of side effects 

and risk of developing drug resistance in TB of its single-use in a regimen [5], it is crucial to 

understand the molecular mechanism of resistance to STR in MTB from Nepal. 

STR impairs translational proofreading, leading to the blockade of protein synthesis. 

Resistance to STR is associated with mutations in rpsL and rrs genes, encoding for ribosomal 

protein S12 and 16S ribosomal RNA, respectively. The most frequent mutations localize around 

two regions of rrs, namely the 530 loop and the 912 region, or at codons 43 or 88 within rpsL 

[8],[9]. Amino acid substitutions in the S12 protein affect the STR binding to 16S rRNA by 

distorting the stabilization of the high conserved structure of 16S rRNA. Alterations in the 16S 

rRNA cause lower affinity for STR. In particular, rrs mutation in 530 loop or 912 region and 

mutation in rpsL codon 43 or 88 have been reported to confer high-level or intermediate STR 

resistance in MTB [8],[9]. Another gene gidB encodes a conserved 7-methylguanosine 

methyltransferase or GidB, which methylates the nucleoside position 518 of the 16S rRNA to 

which STR directly interacts and also located 530 stem-loop pseudoknot region of the 16S rRNA 

site. Mutations within the gidB may likely alter GidB’s methyltransferase function which causes 

changes in the methylation status of the 16S rRNA at position 518G, leading to low affinity of 

STR binds to the position 518G, and consequently present with STR resistance phenotype in 

clinical isolates. Mutations in gidB have been reported to confer low-level STR-resistance in MTB 

[10]. 

In addition, the type and frequency of STR resistance-associated gene mutations have been 

varied according to the geographical region [8-24]. For example, mutations in rpsL were relatively 

higher in Asia [8-11],[25], in which K43R mutation was found to be linked with the MTB Beijing 

genotype [22],[26],[27]. Similarly, mutations in rrs were relatively higher in Europe and America 

[28-30]. However, most of the gidB alterations have been found to be linked with either STR 

resistance or specific genotypes of MTB [9],[27]. Since STR resistance-associated genes vary 

geographically, it is important to perform molecular studies which will detect the common 

mutations in target genes conferring STR resistance among MTB strains [10],[11]. 

The BACTEC MGIT 960 method has been widely validated for reliable and rapid testing 

of the susceptibility of MTB isolates to FLDs such as STR, INH, RIF, and EMB (a combination 

known as SIRE). Although the WHO has endorsed the BACTEC MGIT 960 (SIRE) for rapid 

diagnose of STR resistance, a high contamination rate has been reported [3]. The time consuming 
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conventional proportional method using Löwenstein-Jensen medium is the only available drug 

susceptibility testing (DST) for STR in Nepal. Recently, NTP has adopted the latest diagnostic 

tools such as Xpert MTB/RIF, Line probe assay (LPA), and Mycobacteria Growth Indicator Tube 

(MGIT) [3],[4]. Despite the high number of MDR-TB cases with STR-resistant MTB strains, no 

genetic information regarding the molecular mechanism of STR-resistant MTB in Nepal is 

currently available. Therefore, it is important to understand the underlying molecular mechanism 

of STR resistance for the detection of STR susceptibility through the development of a rapid 

diagnostic kit. As some of the specific mutations in rpsL, rrs, and gidB associated with STR 

resistance have been familiarized as high-specific predictive markers of STR resistance, it is 

important to elucidate and analyze the prevalence of each specific mutation among MTB isolates. 

Pyrazinamide (PZA) is an important first-line anti-TB drug that has a preferred sterilizing 

activity against non-replicating persistent bacilli. It is used in the initial intensive phase of 

chemotherapy, in combination with other FLDs isoniazid (INH), rifampicin (RIF), and ethambutol 

(EMB) for both drug-susceptible and drug-resistant TB. It shortens the treatment period of 

susceptible, MDR, and pre-extensively drug-resistant TB (Pre-XDR-TB)/XDR-TB [2]. Despite 

the important role of PZA in TB treatment, PZA-resistance in MTB has increased in both 

susceptible and MDR-TB. The estimated global burden of new PZA-resistant TB cases annually 

is 1.4 million cases, of which 270,000 cases occur in MDR-TB patients [31]. PZA is recommended 

in the initial phase of the TB treatment regimen for new cases and retreatment cases of all TB 

categories in Nepal [4].  

PZA being an indispensable drug for all TB-treatment regimen, it is important to 

understand the PZA susceptibility accurately on time and monitor the spread of drug-resistance 

strains. A conventional method of DST using solid LJ media takes a long turnaround time of four 

to six weeks, besides culture. Another method of determining phenotypic DST is using liquid 

media by the modified BACTEC 460TB (B460) system or the BACTEC Mycobacteria Growth 

Indicator Tube (MGIT) 960 system, which has the advantage of having results in two to three 

weeks. The modified B460 system is a radiometric, automated system and has been widely 

validated for reliable and rapid testing of the susceptibility of MTB isolates to FLDs front-line 

drugs such as SIRE and PZA. However, the MGIT 960 system is a nonradiometric, fully 

automated, continuous-monitoring system, and has been used as an alternative to the radiometric 

B460 system. Studies have reported the performance of the automated MGIT 960 system for 

testing of susceptibility to FLDs: SIRE and PZA [32-36]. The MGIT system uses a glass tube 

containing 7H9 broth and fluorescence quenching oxygen. The MGIT 960 instrument detects an 

increase in fluorescence caused by growing bacterial consumption of oxygen [2],[4]. Since PZA 

requires an acidic medium or environment for its function, the phenotypic PZA susceptibility 

testing is technically difficult to perform because the bactericidal activity of this drug is optimal 
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only in an acid environment that inhibits the growth of most of the MTB isolates [37]. For testing 

PZA susceptibility, the WHO recommends the performance of the assay in liquid medium at pH 

5.9 in the BACTEC MGIT 960 system (Becton, Dickinson, Sparks, MD, USA) [38]. Although TB 

reference lab at the German Nepal Tuberculosis Project (GENETUP) has a BACTEC MGIT 960 

system, a conventional culture-based PZA susceptibility testing is not routinely performed in 

Nepal due to the lack of reliability and cost of culture medium. There is no previous report on PZA 

susceptibility testing studies in Nepal. Despite the lack of testing, PZA is inappropriately being 

used to treat patients without confirming the PZA susceptibility. 

PZA, an analog of nicotinamide, is a pro-drug which enters the bacteria through passive 

diffusion and is converted into its active form pyrazinoic acid (POA), by the non-essential enzyme 

pyrazinamidase (PZase), encoded by the pncA gene [39],[40]. It especially affects on semi-

dormant tubercle bacilli which survive in an acidic environment of inflammatory sites that cannot 

be affected by other anti-TB drugs. The detailed mechanism of action of PZA is not well known 

and it is believed that an acidic medium is needed to activate the action of PZA (Figure 4). POA 

has functioned in the neutral pH in the cytoplasm which has no activity against MTB. By the efflux 

pump, POA is pumped out of the cell which has acidic environments and then protonated to HPOA 

which re-enters the cell, and accumulation of HPOA can eventually cause rupture of membrane. 

POA disrupts the bacterial membrane energetics and inhibits the membrane transport function 

which finally ends with bacterial death [41],[42]. 

Mutations in pncA gene, leading to a loss of PZase activity, are the major mechanism for 

PZA resistance in MTB. Therefore, the PZase activity assay or Wayne test has been performed as 

the alternative method to determine PZA susceptibility of MTB. However, the assay gives 

inaccurate results of PZA susceptibility due to different pncA mutations imparting a variety of 

enzyme activity. The mutations in pncA and its upstream regulatory region (URR) were observed 

in 45 to 85% of PZA-resistant MTB isolates [43],[44],[45]. Some degree of clustering of pncA 

mutations have been reported in the catalytic residues in the active site (Asp8Gly/Ala/Glu/Asn, 

His51Gln/Tyr, His71Arg, Asp49Glu/Asn/Ala, His57Arg/Tyr/Gln/Pro, 

Trp68Arg/Gly/Cys/Stop/Leu, Gln10Pro/Arg, and His137Pro/Arg/Asp) and metal-binding site 

(Ile6Thr, Val44Gly, Val139Gly/Leu, Met175Thr/Val, and Phe94Cys/Ser/Leu) of the PncA protein 

among PZA-resistant MTB strains [41],[44],[46]. Thus, sequencing of pncA can be rapidly and 

effectively determine the PZA susceptibility than by the phenotypic DST, indicating its usefulness 

in the development of rapid molecular tools to detect PZA susceptibility in MTB. However, the 

diverse and scattered nature of pncA mutations along the whole length of pncA among PZA 

susceptible and resistant MTB, highlight that there is no such major hot spot region in pncA 

[44],[47], which causes difficulty in the development of rapid diagnostic tools. In addition, the 3D 

structure analysis of pncA mutants revealed variation in structure, stability, and abundance of PncA 
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protein based on pncA mutations [48]. Molecular detection of drug resistance-associated gene 

mutations plays a pivotal role in the rapid diagnosis of drug susceptibility. Therefore, it is 

important to analyze the type, frequency, and location of each pncA mutation among MTB strains. 

Since phenotypic PZA DST and molecular PZA DST are currently unavailable, the 

prevalence of PZA-resistant in MTB is unknown in Nepal. Without the proper information of PZA 

susceptibility of MTB, PZA is inappropriately recommended for chemotherapy among both 

susceptible and MDR-TB. Therefore, it is important to characterize the phenotypic and genotypic 

PZA DST of MTB isolates for the effective control of DR-TB in the community. 

This thesis consisted of two chapters. In chapter I, I have described the characterization of 

the molecular mechanism of STR resistant MTB isolates from Nepal. I explored the first insight 

on the variation and frequency of mutations in genes conferring STR resistance in MTB from 

Nepal, analyzed the correlation between gene mutations with STR-resistant MTB, compared them 

with those in isolates from other countries, and studied their association with different MTB 

genotypes. In chapter II, I attempted the first insight to collect information regarding PZA 

susceptibility in MTB isolates from Nepal by analyzing mutations in pncA. I investigated the 

frequency and patterns of pncA mutations among MTB isolates. I analyzed the pncA mutations by 

comparing with previously reported PZA resistance-associated pncA mutations and in vivo/in vitro 

study. Also, I described the pncA mutations by analyzing the single nucleotide substitution of pncA 

with the webserver predictive tool (SUSPECT-PZA). Moreover, the association of pncA mutations 

among non-MDR, MDR, and Pre-XDR-TB isolates were also analyzed as well as the patterns of 

pncA mutation according to M. tuberculosis genotypes were observed.                                             
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Figure 4. Mechanisms of pyrazinamide (PZA)/ pyrazinoic acid (POA) [42] 
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CHAPTER I 

Molecular analysis of streptomycin resistance associating genes in 

Mycobacterium tuberculosis isolates from Nepal 

 

Introduction 

For the retreatment TB patients in Nepal, STR has been included in the intensive phase for 

two months with other first-line anti-TB drugs (FLDs) [6]. However, NTP no longer recommends 

STR to be used in retreatment regimens in Nepal [4]. According to the WHO-recommended 

regimen as published in “WHO treatment guidelines for MDR and RR-TB, 2018 Pre-final test” 

[7] and updated guidelines in “WHO consolidated guidelines on drug-resistant tuberculosis 

treatment, 2019” [3], STR is categorized into Group C agents in which it may be included in the 

treatment of MDR/RR-TB patients aged 18 years or more on longer regimens when susceptibility 

has been demonstrated and adequate measures to monitor for adverse reaction can be ensured if 

amikacin is not available [4]. Despite its high rate of side effects and risk of developing drug 

resistance in TB of its single use in a regimen [5], it is crucial to understand the molecular 

mechanism of resistance to STR in MTB from Nepal. 

STR impairs translational proofreading, leading to the blockade of protein synthesis. 

Resistance to STR is associated with mutations in rpsL and rrs genes, encoding for ribosomal 

protein S12 and 16S ribosomal RNA, respectively. The most frequent mutations localize around 

two regions of rrs, namely the 530 loop and the 912 region, or at codons 43 or 88 within rpsL 

[8],[9]. Amino acid substitutions in the S12 protein affect the STR binding to 16S rRNA by 

distorting the stabilization of the high conserved structure of 16S rRNA. Alterations in the 16S 

rRNA cause lower affinity for STR. In particular, rrs mutation in 530 loop or 912 region and 

mutation in rpsL codon 43 or 88 have been reported to confer high-level or intermediate STR 

resistance in MTB [8],[9]. Another gene gidB encodes a conserved 7-methylguanosine 

methyltransferase or GidB, which methylates the nucleoside position 518 of the 16S rRNA to 

which STR directly interacts and also located 530 stem-loop pseudoknot region of the 16S rRNA 

site. Mutations within the gidB may likely alter GidB’s methyltransferase function which causes 

changes in the methylation status of the 16S rRNA at position 518G, leading to low affinity of 

STR binds to the position 518G, and consequently present with STR resistance phenotype in 

clinical isolates. Mutations in gidB have been reported to confer low-level STR-resistance in MTB 

[10]. 

In addition, the type and frequency of STR resistance-associated gene mutations have been 

varied according to the geographical region [8-24]. For example, mutations in rpsL were relatively 

higher in Asia [8-11],[25], in which K43R mutation was found to be linked with the MTB Beijing 
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genotype [22],[26],[27]. Similarly, mutations in rrs were relatively higher in Europe and America 

[28],[29],[30]. However, most of the gidB alterations have been found to be linked with either STR 

resistance or specific genotypes of MTB [9],[27]. Since STR resistance-associated genes vary 

geographically, it is important to perform molecular studies which will detect the common 

mutations in target genes conferring STR resistance among MTB strains [10],[11]. 

The time consuming conventional proportional method using LJ medium is the only 

available drug susceptibility testing (DST) for STR in Nepal. Despite the high number of MDR-

TB cases with STR-resistant MTB strains, no genetic information regarding the molecular 

mechanism of STR-resistant MTB in Nepal is currently available. Therefore, it is important to 

understand the underlying molecular mechanism of STR resistance for the detection of STR 

susceptibility through the development of a rapid diagnostic kit. As some of the specific mutations 

in rpsL, rrs, and gidB associated with STR resistance have been familiarized as high-specific 

predictive markers of STR resistance, it is important to elucidate and analyze the prevalence of 

each specific mutation among MTB isolates. 

Spoligotyping and Large Sequence Polymorphisms (LSPs) are the genotyping methods 

that have been widely used to identify family or lineage. Spoligotyping is used to detect the 

presence or absence of spacer sequences by the PCR-based reverse-hybridization blotting 

technique and can differentiate MTB strains into distinct families such as Beijing, East African-

Indian (EAI), Haarlem, Latin American and Mediterranean (LAM), Central and Middle Eastern 

Asian (CAS), European family X, and family T. In contrast, LSP is a PCR based method and used 

to detect genomic polymorphism based on large sequence deletions and known as regions of 

difference (RDs). Depend on the region of deletion, Beijing, EAI, CAS, and LAM family can be 

differentiated [17]. 

For chapter I, I had collected 197 STR-resistant MTB isolates to characterize the molecular 

mechanism of STR-resistance in M. tuberculosis isolates in Nepal. I explored the first insight into 

the variation and frequency of mutations in the genes conferring STR resistance; analyzed the 

correlation between mutations in the rpsL, rrs, and gidB with the STR-resistant MTB; compared 

them with those in isolates from other countries and studied their association with different MTB 

genotypes.  
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Materials and Methods 

 

Study sample 

MDR-TB isolates with resistance to all four FLDs INH, RIF, STR, and EMB have been 

preserved at the German Nepal Tuberculosis Project (GENETUP), Nepal. A total of 197 

representative STR-resistant MTB isolates from April 2009 to March 2012 were selected in this 

study. These samples were subjected to genotyping and mutation analysis.  

 

Drug susceptibility test (DST) 

DST for INH, RIF, EMB (FatolArzneimittel GmbH, Schiffweiler, Germany) and STR 

(Sigma-Aldrich, St. Louis, MO) were performed by the indirect proportional method on LJ 

medium with the critical concentrations of 0.2, 40, 2, and 4 μg/ml, respectively [12],[13]. Briefly, 

a mycobacterial colony was freshly grown on LJ media, and a 1.0 McFarland standard 

mycobacterial suspension was prepared from a freshly grown colony by a serial dilution method 

(10-1 to 10-4). Then, the suspension was inoculated onto LJ slants with and without drugs and 

incubated at 37ºC for 28 to 42 days. Then, the interpretation of results was done according to the 

growth of two slants. An isolate was determined to be resistant to a drug if it had ≥1% colony 

growth on a drug-containing medium when compared with a control isolate.  

 

DNA extraction 

Extraction of DNA from MTB colonies was done for PCR following the manufacturer's 

protocol using the Genotype MTBDRplusVer2 (HainLifescienceNehren, Germany) [14]. Purified 

DNA was dissolved in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0), quantified by a 

Nanodrop-1000 spectrophotometer (Thermo Scientific, USA) and stored at -20ºC until further use. 

 

Spoligotyping 

The genotypes of the MTB isolates were identified using spoligotyping which was 

performed as described previously [15],[16]. Briefly, a primer set was used to amplify the direct 

repeat region, and the resulting PCR products were hybridized to a set of 43 spacer-specific 

oligonucleotide probes on the membrane. Hybridization patterns were converted into binary and 

octal formats to determine the Spoligo-international types (SITs). The resulting SITs were 

compared with the patterns previously reported in the SpolDB4 database provided by the Institute 

Pasteur de Guadeloupe (http://www.pasteurguadeloupe.fr:8081/SITVIT_ONLINE/) [26]. For 

those isolates considered to be undersigned or new spoligotypes, the genotype was determined by 

LSP using specific primers for the expected region of difference.  

 

http://www.pasteurguadeloupe.fr:8081/SITVIT_ONLINE/
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PCR amplification and sequencing 

Amplification of the 437 bp, 590 bp, and 870 bp fragments of rpsL, rrs, and gidB, 

respectively, were performed using primers shown in Table 1. PCRs were carried out in a thermal 

cycler (BIO-Rad Laboratories, Inc., Hercules, CA) under the condition previously described [17]. 

The 20 μl reaction mixture consisted of 5X Green GoTaq® Reaction Buffer (Promega, CA, USA), 

0.5 M betaine, 0.25 mM MgCl2, dNTPs (0.25 mM each), primers (0.5 μM each), 1.25 U GoTaq® 

DNA Polymerase (Promega, CA, USA) and 1 μl of template DNA (approximately 10 ng/μl). The 

PCR was conducted with an initial denaturation at 95ºC for 60 sec, followed by 35 cycles of 

amplification at 95ºC for 10 sec, annealing at 50ºC (rpsL and rrs) or 58ºC (gidB) for 10 sec, an 

extension at 72ºC for 30 sec, and a final extension at 72ºC for 5 min. The presence of PCR products 

was confirmed by agarose gel electrophoresis. Purified PCR products were sequenced using a 

BigDye ver. 3.1 Terminator Cycle Sequencing Kit (Applied Biosystems, CA, USA) in a DNA 

sequencer, 3500 Genetic Analyzer (Life Technologies Corp.) using both forward and reverse 

primers same as for amplification. The obtained sequences were aligned with the corresponding 

sequences from the wild-type M. tuberculosis H37Rv using Bio-Edit software (version 7.0.9) [18]. 

 

Statistical analysis 

All data were analyzed using R version 3.6. Pearson’s Chi-square test was used to compare 

different variances and to determine the association between MTB lineages, drug resistance profile 

and mutations in the genes examined. A p-value of less than 0.05 was considered statistically 

significant. 

 

Ethical approval 

This study proposal was submitted to Nepal Health Research Council (NHRC) with 

register no 136/2013 on 20th Sep 2013 and approved by Ethical Review Board on 29th Nov 2013.  
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Results 

Mycobacterium tuberculosis genotypes 

Through spoligotyping, the genotypes of 197 STR-resistant MDR-MTB isolates were 

detected as 11 lineage 1, 116 lineage 2, 47 lineage 3, and 23 lineage 4 (Figure 5). 

 

Mutation in rpsL, rrs, and gidB  

Mutations in rpsL and rrs were harbored by 80.7% (159/197) of isolates. Mutations in only 

rpsL were harbored by 65.9% (130/197) of isolates. Mutations conferring amino acid substitution 

at rpsL codon 43 and 88 were found in 58.8% (116/197) and 7.1% (14/197) of isolates, respectively 

(Table 2). The most frequent mutation K43R specific to Beijing lineage was found in 78.6% 

(92/117) of isolates. Two novel mutations in rpsL codon 71 and 118 were found in two isolates 

(Table 2). 

There were seven different substitutions found at seven different positions in the rrs gene. 

Mutations in only rrs were harbored by 13.2% (26/197) of isolates (Table 2). Mutations at 

positions A514C and C517T of rrs were found in 5.6% (11/197) and 2.5% (5/197) of isolates, 

respectively. Mutations around 912 loop (A906G, A907C, A908C, or A912C) of rrs were found 

in 5.1% (10/197) of isolates. Mutation at position A644G of rrs was found in one isolate which 

was not previously reported. A co-mutation in rpsL and rrs (rpsL K43R, rrs A907C; rpsL K88R, 

rrs A644G; and rpsL G118D, rrs A514C) was found in 1.5% (3/197) of isolates. 

Polymorphisms in gidB were found to be very common, with 35 different polymorphisms 

among 86.8% (171/197) of isolates (Table 3). Of the 35 polymorphisms, 22, 5, 6 and 1 types of 

mutations were missense, non-sense, deletion, and insertion, respectively. In our study, gidB 

mutants showed more than one mutation in gidB. The number of isolates with one to three 

mutations in gidB was 29 (14.7%), 22 (11.1%) and 1 (0.5%), respectively. Mutations in gidB were 

harbored by 25.8% (51/197) of isolates (Table 4). The gidB mutants showing mutations in rpsL 

and/or rrs were found in 12.7% (25/197) of STR-resistant isolates (Table 5). About 13.2% (26/197) 

of gidB mutants do not show any mutation in rpsL and rrs (Table 5). No mutation in three genes 

examined in this study was found in 5.6% (11/197) of isolates (Table 5).  

 

Determining STR resistance with results from DNA sequencing 

The sensitivity for detecting STR resistance from DNA sequencing was determined by 

analyzing the association between phenotypic STR resistance and the DNA sequencing (Table 6). 

Mutations in rpsL alone showed a prediction of STR resistance with a sensitivity of 65.9%. 

Mutations in rrs alone and gidB alone showed a sensitivity of 13.2% and 26.9%, respectively. Two 

genes mutations analysis (rpsL and/or rrs) had higher predictability to detect STR resistance with 
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a sensitivity of 80.7%. Moreover, the predictability to detect STR resistance increases with three 

gene mutations analysis (rpsL and rrs and gidB) with a sensitivity of 94.4%.    
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Discussion 

According to our knowledge, this is the first study on the molecular characterization 

conferring STR resistance-associated genes in MTB isolates from Nepal. It has been determined 

that mutations in rpsL and rrs genes are associated with STR resistance in MTB [20]. In MDR-TB 

isolates, about 80.7% (159/197) of STR-resistant MTB isolates harbored mutations in either rpsL 

or rrs. This is within the range, reported from Asian countries, 40% to 98% 

[19],[20],[21],[22],[23]. Mutations in rpsL were harbored by 65.9% (130/197) of isolates (Table 

2), which suggest that these mutations strongly correlate to STR-resistance in MTB. The most 

common mutation in rpsL codon K43R was harbored by 58.8% of rpsL mutants in this study. The 

detection rate of mutations in rpsL codon K43R varies considerably between geographical areas 

(Table 3). The high detection rate of mutation in rpsL K43R in Nepal might be due to its non-

restrictive mutation leading to no fitness cost in MTB [24] which can be widely transmitted; and 

the bad practice of STR mono-therapy usage for the treatment of TB and other bacterial diseases 

in the past in Nepal [49]. The predominant mutation rpsL K43R was found in 80% (92/117) of 

Beijing isolates. There was a significant association between Beijing strains and mutation K43R 

compared with the group of STR-resistant non-Beijing isolates (P<0.001). Sun et al reported that 

mutation in rpsL causing K43R showed a strong association with the Beijing genotype in STR-

resistance isolates [22]. However, in India and Mexico, where the Beijing genotype was not 

frequent, mutations in these two loci had no significant contribution to the Beijing genotype 

[19],[21]. The Beijing genotype has been reported as more virulent than other MTB genotypes, 

and has a propensity to acquire the rpsL K43R mutation [22]. The high mutation rate in rpsL K43R 

represents the geographical areas predominate by Beijing genotype family. In contrast, mutation 

rpsL K88R was not significantly associated with the Beijing family (P=0.34). Mutations in rpsL 

K43R and G71D were found in one STR-resistant non-Beijing isolate. As mutation K43R of rpsL 

strongly contributes to STR resistance in MTB, it is doubtful that whether mutation G71D of rpsL 

contributes to STR resistance in MTB or not. A mutation conferring G71D found in this study was 

reported by study [50] with an isolate with a mutation in rpsL G71S (GGC→AGC), compounded 

with a mutation in rpsL K43R; and might be of only minor importance.  

About 13.2% (26/197) of isolates harbored rrs mutations (except co-mutation in rpsL) in 

our study, which showed a frequency range of 0 to 12.5% (Table 3) in the Mideast and Southeast 

Asian countries [25],[26],[51],[52],[53]. Mutations in rrs were found in two highly mutable 

regions of rrs, the 530 loop and the 912 region, which suggest these mutations contributed to STR 

resistance in MTB as reported [8],[10],[19],[20],[21],[27],[51],[54],[55],[56]. As the high 

mutation rate of rpsL overweight the mutation rate of rrs in STR-resistant MTB, the low rate of 

mutation in rrs in these geographical areas might be the possible outcome. 
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Three strains showed co-mutations in both rpsL and rrs. Among them, one strain showed 

mutations in rpsL causing K43R and rrs 912 region A907C. Meier et al had reported similar 

findings of co-mutations in rpsL and rrs, which described that the rrs mutation (A→G at position 

904) presumably conferred as yet ill-defined partial resistance to STR in vivo, thereby increasing 

the number of cells which could acquire a second mutation in the rpsL (alteration of K88), 

conferring resistance to STR-induced misreading [55]. Similar co-mutations rpsL L81L/rrs 

A905G [37]; rpsL K43R/rrs C789T [28]; and rpsL K88Q/rrs A905G and rpsL K43R/rrs A513C 

[29] have been reported. In contrast, Jagielski et al., had reported that mutations in rrs and rpsL 

were mutually exclusive, that is isolates with rrs mutations had no rpsL mutations and vice versa 

[30]. The discrepancy in our results might be due to the presence of a mixed population of rpsL 

K43R mutants and rrs A907C mutants. This was confirmed to be 1:1 mixture of A and G at 

nucleotide position 128 in rpsL by the electropherogram obtained. One strain harbored mutations 

in rpsL causing K88R and rrs A644G. One studies had reported an isolate with a mutation in rpsL 

K43R and a second mutation in rrs nucleotide 645 A deletion [50]. A mutation in rrs A644G is a 

novel mutation and this mutation is located far away from hot spot mutation regions of rrs, the 530 

loop and 912 region, which is associated with the STR-resistance in MTB. As mutation in rpsL 

causing K88R is enough to cause STR-resistance in MTB, a mutation in rrs A644G is not 

associated with the STR resistance in MTB. It is very likely that A/G variation in position 644 of 

the rrs gene is a natural polymorphism that is not responsible for STR resistance. Other strains 

harbored mutations in rpsL causing G118D and rrs A514C. As MTB has a single rRNA operon 

[58], a single mutation in rrs A514C is enough to cause STR-resistance in MTB. Mutation G118D 

have not been previously reported and this mutation is located far away from frequent mutations 

in rpsL, K43R and K88R, which cause STR resistance in MTB. It is unclear that the mutation in 

rrs A644G and mutation in rpsL causing G118D may affect the mechanism of STR-resistance in 

MTB. So, further studies should be carried out to find out the exact role of these mutations in 

causing STR-resistance in MTB.  

I observed that 13.7% (27/197) of STR-resistant isolates showed many missense mutations 

in gidB that were close to active or part of the interacting amino acid residues between the GidB 

protein and S-adenosylmethionine (SAM) which are critical for methylation at the position G517 

of 16S rRNA [51]. These alterations may have an impact on the function of GidB which leads to 

the low affinity of STR to 16S rRNA and hence contribute to STR-resistance in MTB. The 

missense mutations in gidB codons causing amino acid substitutions A19G, R20P, A27P, A27V, 

V36L, A82P, L101E, V112G, V124G, A133V, M218V. 

The gidB mutants harboring co-mutations in rpsL/rrs genes were found in 12.7% (25/197) 

of isolates. These co-mutations of in rpsL/rrs of gidB mutants might suggest the evolution of 

rpsL/rrs mutations for its existence as compensation for losing methylation function of GidB 
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caused by a distortion of its structure and consequently results in high-level resistance to STR 

[10],[57]. 

It was found that 13.2% (26/197) of isolates showed mutations in gidB without those in 

rpsL and rrs genes. All 13 missense mutations had an exclusive gidB mutation without mutations 

in rpsL and rrs conferring these gidB mutations contribute to STR-resistance in MTB. Deletion 

mutations in gidB nucleotide without those in rpsL and rrs (112delC, 254delA, 347delG, and 

372delG) and insertion mutations in gidB nucleotide (243insGC) causing frameshift in gidB in 

STR-resistant isolates found in this study which alter the GidB protein and consequently leading 

to low-level STR resistance in MTB. Deletions with variable sizes at different positions in gidB 

were also reported [8],[10],[25]. Frameshift mutations (112delC, 254delA, 347delG, 372delG, 

384delG and 243insGC) were previously reported. The deletion mutation in gidB delG at 

nucleotide 98 has also been reported in both STR-susceptible and STR-resistant isolates [30],[59]. 

Mutations in gidB found exclusively in STR-resistant strains play a role in STR-resistance in MTB. 

These 13 missense mutations and 5 frameshift mutations in gidB were highly associated with STR-

resistance in MTB.  

There were four gidB polymorphisms phylogenetically specific to MTB lineages which 

were found in 75.6% (149/197) of isolates. The missense mutation E92D conferred by 100% 

(116/116) of lineage 2 isolates was significantly associated with the Beijing family of lineage 2 

(P<0.001). Similar indications of high specificity to Beijing strains have been reported in previous 

studies [27],[56],[57],[60]. The silent mutation in gidB codon at V110 was significantly associated 

with EAI strains (P<0.001), which is also supported by previous findings [27],[60]. Another silent 

mutation in gidB at codon A205 was present in 100% (23/23) of the Euro-American strains of 

lineage 4 which were significant (p<0.001). In contrast, polymorphisms in gidB codon at A205 

was absent from almost all of the Euro-American strains in which this allele may be used as a 

specific marker for differentiating Euro-American strains from non-Euro-American strains 

[27],[60]. Finally, all LAM strains conferred the allele mutation in gidB codon at L16 was 

significant (p<0.01) which is also confirmed by the previous findings [57],[61],[62]. 

As mutation in rpsL alone was detected in most of STR resistant isolates, detection of rspL 

mutation can be proposed as a satisfactory predictor of STR resistance. In total, 94.4% (186/197) 

of STR-resistant isolates harbored mutations in either rpsL or rrs or gidB alone or combinations 

which showed a high predictive value for resistance. This suggests that mutations in rpsL, rrs, and 

gidB play a significant role in the mechanism of STR-resistance in MTB. In this study, we found 

11 isolates (one lineage 1 strains, two lineage 2 strains, seven lineage 3 strains, and one lineage 4 

strains) do not harbor mutation in any of the genes studied, accounting for 5.6% of the STR-

resistant strains. This suggests that there might be involvement of other genes in the mechanism 
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of STR resistance such as the efflux system, cell membrane permeability barrier, or 

aminoglycosides converting enzymes.  

Finally, the mutations in rpsL and rrs; and some exclusive mutations in gidB identified in 

this study are responsible for STR-resistance in MTB. The sequence analysis of mutations in rpsL, 

rrs, and gidB could be used for the establishment of rapid and effective molecular diagnostic tools 

to detect STR-resistant MTB strains in Nepal. This study can be further implicated for designing 

rapid diagnostic tools considering geographic specificity in which MDR-TB transmission can be 

interrupted worldwide.   
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Figure 5. Distribution of 197 streptomycin resistant Mycobacterium tuberculosis isolates into 

different lineages  

Lineage 1 Lineage 2 Lineage 3 Lineage 4

11 (5.6%) 

116 (58.9%) 

47 (23.8%) 

23 (11.7%) 
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Table 1. Primers used for PCR amplification and sequencing of streptomycin resistance-

associated genes in M. tuberculosis 

Locus Primers Nucleotide sequence (5’-3’) Product size (bp) 

rpsL Forward  

(ON-1505) 

GGCCGACAAACAGAACGT 437 

 Reverse  

(ON-1506) 

CTTCACCAACTGGGTGAC  

rrs Forward  

(ON-1507) 

GATGACGGCCTTCGGGTTGT 590 

 Reverse  

(ON-1508) 

AGGCCACAAGGGAACGCCTA  

gidB Forward  

(ON-1509) 

CGCCGAGTCGTTGTGCT 870 

 Reverse  

(ON-1510) 

AGCCTGGCCCGACCGTTA  

bp represents base pair  
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Table 2. Distribution of mutations in rpsL and rrs genes among different genotypes of 197 

streptomycin resistant Mycobacterium tuberculosis isolates 

rpsL nucleotide 

(amino acid 

substitution) 

rrs 

nucleotide 

Lineage 1 Lineage 2 Lineage 3 Lineage 4 No. of 

isolates 

A128G (K43R) - 3       91       12 9   115 

A128G (K43R) A907C  1   1 

A128G (K43R), 

G212A (G71D) * 

-   1  1 

A263G (K88R) -        12 2      14 

A263G (K88R) A644G *  1   1 

G353A (G118D) 

* 

A514C    1 1 

- A514C 1 5 2 3     11 

- A517T 1 1 2 1 5 

- A906C   1  1 

- A907C  3   3 

- A908C   3 2 5 

- A912G   1  1 

- - 6 2       23 7     38 

Total        11     116       47       23   197 

Fs denotes frameshift mutation 

No. represents number 

* denotes mutation previously not reported 

- denotes no mutation  
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Table 3. Detection rate of mutations in rpsL, rrs and gidB between countries  

Countries This study 

(N=197) 

India 

(N=52) 

Pakistan 

(N=32) 

China 

(N=227) 

Myanmar 

(N=141) 

Thailand 

(N=46) Mutations 

rpsL codon K43R 58.8% 32.6% 34.3% 47.5% 64.0% 69.5% 

rpsL codon K88R 7.1% 19.2% 3.1% 12.3% 6.0% 2.1% 

rrs 13.2% 5.7% 12.5% 5.7% 3.5% 0% 

gidB  13.2% 25.0% 21.8% 12.7% 2.7% 2.1% 

Reference This study [51] [52] [26] [25] [53] 
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Table 4. Distribution of mutations in gidB among different genotypes of 197 streptomycin 

resistant Mycobacterium tuberculosis isolates 

gidB nucleotide  

(amino acid substitution) 

Lineage 1  Lineage 2 Lineage 3 Lineage 4 Number 

of isolates 

G28C (A10P)   2  2 

G28C (A10P), A119G (E40G) 1    1 

C56G (A19G)*, γ, θ    1 1 

G59C (A20P)*, β 1    1 

G79C (A27P)*   1  1 

C80T (A27V)*, α  1   1 

G106C (V36L)*   1  1 

C142A (H48N), γ    2 2 

T236G (L79Y)   1  1 

G244C (A82P)*   1  1 

T302G (L101E)*   1  1 

T335G (V112G)*   1  1 

T371G (V124G)*   1  1 

C398T (A133V)*, α  1   1 

C413T (A138V), γ    1 1 

G471A (G157G)*, α  2   2 

A487G (K163E)   1  1 

C492T (G164G)*   1  1 

T583C (Y195H), α  7   7 

G630A (G210G)*, α  1   1 

A652G (M218V)*, γ    2 2 

243insGC (Fs)*, γ    1 1 

98delG (R33Fs)   6  6 

98delG (R33Fs), β 3    3 

98delG (R33Fs), γ    3 3 

112delC (P38Fs)*, β 1    1 

112delC (P38Fs)*, γ    1 1 

254delA (D85Fs)*, γ    1 1 

347delG (R116Fs)   1  1 

372delG (V124Fs)*   1  1 

384delG (L128Fs)   2  2 
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α 1 104   105 

β 4    4 

γ    8 8 

γ, θ    3 3 

-   26  26 

Total 11 116 47 23 197 

A276C (E92D)=α, G330T (V110V)=β, G615A (A205A)=γ and T47G (L16R)=θ 

Fs denotes frameshift mutation 

* denotes mutation previously not reported 

- denotes no mutation 

del denote deletion mutation  
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Table 5. Distribution of mutations in rpsL, rrs and gidB genes among different genotypes of 

197 streptomycin (STR) resistant Mycobacterium tuberculosis isolates 

rpsL nucleotide 

(codon) 

rrs gidB nucleotide 

(codon) 

Lineage 1 Lineage 2 Lineage 3 Lineage 4 No. of 

isolates 

A128C(K43R) - α 2       77  1    80 

A128C(K43R) - α, C398T(A133V)*  1   1 

A128C(K43R) - α, T583C(Y195H)  7 1  8 

A128C(K43R) - A445C(S149R), γ  1   1 

A128C(K43R) - α, G630A(G210G)*  1   1 

A128C(K43R) - 112delC (P38Fs)*, β 1    1 

A128C(K43R) - C286T (R96C)*  1   1 

A128C(K43R) - G106C (V36L)*   1  1 

A128C(K43R) - G28C (A10P)   2  2 

A128C(K43R) - β  1   1 

A128C(K43R) - γ  1  6 7 

A128C(K43R) - A652G (M218V)*, γ    1 1 

A128C(K43R) - γ, θ    1 1 

A128C(K43R) - -  1 9     10 

A128C(K43R) A907C α  1   1 

A128C(K43R), 

G212A(G71D)* 

- -   1  1 

A263G(K88R) - α        10      10 

A263G(K88R) - G471A (G157G)*, α  2   2 

A263G(K88R) - C492T (G164G)*   1  1 

A263G(K88R) - -   1  1 

A263G(K88R) A644G* α  1   1 

G353A(G118D)* A514C 98delG (R33Fs), γ    1 1 

- A514C α  4   4 

- A514C C80T (A27V)*, α  1   1 

- A514C 98delG (R33Fs), γ    2 2 

- A514C β 1    1 

- A514C γ, θ    1 1 

- A514C -   1  1 

- A517T α  1   1 

- A517T β 1    1 
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- A517T γ, θ    1 1 

- A517T -   2  2 

- A906G -   1  1 

- A907C α  3   3 

- A908C C142A (H48N), γ    2 2 

- A908C 384delG (L128Fs)   1  1 

- A908C -   2  2 

- A912G 384delG (L128Fs)   1  1 

- - 243insGC (Fs)*, γ    1 1 

- - 254delA (D85Fs)*, γ    1 1 

- - α  2   2 

- - A487G (K163E)   1  1 

- - C413T (A138V), γ    1 1 

- - 112delC (P38Fs)*, γ    1 1 

- - G244C (A82P)*   1  1 

- - 347delG (R116Fs)   1  1 

- - 372delG (V124Fs)*   1  1 

- - G59C (A20P)*, β 1    1 

- - γ    1 1 

- - A652G (M218V)*, γ    1 1 

- - G79C (A27P)*   1  1 

- - 98delG (R33Fs)   6  6 

- - 98delG (R33Fs), β 3    3 

- - G28C(A10P), 

A119G(E40G) 

  1  1 

- - β 1    1 

- - T236G (L79Y)   1  1 

- - T302G (L101E)*   1  1 

- - T335G (V112G)*   1  1 

- - T371G (V124G)*   1  1 

- - C56G (A19G)*, γ, θ    1 1 

- - - 1  7  8 

Total         11      116       47       23  197 

A276C (E92D)=α, G330T (V110V)=β, G615A (A205A)=γ and T47G (L16R)=θ 

EAI, East-African Indian; CAS, Central Asian strain; and other, orphan and X2. 
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Fs denotes frameshift mutation. 

* denotes frameshift mutation. 

- denotes no mutation. 

del denote deletion mutation. 

Ins denote insertion mutation. 

α, β, γ and θ represent A276C (E92D), G330T (V110V), G615A (A205A) and T47G (L16R), 

respectively. 
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Table 6. Proportion of mutations in rpsL, rrs, and gidB in STR resistant Mycobacterium 

tuberculosis isolates. 

Gene mutations No. of MDR-isolates Sensitivity (%) 

With mutation Without mutation 

rpsL 130   67 65.9% 

rrs   26 171 13.2% 

gidB   53 144 26.9% 

rpsL and/or rrs 159   38 80.7% 

rpsL and/or gidBa 166   31 84.3% 

rrs and/or gidBa   74 123 37.5% 

rpsL and rrs and gidBa 186   11 94.4% 

a= Lineage-specific polymorphisms and mutations not likely to cause STR resistance were 

excluded  
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Summary 

 

Mutation in rpsL (encoding ribosomal protein S12), rrs (encoding 16S ribosomal RNA), 

and gidB (encoding 7-methylguanosine methyltransferase) are associated with resistance to 

streptomycin (STR), which is used for the treatment of multi-drug resistant tuberculosis (MDR-

TB) in Nepal. The aim of our study is to analyze the correlation between mutations in the target 

genes and STR-resistance in 197 Mycobacterium tuberculosis (MTB) isolates from Nepal. 

Mutations in rpsL were harbored by 65.9% of isolates, in which the most common mutation in 

rpsL is caused by K43R (58.8%) and was significantly associated with the Beijing genotype 

(P<0.001). About 13.2% of isolates harbored mutations in two highly mutable regions of rrs, the 

530 loop and the 912 region. About 13.2% of gidB mutants do not show any mutation in rpsL and 

rrs, which might suggest the role of gidB mutations in STR-resistance in MTB. Also, 5.6% of 

isolates do not show any mutations in the three genes examined, suggesting the involvement of 

other mechanisms in STR resistance in MTB. Our findings can be implemented for the 

establishment of molecular STR-susceptibility testing, in which tuberculosis can be treated with 

appropriate drugs and can improve control strategies for DR-TB.  
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CHAPTER II 

 

Characterizations of pyrazinamide resistance associating pncA gene mutations 

in Mycobacterium tuberculosis isolates from Nepal. 

 

Introduction 

 

PZA has a preferred sterilizing activity against non-replicating persistent bacilli and is used 

in the initial intensive phase of chemotherapy, in combination with other FLDs INH, RIF, EMB 

for both drug-susceptible and drug-resistant TB. Despite the important role of PZA in shortening 

the TB treatment period of susceptible, MDR, and pre-extensively drug-resistant TB (Pre-XDR-

TB)/XDR-TB [2], PZA resistance in MTB has increased in both susceptible and MDR-TB. PZA 

is recommended in the initial phase of the TB treatment regimen for new cases and retreatment 

cases of all TB categories in Nepal [4].  

PZA being an indispensable drug for all TB-treatment regimen, it is important to 

understand the PZA susceptibility accurately on time and monitor the spread of drug-resistance 

strains. Phenotypic PZA drug susceptibility testing (DST) is difficult to perform, not cost-effective 

for a developing country like Nepal and has a long turnaround time. Since PZA requires an acidic 

medium (pH) for its function, there is a possibility for causing false resistance rates, making 

phenotypic PZA DST unreliable [63],[64]. The phenotypic PZA DST is routinely not performed 

in most of the laboratories worldwide including Nepal. 

PZA is a pro-drug which enters the bacteria through passive diffusion and is converted into 

its active form POA, by the non-essential enzyme PZase, encoded by the pncA gene [39],[40]. 

POA has functioned in the neutral pH in the cytoplasm which has no activity against MTB. By the 

efflux pump, POA is pumped out of the cell which has acidic environments and then protonated 

to HPOA which re-enters the cell, and accumulation of HPOA can eventually cause rupture of 

membrane. POA disrupts the bacterial membrane energetics and inhibits the membrane transport 

function which finally ends with bacterial death [41],[42]. 

Mutations in pncA gene, leading to a loss of PZase activity, are the major mechanism for 

PZA resistance in MTB. Therefore, the PZase activity assay or Wayne test has been performed as 

the alternative method to determine PZA susceptibility of MTB. However, the assay gives 

inaccurate results of PZA susceptibility due to different pncA mutations imparting a variety of 

enzyme activity. The mutations in pncA and its upstream regulatory region were observed in 45 to 

85% of PZA-resistant MTB isolates [43],[44],[45]. Some degree of clustering of pncA mutations 

have been reported in the catalytic residues in the active site (Asp8Gly/Ala/Glu/Asn, 
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His51Gln/Tyr, His71Arg, Asp49Glu/Asn/Ala, His57Arg/Tyr/Gln/Pro, 

Trp68Arg/Gly/Cys/Stop/Leu, Gln10Pro/Arg, and His137Pro/Arg/Asp) and metal-binding site 

(Ile6Thr, Val44Gly, Val139Gly/Leu, Met175Thr/Val, and Phe94Cys/Ser/Leu) of the PncA protein 

among PZA-resistant MTB strains [41],[44],[46]. Thus, sequencing of pncA can be rapidly and 

effectively determine the PZA susceptibility than by the phenotypic DST, indicating its usefulness 

in the development of rapid molecular tools to detect PZA susceptibility in MTB. However, the 

diverse and scattered nature of pncA mutations along the whole length of pncA among PZA 

susceptible and resistant MTB, highlight that there is no such major hot spot region in pncA 

[44],[47], which causes difficulty in the development of rapid diagnostic tools. In addition, the 3D 

structure analysis of pncA mutants revealed variation in structure, stability, and abundance of PncA 

protein based on pncA mutations [48]. Molecular detection of drug resistance-associated gene 

mutations plays a pivotal role in the rapid diagnosis of drug susceptibility. Therefore, it is 

important to analyze the type, frequency, and location of each pncA mutation among MTB strains. 

The prevalence rates of 49 to 61% of PZA-resistance were observed in MDR-TB isolates 

[43],[45],[65]. The occurrence of pncA mutation could be higher among MDR-TB isolates. 

Genetic changes in rpoB have been associated with RIF resistance, katG or inhA with INH 

resistance, gyrA or gyrB with a fluoroquinolone (levofloxacin)-resistance, and rrs with second-

line injectable agents (amikacin, or capreomycin, or kanamycin, or streptomycin) [66],[67]. 

Therefore, I sequenced the MDR conferring genes, in addition to pncA, to detect the association 

of pncA mutations with the mutations in rpoB, katG, inhA, gyrA, gyrB, and rrs. 

Since phenotypic PZA DST and molecular PZA DST are currently unavailable, the 

prevalence of PZA-resistant in MTB is unknown in Nepal. Without the proper information of PZA 

susceptibility of MTB, PZA is inappropriately recommended for chemotherapy among both 

susceptible and MDR-TB. Therefore, I aimed to collect information regarding PZA-susceptibility 

in MTB isolates from Nepal by analyzing mutations in pncA. 

In chapter II, I attempted the first insight to collect information regarding PZA 

susceptibility in MTB isolates from Nepal by analyzing mutations in pncA. I investigated the 

frequency and patterns of pncA mutation among MTB isolates. I analyzed the pncA mutations by 

comparing with previously reported PZA resistance associated pncA mutations and in vivo/in vitro 

study. In addition, I described the pncA mutations by analyzing the single nucleotide substitution 

of pncA with the webserver predictive tool (SUSPECT-PZA). Moreover, the association of pncA 

mutations among non-MDR, MDR, and Pre-XDR TB isolates were also analyzed as well as the 

patterns of pncA mutation according to M. tuberculosis genotypes were also observed.  
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Materials and Methods 

 

Sample collection and study sample 

A total of 211 samples collected at the German Nepal Tuberculosis Project (GENETUP) 

National Reference Lab, Nepal from August 2008 to February 2011 were included in this study. 

These samples were collected from 155 males and 56 females, with an age range from 12-70 years.  

 

Drug susceptibility testing (DST) 

DST for INH, RIF, EMB (FatolArzneimittel GmbH, Schiffweiler, Germany), and STR 

(Sigma-Aldrich, St. Louis, MO) were performed by the indirect proportion method on Lowenstein-

Jensen medium with the critical concentration of 0.2, 40, 2, and 4 μg/ml, respectively [13],[68]. 

 

DNA extraction 

DNA were extracted for PCR amplification and sequencing following the manufacturer’s 

protocol using the Genotype MTBDRplusVer2 [14] as in chapter I. 

 

Spoligotyping 

The genotypes of the MTB isolates were identified using spoligotyping, as described earlier 

[16] as in chapter I. 

 

PCR amplification and DNA sequencing 

The targeted gene fragments (rpoB, katG, inhA regulatory region, gyrA, gyrB, rrs, and pncA 

with the upstream regulatory region) were amplified and sequenced using primers as shown in 

Table 7. I followed the standard protocol of PCRs amplification in a thermal cycler (Bio-Rad 

Laboratories, Inc., Hercules, CA) [69]. PCR was performed in 20 μl reaction mixture consisted of 

5X Green GoTaq® Reachtion Buffer (Promega), 0.5M betaine, 0.25 mM MgCl2, dNTPs (0.25 

mM each), primers (0.5 μM each), 1.25 U GoTaq® DNA Polymerase (Promega) and 1 μl of 

template DNA (approximately 10 ng/μl). The following PCR condition were used. One cycle of 

initial denaturation 95ºC for 10 sec, annealing at 50 or 55ºC for 10 sec, an extension at 72ºC for 

30 sec, and a final extension at 72ºC for 5 min. Upon amplification, PCR products of target genes 

were confirmed by agarose gel electrophoresis. The PCR products were purified by the ExoSAP 

method and sequenced using a DNA sequencer, 3500 Genetic Analyzer (Thermo Fisher Scientific, 

Inc., Waltham, MA) using both forward and reverse primers. The obtained sequences were aligned 

with the corresponding sequences from the wild-type M. tuberculosis H37Rv using Bio-Edit 

software (version 7.0.9) [18],[68]. 
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SUSPECT-PZA 

The SUSPECT-PZA is a web-server predictive tool 

(http://biosig.unimelb.edu.au/suspect_pza/) to rapidly detect the PZA susceptibility by 

computational assessment of the single nucleotide substitution. This web tool only uses the single 

nucleotide substitution at the putative pncA region to predict PZA susceptibility of MTB. The 3D 

structure of pncA as an output of the single nucleotide substitution from this web tool could 

accurately predict mutations associated with PZA resistance [48]. 

 

Statistical analysis 

All data were analyzed using the IBM SPSS Statistics for Windows software version 22.0 

(IBM Corp., Armonk, NY, USA). Two-tailed Fisher’s exact test was used to compare the PZA 

resistance-associated mutations according to the resistance conferring mutations of other FLDs 

(SIRE). The odds ratio was calculated to detect the association between the frequency of pncA 

mutations and that of rpoB or katG or inhA mutations, gyrA or gyrB or rrs mutations; and pncA 

mutations among different drug-resistant profile and MTB genotypes. A p-value of less than 0.05 

was considered statistically significant.    

 

Ethical approval 

This study proposal was submitted to Nepal Health Research Council (NHRC) with 

register no 136/2013 on 20th Sep 2013 and approved by the Ethical Review Board on 29th Nov 

2013.  

http://biosig.unimelb.edu.au/suspect_pza/
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Results 

 

Mycobacterium tuberculosis genotypes and drug resistance patterns 

Through spoligotyping, the genotypes of 211 MTB isolates were identified as lineage 1 

(n=13), lineage 2 (n=113), lineage 3 (n=56), and lineage 4 (n=29) (Table 8).  

The DST results showed that a majority of isolates were MDR (108, 51.2%), followed by 

Pre-XDR isolates (57, 27%), and non-MDR (46, 21.8%) (Table 8). Eight different first-line drug 

susceptibility patterns among MTB isolates were observed (Table 9). The drug susceptibility 

patterns for all FLDs INH, RIF, EMB, and STR were available for 201 isolates, but 10 isolates had 

only H and R susceptibility patterns (Table 9). Non-MDR isolates include mono-resistant and pan-

susceptible isolates.  

 

pncA mutation profile 

The sequencing results revealed that 125 (59.2%) of isolates harbored alterations in pncA 

and its upstream regulatory region (URR). The detected 57 different types of mutations (46 

reported and 11 novels) were scattered through the whole length of the pncA gene.  

Among 57 distinct pncA mutations profiles, six insertions, four deletions, 45 single 

nucleotide substitutions, one double mutation (single nucleotide substitution + deletion), and one 

entire pncA gene deletion were identified (Table 10, and Table 11). I detected three nucleotide 

changes in the URR of pncA, two novel single nucleotide substitutions (A-40C and A-40G) in 

three isolates, and one insertion of C between -2/-3 in one isolate. Among 66 isolates with single 

nucleotide substitutions, 38 types of mutations were associated with phenotypic PZA resistance 

(63 isolates). Insertion and deletion of nucleotides in the putative gene causing frameshift 

mutations were associated with PZA resistance and were observed in 11 isolates. An entire pncA 

gene deletion was found in four isolates that were associated with PZA resistance. The most 

frequent pncA mutation observed was Leu182Ser in 12 isolates followed by Leu4Ser in 6 isolates. 

Silent mutation Ser65Ser was significantly associated with the CAS genotype (48/56). Mutations 

Thr100Pro and Val157Gly do not show any concomitant results between SUSPECT-PZA and the 

literature review (Table 10).  

I identified that 87 (41.2%) isolates had mutations in pncA and its URR (excluding silent 

mutations) (Table 10). The pncA mutations were found in 1 (2.1%) non-MDR, 48 (44.4%) MDR, 

and 38 (66.6%) XDR-TB isolates (Table 12). There was a significant association of pncA 

alterations and MDR/Pre-XDR-TB than non-MDR-TB (p<0.005). Among 87 isolates with pncA 

mutations, the majority were observed in the Beijing genotype (47, 54%), followed by, Euro-

American (18, 20.6%), CAS (15, 17.2%), and EAI (7, 8%). (Table 13).  
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Association of pncA mutations with mutations in rpoB, katG, inhA, gyrA, gyrB, and rrs 

Among 108 MDR isolates, 45 (48.3%) rpoB or katG or inhA mutants had mutations in the 

regulatory or coding region of pncA, while 3 (20.0%) isolates without rpoB or katG or inhA 

mutation had pncA mutation. This study found that the odds of pncA mutations were 3.75 times 

more likely to occur in rpoB or katG or inhA mutants than rpoB or katG or inhA non-mutants 

(p=0.05) (Table 14).  

Similarly, a higher frequency of pncA mutations was found in 34 (77.3%) gyrA or gyrB or 

rrs mutants among Pre-XDR isolates than isolates without gyrA or gyrB or rrs mutants (Odds 

ratio=7.65, p=0.003) (Table 15).  
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Discussion 

To the best of our knowledge, this study is the first attempt to molecular analysis of PZA 

susceptibility of MTB isolates from Nepal. The genetic information of pncA mutations found in 

this study was analyzed by comparing with in vitro/in vivo susceptibility studies [71], previous 

studies, and the SUSPECT-PZA web tool. Alterations in pncA and its URR were found scattered 

throughout pncA gene with different mutations at codons (Table 8), as previously described [72]. 

In this study, about 41.2% of MTB isolates carry mutations in pncA and its URR. Other studies of 

PZA-resistant MDR-MTB isolates carry pncA mutations from low to high correlation as China 

(78%, 84.6% and 88.0%), Bangladesh (57.2%), South Africa (100%), Japan (79.6%), and India 

(97%) [73],[74],[75],[76],[77],[78],[79]. A low prevalence rate of pncA mutations in our study 

could be due to the unknown phenotypic PZA susceptibility of isolates. 

The most frequent mutation T545C (Leu182Ser) was found in 12 (5.6%) isolates, followed 

by T11C (Leu4Ser) in 6 (2.8%) isolates, and shared similar mutations in rpoB, katG, gyrA, or rrs 

suggesting the spread of those mutant strains in an outbreak. The Leu182Ser and Leu4Ser mutants 

have been reported to cause PZA resistance [43],[80]. 

The mutation C169G (His57Asp) were found in two isolates. The amino acid change 

His57Asp is a unique change specific to M. bovis and is naturally resistant to PZA [81]. M. bovis 

has been used to distinguish from MTB by this mutation [81]. PZA-resistant MTB isolates 

harboring the same mutation have been reported earlier [40],[65],[66]. However, our isolates were 

confirmed to be MTB by spoligotyping.  

In our study, 41 types of mutations (excluding silent mutation) were reported as PZA 

resistance-associated mutations. Mutations in pncA were dispersed throughout the gene, and some 

degree of clustering of mutations was found in three regions (codon 3-17, codon 61-85, codon 

127-154) of the PncA protein among PZA resistance [46],[58],[70]. The diverse and scattered 

nature of pncA mutations at different locations, as reported by previous studies 

[45],[46],[47],[73],[74],[75],[76],[77],[78],[79] possess a challenge for developing a rapid 

molecular assay for the detection of PZA susceptibility. Isolates harboring mutations at the active 

site residues or metal ion binding site residues causes the loss of enzymatic activity or chelation 

of ion atom [65],[71],[80], and leads to the emergence of PZA resistance. This information could 

be used to predict PZA-resistance by molecular PZA DST. Mutations Ser59Phe, Val139Ala, 

Leu116Pro have been previously reported as PZA-susceptible and resistant strains. This discrepant 

result might be due to the inaccuracy of the phenotypic PZA susceptibility by the MGIT 960 

method [63],[64], or due to the presence of hetero-resistance or a mixed bacterial population [79]. 

These mutations were compared with the PZA-susceptibility by SUSPECT-PZA and interpreted 

accordingly (Ser59Phe, Val139Ala, and Leu116Pro as resistant, resistant, and susceptible, 

respectively).  
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An entire pncA gene deletion was found in one non-MDR and three Pre-XDR MTB 

isolates, as in previous reports [66],[77],[82]. The deletion of an entire pncA causes PZase 

negative; leading to PZA resistance. These four pncA mutants show good PCR and sequencing 

results for rpoB, katG, inhA, gyrA, gyrB, and rrs genes. So, I could deny the possibility of failure 

of pncA PCR. However, to nullify the technical error during sequencing, sequencing of a 

polycistron should be performed to confirm the whole length of pncA deletion in MTB.  

I did not find pncA mutation in non-MDR isolates in our study, except an isolate with an 

entire pncA deletion. Most of the pncA mutations associated with PZA resistance were found 

among MDR-TB (44.4%) and Pre-XDR-TB (66.6%). The statistical analysis shows that pncA 

alterations were more likely to occur among MDR and Pre-XDR-TB isolates than non-MDR-TB 

isolates. Other studies have reported the high prevalence of PZA resistance among MDR and Pre-

XDR/XDR-TB isolates [72],[76],[83]. An explanation for this could be that the bacterial exposure 

to antibiotics (rifampicin, fluoroquinolones, and aminoglycosides) can generate reactive oxygen 

species that induce the SOS system, which increases mutation frequency and facilitates the 

development of additional drug resistance [71],[84]. The increasing rate of PZA resistance among 

DR-TB highlights the appropriate use of PZA for drug-resistant TB. In addition, the odds of pncA 

mutation were 3.75 and 7.65 times more likely to occur in rpoB or katG or inhA mutants and gyrA 

or gyrB or rrs mutants respectively. Our results support that the detection of pncA mutation could 

predict the prevalence of PZA resistance among MDR and Pre-XDR-TB isolates in Nepal. This 

information could provide the proportion of PZA-resistance among different groups of MTB 

isolates from Nepal.  

The frequency of predicted PZA resistance among Beijing MTB isolates was slightly 

higher than other genotype isolates. Due to uneven sample size, PZA susceptibility did not 

correlate with the genotypic lineage of MTB, as previously reported [63],[79]. The silent mutation 

Ser65Ser is linked to the CAS genotype of PZA-susceptible MTB isolates [85]. 

In our study, 11 novel mutations were found in 12 isolates. The seven novel mutations 

(causing frameshift or sense or non-sense mutation), and the positions of novel mutations at active 

sites or metal ion binding sites were associated with PZA resistance. Three Pre-XDR isolates with 

single nucleotide substitution at URR -40 (A-40C and A-40G) were found in this study. Study 

have reported that pncA (Rv2043c) is co-transcribed as a polycistron with its surrounding gene, 

Rv2044c located 40 nucleotides upstream to pncA, and Rv2042c located downstream with a 1 

nucleotide overlap with pncA [78]. As the nucleotide position at URR -40 is a part of a larger 

operon comprising of two additional genes, any changes in the upstream regulatory region might 

alter the transcription of pncA, causing in alteration of PncA and finally results in PZA-resistance. 

Therefore, two single nucleotide substitutions at URR A-40C and A-40G were associated with 

PZA resistance. Seven novel mutations causing frameshift in coding region were considered to 
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cause PZA resistance as a high likelihood of frameshift mutations resulting in resistance, as 

previously reported [77]. However, one novel mutation was predicted to be PZA-susceptible based 

on their silent mutation and one novel mutation as PZA-susceptible based on SUSPECT-PZA. 

In total, 87 (41.2%) isolates with pncA mutations were associated with PZA resistance. 

PncA is the non-essential enzyme, and the mutations in pncA or deletion of an entire pncA have 

no fitness cost in bacteria [48],[71]. Since PZA is included in the treatment regimen of non-DR 

and DR-TB without the phenotypic DST in Nepal, this practice causes the selective pressure of 

PZA during infection of MTB. Our study shows a high variation of mutation frequency at pncA 

nucleotide in MTB. In-vivo and in-vitro studies have shown that selective pressure occurs in the 

presence of PZA, which causes the maximal variation in the average mutation frequency at pncA 

[71].  

A limitation of our study is the lack of phenotypic PZA susceptibility testing data of the 

isolates. Nonetheless, most of the alterations in pncA was correlated with in-vitro/in-vivo 

susceptibility study, the phenotypic susceptibility in the literature as well as in the SUSPECT-PZA 

web tool, which enables us to estimate the potential prevalence of PZA resistance [48],[71],[83]. 

Even though SUSPECT-PZA can be only used for single nucleotide polymorphisms at putative 

pncA, it has a positive predictive value of 95.4%, so is a reliable and convenient alternative to the 

existing gold standard methods MGIT 960 method [48]. However, resistance to PZA has been 

associated with a mutation in other genes including rpsA, panD, clpC1, NicT, ctpL, ctpE, and the 

putative efflux pumps Rv0191, Rv 3756c, Rv3008, Rv1667c, Rv2044c, Rv2783c, Rv0194, MppL11, 

MmpL3, MgtE, Rv0987, mmpL13a, MmpL10, Rv1348, Rv3239c, Mez, Rv2994, GpsL, PstC2, and 

Rv1285 [43],[86],[87]. Therefore, it is important to analyze these genes for development of a rapid 

diagnostic tool to predict the PZA resistance in MTB accurately. 

In conclusion, the rate of pncA mutation was high in MDR-TB/Pre-XDR-TB in our study, 

and most of the pncA mutations resulted in PZA resistance in MTB. An increasing number of PZA 

resistance among DR-TB in Nepal alarms the necessity of the routine testing of PZA susceptibility. 

Considering the high cost and long turnaround time of phenotypic DST in developing countries 

including Nepal, the more feasible method of molecular pncA sequencing for the detection of PZA 

susceptibility is recommended. Our study highlights the importance of PZA susceptibility testing 

before the implementation of PZA in DR-TB treatment in Nepal.   
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Table 7. Primers used for PCR amplification and sequencing of targeted drug-resistance 

associating genes in Mycobacterium tuberculosis  

Locus Primers Nucleotide sequences (5’-3’) Annealing 

temperature 

(ºC)  

Product 

size 

(bp) 

rpoB Forward 

(ON-513) 

CAGGACGTGGAGGCGATCAC 56.8 278 

 Reverse 

(ON-914) 

GAGCCGATCAGACCGATGTTGG   

katG Forward 

(ON-114) 

ATGGCCATGAACGACGTCGAAAC 57.9 392 

 Reverse 

(ON-103R) 

CGCAGCGAGAGGTCAGTGGCCAG   

inhA 

promoter 

region 

Forward 

(ON-097) 

TCACACCGACAAACGTCACGAGC 59.3 231 

 Reverse 

(ON-098) 

AGCCAGCCGCTGTGCGATCGCCA   

gyrA Forward 

(ON-747) 

AGCGCAGCTACATCGACTATGCG 62.9 321 

 Reverse 

(ON-748) 

CTTCGGTGTACCTCATCGCCGCC   

gyrB Forward 

(ON-1100) 

GCGGCACGTAAGGCAGAGTTG 58.9 397 

 Reverse 

(ON-1101) 

CTTGGCCTTGTTGTTGCAGTTGTT   

rrs Forward 

(ON-1066) 

CGGATCGGGGTCTGCAACTCGAC 61.3 299 

 Reverse 

(ON-1067) 

CAAGAACCCCTCACGGCCTACG   

pncA Forward 

(On-1464) 

GGCGTCATACCCTATATC 50 843 

 Reverse 

(On-1465) 

CAACAGTTCATCCCGGTTC   
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Table 8. Distribution of MTB isolates according to genotypes and drug resistance patterns 

Lineages Non-MDR MDR Pre-XDR Total 

1 (EAI)   3     8   2   13 (6.2%) 

2 (Beijing) 15   62 36 113 (53.6%) 

3 (CAS) 21   23 12   56 (26.5%) 

4 (Euro-American)   7   15   7   29 (13.7%) 

Total 46 (21.8%) 108 (51.2%) 57 (27%) 211 
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Table 9. Distribution of first-line drug-susceptibility patterns in Mycobacterium tuberculosis 

families. 

Drug susceptibility 

pattern 

Genotypes 

Lineage 1 

(EAI) 

Lineage 2 

(Beijing) 

Lineage 3 

(CAS) 

Lineage 4  

(Euro-American) 

Total 

HRr    3     7   5   1   16 

HRSr    2   21   6   4   33 

HREr    1     8   3   2   14 

HRSEr    4    56 19 13   92 

HRr *   0     6   2   2   10 

Hr    0     1   1   0     2 

Sr    0     1    1   0     2 

Er    0     1   0   0     1 

HRSEs    3   12 19   7   41 

Total 13 113 56 29 211 

HRr = Phenotypic resistant to isoniazid and rifampicin 

HRSr = Phenotypic resistant to isoniazid, rifampicin, and streptomycin 

HREr = Phenotypic resistant to isoniazid, rifampicin, and ethambutol 

HRSEr = Phenotypic resistant to isoniazid, rifampicin, streptomycin, and ethambutol 

Hr = Phenotypic resistant to isoniazid 

Sr = Phenotypic resistant to streptomycin 

Er = Phenotypic resistant to ethambutol 

HRSEs = Phenotypic susceptible to isoniazid, rifampicin, streptomycin, and ethambutol 

* = Isolates having only isoniazid and rifampicin susceptibility patterns.  
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Table 10. Mutations found in pncA gene and its upstream regulatory region of the 

Mycobacterium tuberculosis isolates from Nepal. The diversity of pncA mutations (57 types) 

and their association with PZA susceptibility as suggested by in-vitro/in-vivo susceptibility, 

literature review and the webserver “SUSPECT-PZA”.  

Nucleotide changes Amino 

acid 

changes 

No. of 

isolates  

Non-

MDR 

MDR Pre-

XDR 

Genotype In vitro/in vivo 

susceptibility 

[71] 

SUSPECT

-PZA [48] 

PZA 

suscept

ibility  

Reported Reference 

A-40C NA 1   1 L2 ND NA ND* Novel  

A-40G NA 1   1 L2 ND NA ND* Novel   

A-40G, C195T NA, 

Ser65Ser 

1   1 L3 ND NA ND* Novel  

ins of C at -2 and -3 NA 1  1  L1 ND NA S Yes [44] 

ins of CG at 9/10 Ala3Fs 1  1  L4 ND NA ND* Novel  

T11C Leu4Ser 6  2 4 L2 R R R Yes [44] 

T17C, C195T Ile6Thr, 

Ser65Ser 

1  1  L3 R R R Yes [44] 

A29C, C195T Gln10Pro, 

Ser65Ser 

1  1  L3 ND R R Yes [70] 

G34A Asp12Asn 1  1  L4 R R R Yes [39] 

A35G Asp12Gly 1  1  L1 R R R Yes [44] 

T80C Leu27Pro 2  1 1 L2 R R R Yes [44] 

A143C Lys48Thr 1  1  L4 R R R Yes [44] 

A152G His51Arg 1   1 L4 R R R Yes [18] 

C161T Pro54Leu 1  1  L4 R R R Yes [44] 

ins of G at 165/166 Gly55Fs 1   1 L2 ND NA ND* Novel  

ins of G at 166/167 Gly56Fs 1  1  L2 ND NA R Yes [88] 

C169G His57Asp 2  1 1 L4 R R R Yes [44] 

A170G His57Arg 1   1 L3 R R R Yes [44] 

C176T Ser59Phe 2  2  L4 R R R/S* Yes [44] 

C195T Ser65Ser 37 20 15 2 L3 S NA R/Sa Yes [44] 

T202G Try68Gly 1  1  L2 ND R R Yes [44] 

A226C Thr76Pro 1  1  L2 ND R R Yes [18] 

G233T Gly78Val 1   1 L2 R R R Yes [44] 

T254G Leu85Arg 3  2 1 L2 R R R Yes [44] 

G290T Gly97Val 1   1 L2 ND R R Yes [66] 

A298C Thr100Pro 1  1  L4 ND S R Yes [44] 

C309G Tyr103Stop 1  1  L4 R NA R Yes [44] 

C312G Ser104Arg 1  1  L2 R R R Yes [70] 

G322C Gly108Arg 2   2 L2 R R R Yes [44] 

G357C Trp119Cys 1   1 L4 S/ND R R Yes [44] 

T359G L120R 1  1  L2 ND R R Yes [44] 

G362C Arg121Pro 1  1  L2 ND R R Yes [40] 

del of G at 370, del 

of C at 372, del of T 

at 374, del of 

Arg123Fs 1   1 L4 ND NA ND* Novel  
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GATGAG from 

376-381 

del of 12 nucleotide 

(TGAGGTCCATG

T) from 378-389 

Val125Fs 1  1  L1 ND NA ND* Novel  

G395C Gly132Ala 3  2 1 L2 R R R Yes [44] 

C401T Ala134Val 1  1  L4 R R R Yes [44] 

G406A Asp136Asn 1   1 L4 S/R R R Yes [44] 

G406T Asp136Tyr 1  1  L2 R R R Yes [44] 

A407G Asp136Gly 3  3  L2 ND R R Yes [44] 

T416C Val139Ala 2  1 1 L2 R R R/S* Yes [70] 

A424G Thr142Ala 1   1 L2 ND R R Yes [70] 

T452C Leu151Ser 1  1  L2 R R R Yes [44] 

C459G Thr153Thr 1  1  L2 S NA ND# Novel  

T467C Leu156Pro 1  1  L2 R R R Yes [44] 

T470G Val157Gly 1  1  L1 ND S R Yes [44] 

ins of G at 485/486 Gly162Fs 1  1  L4 ND NA ND* Novel  

C500T Thr167Ile 1   1 L4 ND S ND# Novel  

A502C Thr168Pro 1   1 L2 S/R R R* Yes [44] 

T545C Leu182Ser 7  5 2 L2(6), 

L4(1) 

R R R Yes [46] 

C195T, G271T Ser65Ser, 

Glu91Stop 

1   1 L1 R NA R Yes [44] 

C195T, A287C Ser65Ser, 

Lys96Thr 

2   2 L3 R R R Yes [39] 

C195T, T347C Ser65Ser, 

Leu116Pro 

1  1  L3 S/R S R/S# Yes [44] 

C195T, del of at 366 Ser65Ser, 

Arg121Fs 

1  1  L3 ND NA R Yes [43] 

C195T, del of GG at 

391/392 

Ser65Ser, 

Val130Fs 

1  1  L3 ND NA R Yes [44] 

C195T, ins of 

524GC525 

Ser65Ser, 

Glu174Fs 

1   1 L3 ND NA ND* Novel  

C195T, T545C Ser65Ser, 

Leu182Ser 

5  1 4 L3 R R R Yes [46] 

C211T, del of A at 

268 

His73Tyr, 

Ile90Fs 

2  2  L1(1), 

L2(1) 

R R ND* Novel [44] 

PCR negative  4 1  3 L1(1), 

L2(3) 

ND NA  R Yes [66] 

WT  86 25 44 17 L1(6), 

L2(65), 

L3(4), 

L4(11) 

     

Total  211 46 108 57       

Fs= Frameshift mutation 

NA= Not applicable 
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R= resistant 

S= susceptible 

ND= Not determined 

*= Final interpretation as PZA-resistance by combining in vitro/in vivo susceptibility, SUSPECT-

PZA and literature review 
#= Final interpretation as PZA-susceptible by combining in-vitro/in-vivo susceptibility, 

SUSPECT-PZA and literature review 
a= silent mutation associated with CAS genotype 
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Table 11. Distribution of polymorphisms of pncA among 211 Mycobacterium tuberculosis 

isolates from Nepal. 

Types of mutations Number of types of mutations  

(57) 

No. of isolates 

(n=125, 59.2%) 

Nucleotide substitution  45       109 

     Regulatory region    2           3 

     Amino acid substitution  39         66 

     Termination    2           2 

     Silent mutation    2         38 

Nucleotide deletion    4           4 

Nucleotide insertion    6           6 

     Regulatory region    1           1 

     Putative region    5           5 

Nucleotide substitution + deletion    1           2 

Entire gene deletion    1            4 
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Table 12. Mutation profile among different Mycobacterium tuberculosis isolates 

 Non-MDR MDR Pre-XDR Total 

Mutations in pncA and 

its regulatory region 

  1   48 38   87 

WT 45   60 19 124 

Total 46 108 57 211 
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Table 13. Mutation profile among Mycobacterium tuberculosis genotypes 

 EAI Beijing CAS Euro-

American 

Total 

Mutations in pncA and 

its regulatory region 

  7    47 15 18   87 

WT   6   66 41 11 124 

Total 13 113 56 29 211 
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Table 14. Comparison of pncA mutation frequencies with rpoB, katG, and inhA genes in 108 

MDR-TB isolates. 

Mutation patterns No. of isolates Odd ratio,  

95% CI 

P-value 

With pncA 

mutations 

Without pncA 

mutations 

rpoB or katG or inhA 

mutation 

45 48 3.75  

(0.9 to 14.1) 

0.05 

No rpoB or katG or 

inhA mutation 

  3 12 
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Table 15. Comparison of pncA mutation frequencies with gyrA, gyrB, and rrs genes in 57 Pre-

XDR-TB isolates. 

Mutation patterns No. of isolates Odd ratio, 

95% CI 

P-value 

With pncA mutations Without pncA 

mutations 

gyrA or gyrB or rrs 

mutation 

34 10 7.65  

(1.9 to 

30.18) 

0.003 

No gyrA or gyrB or rrs 

mutation 

  4   9 
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Summary 

 

Without the proper information of pyrazinamide (PZA) susceptibility of Mycobacterium 

tuberculosis (MTB), PZA is inappropriately recommended for the treatment of both susceptible 

and multi-drug resistant tuberculosis (MDR-TB) in Nepal. This study aimed to collect information 

regarding PZA susceptibility in MTB isolates from Nepal by analyzing mutations in pncA. A total 

of 211 MTB isolates collected from August 2008 to February 2011 were included in this study. 

Sequence analysis of pncA and its upstream regulatory region was performed to assess PZA 

resistance. First-line drug susceptibility testing, spoligotyping, and sequence analysis of rpoB, 

katG, inhA regulatory region, gyrA, gyrB, and rrs were performed to assess their association with 

pncA mutation. The sequencing results revealed that 125 (59.2%) isolates harbored alterations in 

pncA and its upstream regulatory region. I detected 57 different mutation types (46 reported and 

11 novels) that were scattered throughout the whole length of the pncA gene. I identified 87 

(41.2%) isolates harbored mutations in pncA causing PZA resistance in MTB. There was a 

significant association of pncA alterations among MDR/pre-extensively drug-resistant (Pre-XDR) 

TB than among non-MDR-TB (p<0.005). The rate of pncA mutation was high in MDR-TB/Pre-

XDR-TB, and most of the pncA mutations resulted in PZA resistance in MTB. The increasing 

number of PZA resistance among DR-TB in Nepal highlights the importance of PZA susceptibility 

testing for DR-TB treatment. Considering the long turnaround time of phenotypic DST in Nepal, 

we recommend the more feasible method of molecular pncA sequencing for the detection of PZA 

susceptibility.   
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CONCLUSION 

 

With an increasing multidrug-resistant TB in the world, Nepal is not an exception. Even 

though TB is ranked as the top seventh disease to cause death in Nepal, limited studies have been 

conducted to determine the phenotypic and genotypic drug-resistant TB in Nepal. For the effective 

treatment and control of DR-TB in Nepal, a rapid diagnostic tool for DST is required. For the 

development of a rapid DST tool, information regarding the frequency and patterns of drug 

resistance-associated gene mutations among DR-TB isolates is necessary. 

In chapter I of this thesis, I have described the characterization of the molecular mechanism 

of STR resistance MTB isolates from Nepal. Mutation in rpsL (encoding ribosomal protein S12), 

rrs (encoding 16S ribosomal RNA), and gidB (encoding 7-methylguanosine methyltransferase) 

are associated with resistance to STR. Mutations in rpsL were harbored by 65.9% of isolates, in 

which the most common mutation in rpsL is caused by K43R (58.8%) and was significantly 

associated with the Beijing genotype (p<0.001). About 13.2% of isolates harbored mutations in 

two highly mutable regions of rrs, the 530 loop and the 912 region. About 13.2% of gidB mutants 

do not show any mutation in rpsL and rrs, which might suggest the role of gidB mutations in STR 

resistance in MTB. In addition, 5.6% of isolates do not show any mutations in the three genes 

examined, suggesting the involvement of other mechanisms in STR resistance in MTB. Our 

findings of mutations in rpsL, rrs, and gidB satisfactorily predict the STR-resistant MTB in Nepal 

and can be implemented for the establishment of molecular STR susceptibility testing, in which 

TB can be treated with appropriate drugs and can improve control strategies for DR-TB. 

In chapter II, I aimed to collect information regarding pyrazinamide susceptibility in MTB 

isolates from Nepal by analyzing mutations in pncA. I investigated the frequency and patterns of 

pncA mutation among MTB isolates. I analyzed the pncA mutations by comparing with previously 

reported PZA resistance associating pncA mutations and in vivo/in vitro study. In addition, I 

described the pncA mutations by analyzing the single nucleotide substitution of pncA with the 

webserver predictive tool (SUSPECT-PZA). Sequence analysis of pncA and its upstream 

regulatory region was performed to assess PZA resistance. First-line drug susceptibility testing, 

spoligotyping, and sequence analysis of rpoB, katG, inhA regulatory region, gyrA, gyrB, and rrs 

were performed to assess their association with pncA mutations. The sequencing results revealed 

that 125 (59.2%) isolates harbored alterations in pncA and its upstream regulatory region. We 

detected 57 different mutation types (46 reported and 11 novels) that were scattered throughout 

the whole length of the pncA gene. I identified 87 (41.2%) isolates harbored mutations in pncA 

causing PZA resistance in MTB. There was a significant association of pncA alterations among 

MDR/pre-extensively drug-resistant (Pre-XDR) TB than among non-MDR-TB (p<0.005). The 

rate of pncA mutation was high in MDR-TB/Pre-XDR-TB, and most of the pncA mutations 
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resulted in PZA resistance in MTB. The increasing number of PZA-resistance among DR-TB in 

Nepal highlights the importance of PZA susceptibility testing for DR-TB treatment. Considering 

the long turnaround time of phenotypic DST in Nepal, we recommend the more feasible method 

of molecular pncA sequencing for the detection of PZA susceptibility.  

The findings from this study can provide the elaborated knowledge on the genotypic drug 

resistance mechanism of STR and PZA. This study focused on the routine DST before the 

implementation of drugs for DR-TB treatment in Nepal. Moreover, this study was focused on 

frequency and patterns in drug resistance-associated gene mutations which can help in the 

development of easy, rapid, and accessible DST tools. The diagnostic tools could contribute to 

policymaking on proper management of DR-TB treatment through early diagnosis and appropriate 

DR-TB treatment in Nepal.   



65 
 

ACKNOWLEDGEMENTS 

 

I would like to deeply express my gratitude and appreciation to my supervisor, Prof. 

Yasuhiko Suzuki from the Division of Bioresources, Hokkaido University Research Center for 

Zoonosis Control for all his incredible encouragement, motivation, training, excellent guidance, 

and supporting me throughout all of the research works and all activities in my Ph.D. course, 

including the writing of this thesis. I am greatly indebted to Prof. Chie Nakajima from the Division 

of Bioresources for her constant guidance and support throughout my Ph.D. in Japan. I would like 

to thank Assistant Prof. Jeewan Thapa from the Division of Bioresources for his assistance and 

help in revising my two manuscripts. Also, I am grateful to Prof. Hideaki Higashi from Division 

of Infection and Immunity and Assoc. Prof. Norikazu Isoda from Laboratory of Microbiology for 

their valuable advice and suggestions to improve my Ph.D. studies, including advising on the 

preparation of thesis book. 

I would like to convey my sincere gratitude to Prof. Emeritus Hiroshi Kida, Prof. Chihiro 

Sugimoto, Prof. Ayato Takada, Prof. Hirofumi Sawa, Prof. Motohiro Horiuchi, Prof. Hideaki 

Higashi, Prof. Ken Katakura, Assoc. Prof. Norikazu Isoda, Assoc. Prof. Ryo Nakao, and the other 

professors in Graduate School of Veterinary Medicine, Graduate School of Infectious Disease and 

Research Center for Zoonosis Control for sharing their knowledge, expertise and training during 

Ph.D. studies.  

I am indebted and grateful to Dr. Bhagwan Maharjan, Senior Microbiologist, National 

Tuberculosis Center, Nepal for his recommendation, constant guidance, and support to study at 

Hokkaido University.  

I am profoundly grateful to Er. Shiv Prasad Koirala, Board Member, Kathmandu 

Engineering College (KEC), Institute of Engineering, Nepal, and Mr. Indra Prasad Subedi, 

Director, Kathmandu College of Science and Technology (KCST), Tribhuvan University (TU), 

Nepal for permitting to study abroad. I am profoundly thankful to my teachers Ms. Archana 

Kunwar, Ms. Jyoti Amatya, Ms. Padma Shrestha, Mr. Sanjay Shrestha, other teachers and 

colleagues from KCST, TU, Nepal for their encouragement and support to pursue my Ph.D. study. 

I would also sincerely thankful to my teachers Dr. Jyoti Acharya, Senior Medical Technologist, 

National Public Health Laboratory, Nepal, and Dr. Sher Bahadur Pun, Chief Coordinator, Research 

Unit, Sukraraj Tropical and Infectious Disease Hospital, Nepal for their recommendation, constant 

support, and guidance for my further study in Hokkaido University.  

I am profoundly thankful to Ms. Yuki Maki, Ms. Shizuka, Ms. Masaki Sato, other members 

and staff from the leading program committee, Academic Affairs Section for their support and 

help for my personal and professional improvement during my stay in Hokkaido.  



66 
 

I am also sincerely thankful to my tutor Dr. Kentaro Koide for his great help, technical and 

social support throughout my student life. I would like to thank all my senior and junior colleagues, 

Dr. Ajay Poudel, Dr. Kanjana Changkaew, Dr. Siriporn Kongsoi, Dr. Ruchirada Changkwanyeun, 

Dr. Marvin Ardeza Villanueva, Dr. Tomoyuki Yamaguchi, Dr. Yogendra Shah, Dr. Nan Aye 

Thida Oo, Dr. Lai Lai San, Dr. Charitha Mendia, Dr. Jong-Hoon Park, Dr. Yuki Ouchi, Dr. Ruttana 

Pachanon, Mr. Thoko Flav Kapalamula, Ms. Mwangala Akapelwa, Ms. Risa Tsunoda, Ms. 

Wimmonrat Tanomsridachchai, Mr. Lawrence P. Belotindos, Ms. Precious Bwalya, Mr. Joseph 

Yamweka Chizimu, Ms. Nami Ajima, Ms. Jirachaya Toying, Ms. Pontpon Swanthada, Ms. 

Janisara Rudeeaneksin, Mr. Eddie Solo, Dr. Hassan Diab, Ms. Conscilliah Menda for their warm 

and healthy environment in the workplace. I would like to thank staff members from our division, 

Ms. Yukari Fukushima, Ms. Haruka Suzuki, Ms. Miki Nakagawa, Ms. Yayoi Kameda, Ms. Yuko 

Hidaka, and Ms. Midori Yoshida for their kind support and help in technical and social life.  

I am also thankful to Dr. Kritika Poudel for her support and help throughout my stay in 

Japan. I would like to express my gratitude to my friends in Japan and Nepal who support me to 

study abroad. 

I would like to express my gratitude and respectful acknowledgement to my father Bhoj 

Raj Shrestha, my mother Late Hira Devi Shrestha, my brother Chandan Shrestha, my sister Deepa 

Shrestha and other family members for their blessings, constant motivation, and support 

throughout my abroad study. 

At last but not a least, I would like to acknowledge my husband Er. Kunjan Amatya for his 

constant support, technical and moral guidance, help to complete the Ph.D. course, and 

unjudgmental attitude on my decision.   



67 
 

REFERENCES 

 

[1] Global tuberculosis report 2020. Geneva: World Health Organization; 2020. License: CC BY-

NC-SA 3.0 IGO. 

[2] World Health Organization. Global Tuberculosis Report 2019. WHO: 2019. 

[3] WHO consolidated guidelines on drug-resistant tuberculosis treatment. Geneva: World Health 

Organization; 2019. License: CC BY-NC-SA 3.0 IGO. 

[4] National Tuberculosis Program Nepal-Annual-Report-2074-75-Up 2018;75.  

[5] Diel R. Treatment of tuberculosis. Pneumologe 2019;16:117–30.  

[6] MoH/DoHS/NTC. National Tuberculosis Program - Nepal: Annual report 2073/74 (2017). Natl 

Tuberc Center, Nepal 2017;74:1–128. 

[7] WHO | Global tuberculosis report 2018. 2018. 

[8] Spies FS, Almeida Da Silva PE, Ribeiro MO, Rossetti ML, Zaha A. Identification of mutations 

related to streptomycin resistance in clinical isolates of Mycobacterium tuberculosis and 

possible involvement of efflux mechanism. Antimicrob Agents Chemother 2008;52:2947–9. 

[9] Via LE, Cho SN, Hwang S, Bang H, Park SK, Kang HS, et al. Polymorphisms associated with 

resistance and cross-resistance to aminoglycosides and capreomycin in Mycobacterium 

tuberculosis isolates from south Korean patients with drug-resistant tuberculosis. J Clin 

Microbiol 2010;48:402–11.  

[10] Okamoto S, Tamaru A, Nakajima C, Nishimura K, Tanaka Y, Tokuyama S, et al. Loss of a 

conserved 7-methylguanosine modification in 16S rRNA confers low-level streptomycin 

resistance in bacteria. Mol Microbiol 2007;63:1096–106. 

[11] Tracevska T, Jansone I, Nodieva A, Marga O, Skenders G, Baumanis V. Characterisation of 

rpsL, rrs and embB mutations associated with streptomycin and ethambutol resistance in 

Mycobacterium tuberculosis. Res Microbiol 2004;155:830–4.  

[12] Canetti G, Fox W, Khomenko A, Mahler HT, Menon NK, Mitchison DA, et al. Advances in 

techniques of testing mycobacterial drug sensitivity, and the use of sensitivity tests in 

tuberculosis control programmes. Bull World Health Organ 1969;41:21–43. 

[13] Edition F. Guidelines for surveillance of drug resistance in tuberculosis. WHO 

Geneva/IUATLD Paris. International Union Against Tuberculosis and Lung Disease. Int J 

Tuberc Lung Dis 1998;2:72–89. 

[14] Hain Lifescience. Geno Type MTBDRplus Ver 2.0. Hain Lifescience 2015:1–10. 

[15] Maharjan B, Nakajima C, Isoda N, Thapa J, Poudel A, Shah Y, et al. Genetic diversity and 

distribution dynamics of multidrug-resistant Mycobacterium tuberculosis isolates in Nepal. Sci 

Rep 2018;8:1–10.  



68 
 

[16] Kamerbeek J, Schouls L, Kolk A, Van Agterveld M, Van Soolingen D, Kuijper S, et al. 

Simultaneous detection and strain differentiation of Mycobacterium tuberculosis for diagnosis 

and epidemiology. J Clin Microbiol 1997;35:907–14. 

[17] Tekwu EM, Sidze LK, Assam JPA, Tedom JC, Tchatchouang S, Makafe GG, et al. Sequence 

analysis for detection of drug resistance in Mycobacterium tuberculosis complex isolates from 

the Central Region of Cameroon. BMC Microbiol 2014;14:1–10.  

[18] Hall T.A, BioEdit: a user-friendly biological sequence alignment editor and analysis program 

for Windows 95/98/NT. Oxford University Press 1999; Nucleic acid Symposium Series No-

42:95-98. 

[19] Cuevas-Córdoba B, Cuellar-Sánchez A, Pasissi-Crivelli A, Santana-álvarez CA, Hernández-

Illezcas J, Zenteno-Cuevas R. Rrs and rpsL mutations in streptomycin-resistant isolates of 

Mycobacterium tuberculosis from Mexico. J Microbiol Immunol Infect 2013;46:30–4.  

[20] Fukuda M, Koga H, Ohno H, Yang B, Hirakata Y, Maesaki S, et al. Relationship between 

genetic alteration of the. J Antimicrob Chemother 1999;43:281–4. 

[21] Siddiqi N, Shamim M, Hussain S, Kumar Choudhary R, Ahmed N, Prachee, et al. Molecular 

characterization of multidrug-resistant isolates of Mycobacterium tuberculosis from patients in 

North India. Antimicrob Agents Chemother 2002;46:443–50.  

[22] Sun YJ, Luo JT, Wong SY, Lee ASG. Analysis of rpsL and rrs mutations in Beijing and non-

Beijing streptomycin-resistant Mycobacterium tuberculosis isolates from Singapore. Clin 

Microbiol Infect 2010;16:287–9.  

[23] Zhao Y, Xu S, Wang L, Chin DP, Wang S, Jiang G, et al. National survey of drug-resistant 

tuberculosis in China. N Engl J Med 2012;366:2161–70.  

[24] Bottger EC, Springer B, Pletschette M, Sander P. Fitness of antibiotic-resistant 

microorganisms and compensatory mutations [3]. Nat Med 1998;4:1343–4.  

[25] Thida Oo NA, San LL, Thapa J, Aye KS, Aung WW, Nakajima C, et al. Characterization of 

mutations conferring streptomycin resistance to multidrug-resistant Mycobacterium 

tuberculosis isolates from Myanmar. Tuberculosis 2018;111:8–13.  

[26] Sun H, Zhang C, Xiang L, Pi R, Guo Z, Zheng C, et al. Characterization of mutations in 

streptomycin-resistant Mycobacterium tuberculosis isolates in Sichuan, China and the 

association between Beijing-lineage and dual-mutation in gidB. Tuberculosis 2016;96:102–6.  

[27] Smittipat N, Juthayothin T, Billamas P, Jaitrong S, Rukseree K, Dokladda K, et al. Mutations 

in rrs, rpsL and gidB in streptomycin-resistant Mycobacterium tuberculosis isolates from 

Thailand. J Glob Antimicrob Resist 2016;4:5–10.  

[28] Sreevatsan S, Pan X, Stockbauer KE, Williams DL, Kreiswirth BN, Musser JM. 

Characterization of rpsL and rrs mutations in streptomycin-resistant Mycobacterium 



69 
 

tuberculosis isolates from diverse geographic localities. Antimicrob Agents Chemother 

1996;40:1024–6. 

[29] Dobner P, Bretzel G, Rüsch-Gerdes S, Feldmann K, Rifai M, Löscher T, et al. Geographic 

variation of the predictive values of genomic mutations associated with streptomycin resistance 

in Mycobacterium tuberculosis. Mol Cell Probes 1997;11:123–6.  

[30] Jagielski T, Ignatowska H, Bakuła Z, Dziewit Ł, Napiórkowska A, Augustynowicz-Kopeć E, 

et al. Screening for streptomycin resistance-conferring mutations in Mycobacterium 

tuberculosis clinical isolates from Poland. PLoS One 2014;9: e100078.  

[31] Whitfield M G, Soeters H M, Warren R M, et al. A global perspective on pyrazinamide 

resistance: Systematic review and meta-analysis. PLoS One 2015; 10: 1-16. 

[32] Zhang Y, Permar S, Sun Z. Conditions that may affect the results of susceptibility testing of 

Mycobacterium tuberculosis to pyrazinamide. J Med Microbiol 2002; 51: 42–49. 

[33] Pfyffer G E, Palicova F, Rüsch-Gerdes S. Testing of susceptibility of Mycobacterium 

tuberculosis to pyrazinamide with the nonradiometric BACTEC MGIT 960 system. J Clin 

Microbiol 2002; 40: 1670–1674. 

[34] Kontos F, Nicolaou S, Kostopoulos C, et al. Multicenter evaluation of the fully automated 

Bactec MGIT 960 system for susceptibility testing of Mycobacterium tuberculosis to 

pyrazinamide: Comparison with the radiometric Bactec 460TB system. J Microbiol Methods 

2003; 55: 331–333. 

[35] Johansen I S, Thomsen V Ø, Marjamäki M, Sosnovskaja A, Lundgren B. Rapid, automated, 

nonradiometric susceptibility testing of Mycobacterium tuberculosis complex to four first-line 

antituberculous drugs used in standard short-course chemotherapy. Diagn Microbiol Infect Dis 

2004; 50: 103–107. 

[36] Scarparo C, Ricordi P, Ruggiero G, Piccoli P. Evaluation of the Fully Automated BACTEC 

MGIT 960 System for Testing Susceptibility of Mycobacterium tuberculosis to Pyrazinamide, 

Streptomycin, Isoniazid, Rifampin, and Ethambutol and Comparison with the Radiometric 

BACTEC 460TB Method. J Clin Microbiol 2004; 42: 1109–1114. 

[37] WHO. Companion handbook to the WHO guidelines for the programmatic management of 

drug-resistant tuberculosis. 2014.11. 464 p. 

[38] Ramirez-Busby S M, Rodwell T C, Fink L, et al. A Multinational Analysis of Mutations and 

Heterogeneity in PZase, RpsA, and PanD Associated with Pyrazinamide Resistance in M/XDR 

Mycobacterium tuberculosis. Sci Rep 2017; 7: 1–9. 

[39] Sumnienski Rodrigues V D F, Telles M A, Ribeiro M O, Cafrune P I, Rossetti M L R, Zaha 

A. Characterization of pncA mutations in pyrazinamide-resistant Mycobacterium tuberculosis 

in Brazil. Antimicrob Agents Chemother 2005; 49: 444–446. 

[40] Sreevatsan S, Pan XI, Zhang Y, Kreiswirth BN, Musser JM. Mutations Associated with 



70 
 

Pyrazinamide Resistance in. Microbiology 1997;41:636-40. 

[41] Scorpio A, Zhang Y. Mutations in pncA, a gene encoding pyrazinamidase/nicotinamidase, 

cause resistance to the antituberculous drug pyrazinamide in tubercle bacillus. Nat Med 

1996;2:662-7.  

[42] Zhang Y, Mitchison D. The curious characteristics of pyrazinamide: A review. Int J Tuberc 

Lung Dis 2003;7:6-21. 

[43] Hameed HMA, Tan Y, Islam MM, Lu Z, Chhotaray C, Wang S, et al. Detection of novel gene 

mutations associated with pyrazinamide resistance in multidrug-resistant Mycobacterium 

tuberculosis clinical isolates in Southern China. Infect Drug Resist 2020;13:217-27.  

[44] Ramirez-Busby SM, Valafar F. Systematic review of mutations in pyrazinamidase associated 

with pyrazinamide resistance in mycobacterium tuberculosis clinical isolates. Antimicrob 

Agents Chemother 2015;59:5267-77.  

[45] Jonmalung J, Prammananan T, Leechawengwongs M, Chaipraset A. Surveillance of 

pyrazinamide susceptibility among multidrug-resistance Mycobacterium tuberculosis isolates 

from Siriraj Hospital, Thailand 2010;223:2-7. 

[46] Lemaitre N, Sougakoff W, Truffot-Pernot C, Jarlier V. Characterization of new mutations in 

pyrazinamide-resistant strains of Mycobacterium tuberculosis and identification of conserved 

regions important for the catalytic activity of the pyrazinamidase PncA. Antimicrob Agents 

Chemother 1999;43:1761-3. 

[47] Miotto P, Cabibbe AM, Feuerriegel S et al. Mycobacterium tuberculosis pyrazinamide 

resistance determinants: a multicenter study. mBio 2014;5: e01819–01814. 

[48] Karmakar M, Rodrigues CHM, Horan K, Denholm JT, Ascher DB. Structure guided 

prediction of Pyrazinamide resistance mutations in pncA. Sci Rep 2020;10:1-10.  

[49] Thapa G, Pant ND, Khatiwada S, lekhak B, Shrestha B. Drug susceptibility patterns of the 

Mycobacterium tuberculosis isolated from previously treated and new cases of pulmonary 

tuberculosis at German-Nepal tuberculosis project laboratory, Kathmandu, Nepal. Antimicrob 

Resist Infect Control 2016;5:1–7.  

[50] Shi R, Zhang J, Li C, Kazumi Y, Sugawara I. Detection of streptomycin resistance in 

Mycobacterium tuberculosis clinical isolates from China as determined by denaturing HPLC 

analysis and DNA sequencing. Microbes Infect 2007;9:1538–44.  

[51] Verma JS, Gupta Y, Nair D, Manzoor N, Rautela RS, Rai A, et al. Evaluation of gidB 

alterations responsible for streptomycin resistance in Mycobacterium tuberculosis. J 

Antimicrob Chemother 2014;69:2935–41.  

[52] Ali A, Hasan Z, McNerney R, Mallard K, Hill-Cawthorne G, Coll F, et al. Whole genome 

sequencing based characterization of extensively drug-resistant Mycobacterium tuberculosis 

isolates from pakistan. PLoS One 2015;10: e0117771.  



71 
 

[53] Hlaing YM, Tongtawe P, Tapchaisri P, Thanongsaksrikul J, Thawornwan U, Archanachan B, 

et al. Mutations in streptomycin resistance genes and their relationship to streptomycin 

resistance and lineage of Mycobacterium tuberculosis Thai isolates. Tuberc Respir Dis (Seoul) 

2017;80:159–68.  

[54] Katsukawa C, Tamaru A, Miyata Y, Abe C, Makino M, Suzuki Y. Characterization of the 

rpsL and rrs genes of streptomycin-resistant clinical isolates of Mycobacterium tuberculosis in 

Japan. J Appl Microbiol 1997;83:634–40.  

[55] Meier A, Kirschner P, Bange FC, Vogel U, Bottger EC. Genetic alterations in streptomycin-

resistant Mycobacterium tuberculosis: Mapping of mutations conferring resistance. Antimicrob 

Agents Chemother 1994;38:228–33.  

 [56] Villellas C, Aristimuño L, Vitoria MA, Prat C, Blanco S, De Viedma DG, et al. Analysis of 

mutations in streptomycin-resistant strains reveals a simple and reliable genetic marker for 

identification of the Mycobacterium tuberculosis Beijing genotype. J Clin Microbiol 

2013;51:2124–30.  

[57] Spies FS, Ribeiro AW, Ramos DF, Ribeiro MO, Martin A, Palomino JC, et al. Streptomycin 

resistance and lineage-specific polymorphisms in Mycobacterium tuberculosis gidB gene. J 

Clin Microbiol 2011;49:2625–30.  

 [58] Suzuki Y, Yoshinaga K, Ono Y, Nagata A, Yamada T. Organization of rRNA genes in 

Mycobacterium bovis BCG. J Bacteriol 1987;169:839–43.  

[59] Nhu NTQ, Lan NTN, Phuong NTN, Van V Chau N, Farrar J, Caws M. Association of 

streptomycin resistance mutations with level of drug resistance and Mycobacterium 

tuberculosis genotypes. Int J Tuberc Lung Dis 2012;16:527–31.  

[60] Feuerriegel S, Oberhauser B, George AG, Dafae F, Richter E, Rüsch-Gerdes S, et al. Sequence 

analysis for detection of first-line drug resistance in Mycobacterium tuberculosis strains from a 

high-incidence setting. BMC Microbiol 2012;12:90.  

[61] Bauskenieks M, Pole I, Skenders G, Jansone I, Broka L, Nodieva A, et al. Genotypic and 

phenotypic characteristics of aminoglycoside-resistant Mycobacterium tuberculosis isolates in 

Latvia. Diagn Microbiol Infect Dis 2015;81:177–82.  

[62] Perdigão J, Macedo R, Machado D, Silva C, Jordão L, Couto I, et al. GidB mutation as a 

phylogenetic marker for Q1 cluster Mycobacterium tuberculosis isolates and intermediate-level 

streptomycin resistance determinant in Lisbon, Portugal. Clin Microbiol Infect 2014;20:0278-

0284.  

[63] Chedore P, Bertucci L, Wolfe J, Sharma M, Jamieson F. Potential for erroneous results 

indicating resistance when using the bactec MGIT 960 system for testing susceptibility of 

Mycobacterium tuberculosis to pyrazinamide. J Clin Microbiol 2010; 48:300–301. 

[64] Simons S O, Van Ingen J, Van Der Laan T, et al. Validation of pncA gene sequencing in 



72 
 

combination with the mycobacterial growth indicator tube method to test susceptibility of 

Mycobacterium tuberculosis to pyrazinamide. J Clin Microbiol 2012; 50: 428–434. 

[65] Ando H, Mitarai S, Kondo Y, et al. Pyrazinamide resistance in multidrug-resistant 

Mycobacterium tuberculosis isolates in Japan. Clin Microbiol Infect 2010; 16:1164–1168. 

[66] Suzuki Y, Suzuki A, Tamaru A, Katsukawa C, Oda H. Rapid Detection of Pyrazinamide-

resistant. Society 2002;40:501-7.  

[67] Pierre-Audigier C, Surcouf C, Cadet-Daniel V, Namouchi A, Heng S, Murray A, et al. 

Fluoroquinolone and pyrazinamide resistance in multidrug-resistant tuberculosis. Int J Tuberc 

Lung Dis 2012;16:221-3.  

[68] Shrestha D, Maharjan B, Thida Oo NA, Isoda N, Nakajima C, Suzuki Y. Molecular analysis 

of streptomycin-resistance associating genes in Mycobacterium tuberculosis isolates from 

Nepal. Tuberculosis 2020;125:101985.  

[69] Poudel A, Nakajima C, Fukushima Y, Suzuki H, Pandey BD, Maharjan B, et al. Molecular 

Characterization of Multidrug-Resistant Mycobacterium tuberculosis Isolates in Nepal. 

Antimicrob Agents Chemother 2012;57:2831-6. 

[70] Hirano K, Takahashi M, Kazumi Y, Fukasawa Y, Abe C. Mutation in pncA is a major 

mechanism of pyrazinamide resistance in Mycobacterium tuberculosis. Tuber Lung Dis 

1998;78:117-22. 

[71] Yadon AN, Maharaj K, Adamson JH, Lai YP, Sacchettini JC, Ioerger TR, et al. A 

comprehensive characterization of PncA polymorphisms that confer resistance to pyrazinamide 

Nat Commun 2017;8910:588. 

[72] Degano M, Ambrosi A, Hoffner S, Mansjö M, Werngren J, Rüsch-gerdes S, et al. 

Mycobacterium tuberculosis Pyrazinamide Resistance Determinants : a. Mol Microbiol 

2014;5:1–10. 

[73] Pang Y, Zhu D, Zheng H, et al. Prevalence and molecular characterization of pyrazinamide 

resistance among multidrug-resistant Mycobacterium tuberculosis isolates from Southern 

China. BMC Infect Dis 2017; 17: 1–8. 

[74] Shenai S, Rodrigues C, Sadani M, Sukhadia N, Mehta A. Comparison of phenotypic and 

genotypic methods for Pyrazinamide susceptibility testing. Indian J Tuberc 2009;56:82–90. 

[75] Bwalya P, Yamaguchi T, Mulundu G, Nakajima C, Mbulo G, Solo ES, et al. Genotypic 

characterization of pyrazinamide resistance in Mycobacterium tuberculosis isolated from 

Lusaka, Zambia. Tuberculosis 2018;109:117–22. 

[76] Xia Q, Zhao LL, Li F, Fan YM, Chen YY, Wu BB, et al. Phenotypic and genotypic 

characterization of pyrazinamide resistance among multidrug-resistant Mycobacterium 

tuberculosis isolates in Zhejiang, China. Antimicrob Agents Chemother 2015;59:1690–5. 

[77] Aono A, Chikamatsu K, Yamada H, Kato T, Mitarai S. Association between pncA gene 



73 
 

mutations, pyrazinamidase activity, and pyrazinamide susceptibility testing in Mycobacterium 

tuberculosis. Antimicrob Agents Chemother 2014;58:4928–30. 

[78] Tan Y, Hu Z, Zhang T, Cai X, Kuang H, Liu Y, et al. Role of pncA and rpsA gene sequencing 

in detection of pyrazinamide resistance in mycobacterium tuberculosis isolates from southern 

China. J Clin Microbiol 2014;52:291–7. 

[79] Rahman A, Ferdous S, Ahmed S. crossm tuberculosis among Multidrug-Resistant 

Tuberculosis Patients in Bangladesh 2017;61:1–12.  

[80] Sheen P, Lozano K, Gilman RH, Valencia HJ, Loli S, Fuentes P, et al. PncA gene expression 

and prediction factors on pyrazinamide resistance in Mycobacterium tuberculosis. Tuberculosis 

2013;93:515–22. 

[81] Scorpio A, Collins D, Whipple D, Cave D, Bates J, Zhang Y. Rapid differentiation of bovine 

and human tubercle bacilli based on a characteristic mutation in the bovine pyrazinamidase 

gene. J Clin Microbiol 1997;35:106–10. 

[82] Abebe G, , Zegeye Bonsa WK. Treatment Outcomes and Associated Factors in Tuberculosis 

Patients at Jimma University Medical Center: A 5‑Year Retrospective Study Gemeda. Int J 

Mycobacteriology 2017;6:239–45. 

[83] Africa S, Allana S, Shashkina E, Mathema B, Bablishvili N, Tukvadze N, et al. pncA Gene 

Mutations Associated with Pyrazinamide Resistance in Drug-Resistant. Emerg Infect Dis 

2017;23:491–5.  

[84] Baharoglu Z, Mazel D. Vibrio cholerae triggers SOS and mutagenesis in response to a wide 

range of antibiotics: A route towards multiresistance. Antimicrob Agents Chemother 

2011;55:2438–41. 

[85] Denkin S, Volokhov D, Chizhikov V, Zhang Y. Microarray-based pncA genotyping of 

pyrazinamide-resistant strains of Mycobacterium tuberculosis. J Med Microbiol 2005;54:1127–

31. 

[86] Shi W, Zhang X, Jiang X, Yuan H, Lee JS, Barry CE, et al. Pyrazinamide Inhibits Trans-

Translation in Mycobacterium tuberculosis 2011;333:1630–3.  

[87] Sheen P, Requena D, Gushiken E, Gilman RH, Antiparra R, Lucero B, et al. A multiple 

genome analysis of Mycobacterium tuberculosis reveals specific novel genes and mutations 

associated with pyrazinamide resistance. BMC Genomics 2017;18:769.  

[88] Rahman A, Sahrin M, Afrin S, Earley K, Ahmed S, Rahman SMM, et al. Comparison of 

Xpert MTB/RIF assay and genotype MTBDRplus DNA probes for detection of mutations 

associated with rifampicin resistance in Mycobacterium tuberculosis. PLoS One 2016;11:1-11.   



74 
 

LIST OF PUBLICATION 

 

[1] Shrestha D, Maharjan B, Thida Oo NA, Isoda N, Nakajima C, Suzuki Y. Molecular analysis 

of streptomycin-resistance associating genes in Mycobacterium tuberculosis isolates from 

Nepal. Tuberculosis 2020;125:101985.  


