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Summary 

The eradication of drug resistance (DR) in Mycobacterium tuberculosis (Mtb) has been proven 

to be challenging. Several DR mechanisms that are not fully understood have been suggested 

to play significant roles in the acquisition, maintenance, and spread of DR-Mtb strains. A DR 

mechanism of interest in this study was epistasis; an important evolutionary process suggested 

to play a role in the evolution of DR in Mtb. This mechanism of interest results in co-adapted 

alleles in the Mtb population meaning that the acquisition of new mutations are not independent 

of each other. Our study aimed at modelling evolutionary trajectories of DR in the human 

adapted lineages of the M. tuberculosis complex. To accomplish this an extensive search of 

sequence data in public databases as well as metadata was done. The data then went through 

quality analyses that yielded a dataset of 9388 sequences that represented the diversity of Mtb 

isolates from different lineages. Additionally, statistical analysis identified significant non-

random associations between linked common and lineage specific DR mutations. This analysis 

enabled the identification of epistatic interactions among pre-requisite/stepping stone 

mutations, intermediate mutations, DR mutations, and compensatory mutations, all of which 

were suggested to play a role in the evolution of DR in Mtb. Lastly, evolutionary trajectories 

towards DR were modelled for the overall Mtb population and the different lineages 

Identifying linked common associations resulted in the identification of 64 universal markers, 

in functional and non-functional genes, of DR to more than three antibiotics. Functional 

mutations included a DR mutation and other mutations involved in key biological processes 

such as lipid metabolism, and redox metabolism suggested to have a strong association with 

multiple drug resistance. Non-functional genes were largely comprised of highly mutable pe 

and ppe genes. Associations among these markers were then determined to investigate the 

likelihood of the occurrence of a “mutator phenotype” necessary for the acquisition of a 

multiple drug resistance phenotype. Indeed when these associations were modelled they 

demonstrated the occurrence of a “mutator” phenotype as a result of PE_PGRS genes before 

the acquisition of multiple drug resistance.  

Further analysis was done to determine lineage specific non-random associations between 

polymorphisms in the various lineages. Epistatic interactions among polymorphisms formed 

multiple evolutionary pathways that resulted in various evolutionary trajectories. Several 

evolutionary paths within the various lineages were established and showed the importance of 

the various categories of mutations and their role in DR acquisition and compensation. Several 
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pre-requisite mutations in genes of known function and hypotheticals were suggested to be 

important in the acquisition of high level resistance. Intermediate mutations were also 

suggested to play a role in the acquisition of several evolutionary trajectories. The study also 

identified several pairs of DR mutations that formed positive epistatic interactions promoting 

further resistance to additional drugs. Compensatory mutations in several genes were suggested 

to be important in the amelioration of fitness costs as a consequence of DR acquisition. 

Ultimately these results showed the importance of epistasis in the evolution of DR in Mtb. 

This study then concluded by emphasising the importance of understanding evolutionary 

trajectories towards DR in Mtb because this would lead to the improvement of diagnostics, 

treatment outcomes, and the effective use of antibiotics. The study also highlighted the 

importance of further investigation into inter-lineage diversity and its role in the evolution of 

DR. Furthermore, much progress has been made in the fight against the tuberculosis disease, 

however, significant gaps remain in our understanding of the pathogenesis of this bacterium. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



v 
 

Table of contents 

LIST OF ABBREVIATIONS AND ACRONYMS 

LIST OF TABLES 

LIST OF FIGURES 

PUBLICATION 

DEFINITIONS 

KEYWORDS 

Chapter1: Introduction............................................................................................................1 

 1.1 Background……………………………………………………………………….1 

 1.2 Problem statement………………………………………………………………..2 

 1.3 Work hypothesis and statement of objectives…………………………………..3 

 1.4 Chapter overviews………………………………………………………………..3 

Chapter2: Literature review…………………………………………………………………5 

2.1 Introduction………………………………………………………………………………5 

 2.2 Brief history of TB historical basis of TB treatment, and resistance………….7 

2.2.1 The discovery of anti-tuberculous drugs…………………………….7 

2.2.2 The emergence of MDR and XDR…………………………………..8 

2.2.3 Totally drug resistant TB………………………………………….....9 

2.3 TB treatment …………………………………………………………………..10 

2.3.1 First line drugs………………………………………………………12 

2.3.2 Second line drugs……………………………………………………13 

2.4 Challenges with the treatment of TB………………………………………….16 

2.4.1 Drug resistance development……………………………………….17 

2.4.2 Patient adherence…………………………………………………...17 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



vi 
 

2.4.3 Mtb’s state of dormancy…………………………………………….18 

2.4.4 Development of new drugs………………………………………….18 

2.4.5 TB vaccine…………………………………………………………...19 

2.5 TB diagnosis……………………………………………………………………19 

2.5.1 Is whole genome sequencing an alternative to TB diagnosis?.........19 

2.6 Genetic diversity of Mycobacterium tuberculosis……………………………..21 

2.6.1 Lineage 1……………………………………………………………..22 

2.6.2 Lineage 2……………………………………………………………..22 

2.6.3 Lineage 3……………………………………………………………..23 

2.6.4 Lineage 4……………………………………………………………..23 

2.6.5 Lineage 5 and Lineage 6…………………………………………….23 

2.6.6 Lineage 7……………………………………………………………..23 

2.6.7 Lineages 8 and 9……………………………………………………..24  

2.7 The evolution of drug resistance in Mtb………………………………………24  

2.7.1 Intrinsic resistance…………………………………………………..26  

2.7.2 Acquired drug resistance…………………………………………...29 

2.7.3 Epistasis……………………………………………………………...30 

2.7.4 Fitness cost and Compensatory evolution in essence are part of sign 

epistasis………………………………………………………………34 

2.7.5 Clonal interference………………………………………………….36 

2.8 Conclusion……………………………………………………………………….37 

Chapter 3: Methods and Materials…………………………………………………………38 

 3.1 Introduction……………………………………………………………………..38 

 3.2 Data collection…………………………………………………………………...39 

 3.3 Mapping and variant calling……………………………………………………41 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



vii 
 

 3.4 Split package…………………………………………………………………….42 

3.4.1 Identify_polymorphism.py…………………………………………42 

3.4.2 Fastq2vcf.py…………………………………………………………43 

3.4.3 Annotation.py……………………………………………………….44 

3.4.4 Split.py……………………………………………………………….45 

3.4.5 Risk.py……………………………………………………………….46 

 3.5 Data visualization………………………………………………………………..48 

Chapter 4: Identification of Universal lineage-independent markers of multidrug 

resistance in M. tuberculosis……………………………………………………………….49 

4.1 Introduction……………………………………………………………………..49 

4.2 Universal markers of antibiotic resistance in functional genes………………49 

4.3 Mutations in PE/PPE and PE_PGRS genes and their associations with 

multidrug resistance………………………………………………………………………..53 

4.4 Epistatic interactions among universal markers of drug resistance in 

Mycobacterium tuberculosis………………………………………………………………..57 

Chapter 5: Identification of lineage-specific markers of antibiotic resistance and 

reconstruction of epistatic interactions between them…………………………………….59 

5.1 Introduction……………………………………………………………………..59 

5.2 Epistatic interactions specific for Lineage 1.2………………………………….63 

5.3 Epistatic interactions specific for Lineage 2……………………………………65 

5.4 Epistatic interactions specific for Lineage 3……………………………………67 

5.5 Epistatic interactions specific for Lineage 4……………………………………68 

5.6 Epistatic interactions specific for Lineage 4.1………………………………….69 

5.7 Epistatic interactions specific for Lineage 4.1(Haarlem)……………………...70 

5.8 Epistatic interactions specific for Lineage 4.2(Ural)…………………………..72 

5.9 Epistatic interactions specific for Lineage 4.6(Uganda)……………………….73 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



viii 
 

Chapter 6: Discussion and Conclusion……………………………………………………..75 

6.1 Discussion………………………………………………………………………..75 

6.2 Conclusive remark……………………………………………………………....78 

References…………………………………………………………………………………...80 

Appendix………………………………………………………………………………….....95 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



ix 

Abbreviations: 

AMK: amikacin 

CFZ: clofazimine 

CP: capreomycin 

CS: cycloserine 

DOTS: directly observed therapy 

DS: drug susceptible 

DR: drug resistant/resistance 

EMB: ethambutol 

ETH: ethionamide 

FQ: fluoroquinolones 

INH: isoniazid 

KAN: kanamycin 

LFX: levofloxacin 

LZD: linezolid 

MXF: moxifloxacin 

MtbC: mycobacterium tuberculosis complex 

OFX: ofloxacin 

PAS: para-aminoglycosides 

PTH: prothionamide 

PZA: pyrazinamide 

STM: streptomycin 

TB: tuberculosis 

RIF: rifampicin 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  



x 
 

WGS: whole genome sequencing 

WHO: World Health Organization 

XDR-TB: extensively drug-resistant tuberculosis 

XXDR-TB: extremely drug resistant tuberculosis 

Acronyms: 

PATRICK: Pathosystems Resource Integration Center 

List of tables: 

Table 2: Antibiotics used to treat tuberculosis together with their modes of action and drug 

resistance mutations. 

Table 3: Numbers of isolates from each lineage of M. tuberculosis collected for the analysis. 

Table 4.1: Universal markers of drug resistance in M. tuberculosis found in functional genes. 

Table 4.2: Universal markers of drug resistance in M. tuberculosis found in PE/PPE and non-

functional genes. 

Table 5: The most discriminative polymorphisms that distinguish between resistant and 

susceptible strains in various Mycobacterium tuberculosis lineages.  

List of figures: 

Figure 2.1: The geographical distribution of the different lineages of Mycobacterium 

tuberculosis complex. 

Figure 2.2: Acquired and intrinsic mechanisms of resistance found in Mycobacterium 

tuberculosis. 

Figure 2.3: Figure adapted from Trauner et al. (2014) showing putative epistatic interactions 

among genes found within M. tuberculosis genomes. 

Figure 2.4: The different forms of epistasis and their effect on fitness (↑ high fitness) ( ↓ low 

fitness). 

Figure 2.5: Shows the evolutionary trajectory of DR from the acquisition of mutations to clonal 

interference. 

Figure 3.1: Analytical workflow of the project. 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



xi 

Figure 3.2: The command prompt interface of the script identify_polymorphisms 

Figure 3.3: Command prompt interface of fastq2vcf. 

Figure 3.4: The command prompt interface of the script annotation. 

Figure 3.5: The command prompt interface of the script split. 

Figure 3.6: The command prompt interface of the script risk. 

Figure 3.7: Two pairs of polymorphisms with the first pair showing omnidirectional 

dependency with the likelihood of a drug resistance (DR) mutation (KatG R463L) occurring 

when a mutation has already occurred in a secondary polymorphic site (stp D69Y). The 

likelihood of a mutation occurring in the opposite direction is less likely (B→b|a < 0.5 and 

A→a|b> 0.5). The second pair shows bidirectional dependency with the likelihood of a DR 

mutation occurring when a mutation has already occurred in a secondary polymorphic site 

(PPE35L896S) and a mutation occurring in a secondary polymorphic site when a mutation has 

already occurred in the DR mutation (both B→b|a and A→a|b> 0.5). This indicates genetic drift 

and such pairs were removed from the analysis. 

Figure 4.1: Epistatic interactions among mutations in global markers of drug resistance. The 

green node represents pre-requisite mutations, the blue nodes are intermediate mutations, and 

the pink nodes are final compensatory mutations. Epistatic links to known DR mutations are 

highlighted by orange edges. Nodes are labelled by the respective gene name and codon 

position number following the colon. 

Figure 5.1: Epistatic interactions showing various evolutionary paths towards drug resistance 

(DR) in lineage 1.2. The green nodes represent a pre-requisite mutation, the blue nodes an 

intermediate mutation, the orange nodes represent DR mutations, and the pink nodes and 

final/compensatory mutation. Epistatic links to and from known DR mutations are highlighted 

by orange edges. Nodes are labeled by the respective gene name and codon position number 

following the horizontal line. 

Figure 5.2: Epistatic interactions showing various evolutionary paths towards drug resistance 

(DR) in lineage 2. The green nodes represent a pre-requisite mutation, the blue nodes an 

intermediate mutation, the orange nodes represent DR mutations, and the pink nodes and 

final/compensatory mutation. Epistatic links to and from known DR mutations are highlighted 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  



xii 
 

by orange edges. Nodes are labelled by the respective gene name and codon position number 

following the horizontal line. 

Figure 5.3: Epistatic interactions showing various evolutionary paths towards drug resistance 

(DR) in lineage 3. The green nodes represent a pre-requisite mutation, the blue nodes an 

intermediate mutation, the orange nodes represent DR mutations, and the pink nodes and 

final/compensatory mutation. Epistatic links to and from known DR mutations are highlighted 

by orange edges. Nodes are labelled by the respective gene name and codon position number 

following the horizontal line. 

Figure 5.4: Epistatic interactions showing the mutational path in lineage 4. The orange node 

represents a drug resistance (DR) mutation and the pink node a final/compensatory mutation. 

The epistatic interaction from the known DR mutation is highlighted by the orange edge. Nodes 

are labelled by the respective gene name and codon position number following the horizontal 

line. 

Figure 5.5: Epistatic interactions showing various evolutionary paths towards drug resistance 

(DR) in lineage 4.1. The green nodes represent a pre-requisite mutation, the blue nodes an 

intermediate mutation, the orange nodes represent DR mutations, and the pink nodes and 

final/compensatory mutation. Epistatic links to and from known DR mutations are highlighted 

by orange edges. Nodes are labelled by the respective gene name and codon position number 

following the horizontal line. 

Figure 5.6: Epistatic interactions showing various evolutionary paths towards drug resistance 

(DR) in lineage 4.1(Haarlem). The blue nodes are intermediate mutations, the orange nodes 

represent DR mutations and/or pre-requisite mutations, and the pink nodes are 

final/compensatory mutations. Epistatic links to and from known DR mutations are highlighted 

by orange edges. Nodes are labelled by the respective gene name and codon position numbers 

following the horizontal line. 

Figure 5.7: Epistatic interactions showing various evolutionary paths towards drug resistance 

(DR) in lineage 4.2 (Ural). The green nodes represent a pre-requisite mutation, the blue nodes 

an intermediate mutation, the orange nodes represent DR mutations, and the pink nodes and 

final/compensatory mutation. Epistatic links to and from known DR mutations are highlighted 

by orange edges. Nodes are labelled by the respective gene name and codon position number 

following the horizontal line. 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



xiii 
 

Figure 5.8: Epistatic interactions showing various evolutionary paths towards drug resistance 

(DR) in lineage 4.6 (Uganda). The green nodes represent a pre-requisite mutation, the blue 

nodes an intermediate mutation, the orange nodes represent DR mutations, and the pink nodes 

and final/compensatory mutation. Epistatic links to and from known DR mutations are 

highlighted by orange edges. Nodes are labelled by the respective gene name and codon 

position number following the horizontal line. 

Publication: The Epistatic Landscape of Antibiotic Resistance of Different Clades of 

Mycobacterium tuberculosis. 

Definitions: 

Acquired drug resistance: drug resistance that occurs either through mutations or horizontal 

gene transfer mediated by phages, plasmids, or transposon elements 

Attributable risk statistic: 

Dormancy: refers to a non-replicating state in Mycobacterium tuberculosis with low-to-absent 

metabolic activity.   

Epistasis: is a phenomenon where the effect of one mutation depends on the presence of another 

mutation in the same genome thus affecting the organism’s phenotype. 

Evolutionary path: a sequences of genetic changes that form chains in which each step 

facilitates the next, favouring, step by step, a significant increase in resistance. 

Evolutionary trajectory: refers to the order of changes that result in the evolution of one 

organismal (phenotypic or genotypic) state from another. 

Negative epistasis: the fitness of a double mutant is lower than expected consequently 

constraining the evolution towards drug resistance by aggravating its cost.  

Hetero-resistance: occurs when some bacterial populations are susceptible and others are 

resistant. 

Latency: refers to a state of asymptomatic infection without apparent disease. 

Linkage disequilibrium: A measure of whether alleles at two loci coexist in a population in a 

non-random fashion. Alleles that are in LD are found together on the same haplotype more 

often than would be expected under a random combination of alleles. 
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Pathogenesis: describes the mechanisms by which a disease develops, progresses, and either 

persists or is resolved. 

Persistence: bacterial cells that are not susceptible to the drug, but do not possess resistance 

genes. 

Positive epistasis: the fitness of a double mutant is higher than expected consequently 

promoting the evolution of drug resistance while minimising its cost. 

Primary resistance:  resistance that can be transmitted from person to person.  

Secondary resistance: resistance bacteria acquire through DR mutations such as Single 

Nucleotide Polymorphisms and insertions and/or deletions  

Sign epistasis: when a mutation may be beneficial or deleterious depending on the genetic 

background. 

Virulence: damage that TB infection causes to the host. 

Keywords: Mycobacterium tuberculosis, epistasis, evolution, drug resistance, compensatory 

evolution, pre-requisite mutations, lineage.
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Chapter1: Introduction 

 

1.1 Background 

DR Tom Frieden, the former director of the Centers for Disease Control and Prevention, 

warned, "If we are not careful, we will soon be in a post-antibiotic era. And for some patients 

and for some microbes, we are already there."(1). Currently, we have a global problem of 

microbes that are resistant to almost every antibiotic available for treatment (2,3). Yes, the 

discovery of antibiotics revolutionized the treatment of bacterial infectious diseases enabling 

the eradication of deadly pathogens, unfortunately, it is well-established that antibiotic use 

results in the evolution of drug resistance (DR) (4,5). The main drivers of antibiotic resistance 

have been due to the misuse and overuse of antibiotics; social, political, and economic factors 

affecting access to proper treatment, as well as the lack of new antibiotics (2,6-8).  

Additionally, there are a wide variety of biochemical and physiological mechanisms that may 

be responsible for the emergence of resistance (4). The lack of knowledge of the complex 

processes that contribute to the emergence of resistance is one of the many reasons why we 

struggle to prevent and treat resistant infectious diseases (4). Thus, it is of utmost importance 

that we understand the pathogenesis of bacteria and the mechanisms with which they can, 

evolve towards DR, sustain transmission, and evade fitness costs associated with DR; to slow 

the evolution of pathogens and effectively control their spread (7,9). 

Mycobacterium tuberculosis (Mtb) is an example of such a microbe whose eradication has been 

made difficult due to the emergence of resistant strains (7). Drug resistant tuberculosis (DR-

TB) has undermined the progress made over the years in controlling the TB epidemic (10). The 

treatment of this disease has burdened healthcare systems and resulted in major economic 

repercussions and societal stigmas (4). The non-adherence to treatment and poor functioning 

healthcare systems have often been attributed to the emergence of TB resistance, however even 

in well-functioning public healthcare systems where patients adhere to treatment the evolution 

of DR still occurs (8). Additionally, the TB microbe has a low mutation rate, a highly clonal 

genome, and a limited genetic diversity yet, it is a successful pathogen that demonstrates a 

remarkable adaptive potential (8,11,12). This suggests that the evolution of DR is more 

complex than previously assumed and that the genetic basis of DR, which is poorly understood, 

could explain why successful DR-TB strains emerge (8,11-13).   
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Antituberculous drugs target essential functions, meaning that the occurrence of a resistance 

mutation would result in a fitness cost (3). In light of this, how does Mtb harbour multiple DR 

mutations while retaining the ability to transmit,  infect, persist, and cause disease (3)?  Mtb 

clonal genome favours a mechanism that could explain the evolutionary trajectory towards DR. 

Epistasis is a mechanism that involves the spread of co-adapted alleles in an Mtb population 

that may contribute to the evolutionary success of these resistant strains (7). Compensatory 

evolution is another mechanism that involves the compensation of fitness costs as a result of 

DR mutations; believed to be important in the successful spread, persistence, and maintenance 

of DR in Mtb (14,15).  

The genetic diversity of Mtb, causing TB in humans, consists of human-adapted lineages 

suggested to differ in their geographic distribution, biological fitness, virulence, and propensity 

to acquire DR (7,16). Compensatory evolution, the varied frequencies of mutations among 

lineages, the co-occurrence of highly resistant mutations in successful clinical isolates, and 

lineage specific DR mechanisms suggest the occurrence of epistasis (8,17,18). Hence, epistatic 

interactions could also explain how in the context of its genetic diversity Mtb can modulate the 

evolution of DR (19,20). Understanding how antibiotic resistance evolves and spreads is key 

to improving antibiotic treatment (15). 

1.2 Problem statement 

Mycobacterium tuberculosis (Mtb) has been in existence for centuries and its eradication has 

proven to be a challenge. Mtb has resulted in more deaths than any other infectious disease and 

is currently the most deadly pathogen from a single infectious agent. Drug resistance (DR) has 

resulted in the loss of many lives, burdened healthcare systems, and challenged economies. 

The discovery of antibiotics and the use of combination therapy to treat TB seemed to limit the 

evolution of DR. However, with this preventative measure put in place, resistance still 

occurred. Mtb’s biology is unique and at face value suggests that it would not be a problematic 

pathogen to eradicate. However, this bacterium's persistence continues to baffle scientists and 

healthcare practitioners. Mtb employs several mechanisms to evade its hosts' defence 

mechanisms, most of which are not clearly understood. To combat the problem of the 

emergence of resistant Mtb strains; DR mechanisms need to be clearly understood.  

There are several mechanisms suggested to result in resistance but, it is not clearly understood 

what determines the evolutionary trajectory towards resistance in Mtb. The genetic diversity 

of Mtb, though limited, is suggested to play an important role in the emergence of resistance. 
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Understanding the path towards resistance, while considering the genetic diversity of DR, is 

important because the evolution of DR can potentially be predicted and treatment regimens 

adjusted to limit the evolution of DR. Extrinsic factors that result in the emergence of DR are 

more clearly defined, however, the genetic basis of resistance in Mtb is not so clear. Epistasis 

is a phenomenon suggested to play a significant role in the evolutionary trajectory towards 

resistance and the experimental evidence for this is lacking therefore the statistical validation 

of association between mutations may be key in determining the steps Mtb takes to become 

resistant, transmit, and thrive in the human host.  

1.3 Work hypothesis and statement of objectives 

The work hypothesis of this project was that the epistatic interactions between mutations 

determine the evolutionary trajectory of the development of drug resistance in the human 

adapted lineages of the Mycobacterium tuberculosis complex. 

This study aimed to model the evolutionary trajectories of drug resistance in the human-adapted 

lineages of the Mycobacterium tuberculosis complex. 

To achieve the aim, the following objectives were defined: 

• To create a local database of genome sequences representing different Mtb 

lineages and provide metadata on their antibiotic resistance. The database will 

be created using public databases and publications to unbiasedly represent the 

distribution of drug resistance mutations in different Mtb lineages. 

• To determine the statistical significance of non-random associations between 

linked common and lineage-specific drug resistance mutations. 

• To model the evolutionary pathways towards the development of drug 

resistance in the overall Mtb population and different lineages. 

1.4 Chapter overviews 

Chapter 1: This chapter provides an overview of the problems this study investigates. It states 

the purpose of the study and presents how the aim of the study will be accomplished. 

Chapter 2: This chapter reviews the existing literature on the various factors that have 

contributed to the evolution of drug resistance in Mtb. This chapter concludes with research 

gaps, which are addressed in the study. 
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Chapter 3: This chapter presents the methodology that is used in the study. It describes how 

data was collected and the detailed statistical analysis steps used to determine evolutionary 

trajectories leading to DR in the different Mtb lineages. 

Chapter 4: This chapter reports on the discovered universal marker genetic polymorphisms that 

may predict the likelihood of resistance to several antibiotics irrespective of the lineage 

designation. It also determines that evolution towards multi-drug resistance begins with a 

switch to the “mutator” phenotype, which leads to the accumulation of mutations in PE_PGRS 

genes. 

Chapter 5: In this chapter, we report on the evolutionary trajectories toward drug resistance of 

the various lineages in the M. tuberculosis complex.  

Chapter 6: This chapter discusses the accomplished objectives of this study and concludes with 

the implications of our findings. 
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Chapter 2: Literature Review 

2.1 Introduction 

A major concern when treating diseases that require antibiotics is the emergence of incurable 

strains (10). Unfortunately, the use of antibiotics presented a new selection pressure that led to 

the emergence of drug resistance (DR) (10). Currently, there is a rise of deadly bacteria that 

are difficult to treat due to the evolution towards DR (3). Tuberculosis (TB) is a curable disease, 

however, its total eradication is challenged by the emergence of DR and lately by the COVID-

19 pandemic (7,21). This has resulted in a global epidemic of DR-TB that has challenged most 

of the progress made in controlling the TB epidemic (8,22). Since the discovery of the first 

drugs for TB treatment, a significant amount of progress has been made, but the lack of new 

drugs, better treatment regimes, limited healthcare resources in low-income countries, poor 

diagnostics, lack of knowledge on DR mechanisms, and many more factors have resulted in 

the rise of DR-TB (23-27). 

TB is caused by Mycobacterium tuberculosis (Mtb) which forms part of the Mycobacterium 

tuberculosis complex (MtbC) (28). This group of Mycobacteria is made up of closely related 

human and animal-adapted bacterial species and sub-species (28). For this study, the 

introduction will focus on the human-adapted members of the MtbC, which are Mycobacterium 

tuberculosis sensu stricto and Mycobacterium africanum (29). The genetic diversity of Mtb is 

relatively low, it currently only comprises 9 lineages including two recently proposed lineages 

8 and 9 (28,30). Lineage 8 is believed to be an as-yet-unknown ancestral stage between the 

MtbC and its progenitor M. cannetii - like mycobacteria, and lineage 9 seems to be restricted 

to East Africa (28,30). Mtb is an obligate pathogen that has had a long history of co-evolution 

with humans (7). The genetic background of  Mtb is suggested to influence several aspects of 

the evolution of  DR (8). Particularly, the propensity of some lineages to acquire resistance and 

the fitness costs associated with the acquisition of DR may vary depending on the genetic 

background of a strain (8). 

The treatment of TB comprises drugs that are used in combination. Drug susceptible (DS) TB 

is normally treated with a combination of drugs isoniazid (INH), rifampicin (RIF), ethambutol 

(EMB), and pyrazinamide (PZA) which are administered for 6 months (12). If resistance to 

INH and RIF occurs then this is termed Multi-Drug-Resistant TB (MDR) (12,31). MDR is 

treated using fluoroquinolones (FQ) and injectable aminoglycosides (AG) (12). Previously, 
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XDR was defined as MDR with additional resistance to any FQ and at least one of the second-

line injectable drugs (12,31). Currently, XDR is defined as MDR/RR-TB with resistance to any 

FQ and resistance to one of the drugs levofloxacin (LFX), moxifloxacin (MFX), bedaquiline 

(BDQ), and linezolid (LZD), which is different from the previous definition of XDR (32,33). 

In this study, the old definition of XDR is used. The successful treatment of MDR or XDR is 

low with a success rate of  ~54% and ~28% respectively (8). Unfortunately, the ongoing 

epidemics of MDR and XDR threaten to make TB incurable (24). DR can be acquired 

(secondary resistance) if bacteria harbour DR mutations, which include Single Nucleotide 

Polymorphisms (SNPS) and insertions and/or deletions (INDELs) (34,35). DR can also be 

transmitted from person to person, this is known as primary resistance (26).  

The evolution of DR is a result of an interplay of extrinsic (social and economic factors) and 

intrinsic (acquired and innate DR) factors (27,36,37). The failure to effectively treat TB risks 

the amplification of resistance to additional antibiotics and in turn, prolonging opportunities 

for transmission (34). Furthermore, to treat TB effectively there is a need for new diagnostic 

methods that will provide comprehensive genomic information on the known mechanisms of 

DR to improve treatment outcomes (38). Whole Genome Sequencing (WGS) is a tool often 

used in research to study the genomes of various organisms (9). This tool can be an alternative 

diagnostic device however, the lack of standardization and bioinformatics expertise of this 

technology limits its use in the clinical setting (39,40).  

 The successful emergence of DR even in well-functioning healthcare systems suggests that 

the genetic basis of resistance in Mtb is not fully understood (8). Epistasis is an important 

evolutionary process and has been suggested to play a role in the evolution of antibiotic 

resistance (41). Mtb‘s highly clonal genome favours epistasis in that polymorphisms are in 

some form of linkage disequilibrium (7,12,14,42). The use of combination therapy in Mtb was 

intended to limit the evolution of DR and, if resistance mutations were to occur, there would 

be a fitness cost (23,43). Unfortunately, this notion was challenged by the suggested emergence 

of compensatory mutations believed to compensate for any fitness cost incurred (41). 

Compensatory evolution may play a role in the persistence and maintenance of DR mutations 

in Mtb (26). The relationship between compensatory evolution and epistasis affects the 

evolution of MDR in Mtb and investigating these factors will aid in better predictions of the 

future trajectory of MDR-TB (26). 
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2.2   Brief history of TB historical basis of TB treatment, and resistance 

Tuberculosis has a long history of co-evolution with humans (7). The first occurrence of TB 

can be dated back to Egyptian mummies in 5000 BC (44). Descriptions of this disease can be 

also found in writings from China, India, and the Bible (44). The TB pathogen is one of the 

oldest diseases known to affect humans (45). Mtb may have killed more people than any other 

microbial pathogen (45). This disease reached epidemic proportions in the 18th and 19th 

centuries in Europe and North America (45). Currently, TB is one of the top ten leading causes 

of death globally. A brief look into the history of TB and the current challenges in the treatment 

of this disease brings to light a grim reality that we still have a long way to go before TB is 

fully eradicated. 

2.2.1 The discovery of anti-tuberculous drugs 

TB was first isolated by Robert Koch on March 24, 1882, and it would only be about sixty 

years later that a drug called streptomycin (SM) would be discovered in 1943 that could treat 

TB (5,46). SM was effective for the first few months, but soon thereafter, there were reports of 

patients who were resistant to the drug, deeming SM ineffective  (8,47). It was then realized 

through drug trials that monotherapy was not effective resulting in the rapid onset of resistance 

(5,8). The golden age (1950’s – 1960‘s) of antibiotics led to the discovery of new drugs. During 

this period new anti-TB drugs namely: isoniazid (1951) (clinical use from 1952), pyrazinamide 

(1952), cycloserine (1954) (clinical use from 1964), ethionamide (1956) (clinical use from 

1965), rifampin/rifampicin (1957) (clinical use from 1966), ethambutol (1962), and 

fluoroquinolones (1962), were discovered (5,48,49). The discovery of new drugs was welcome, 

but with every discovery of a new drug; the selection of mutations that conferred resistance to 

this drug occurred (5). Combinatorial therapy was then introduced by the British Medical 

Research Council (BMRC) to suppress resistance (5,8). The initial set of drugs used for 

combinatorial therapy were PAS and SM in 1950, with time as new drugs were discovered, 

modifications were made to this treatment regimen (8,50). In the early 1970’s, a combination 

of the first-line drugs: INH, RIF, EMB, and PZA, was introduced. Clinical trials conducted by 

the BMRC proved these drugs to be highly effective against DS-TB, and since the 1980’s these 

drugs have been used to treat DS-TB (3,7). This not only improved treatment outcomes, it also 

shortened the duration of treatment from 18 months or more to 9 or 6 months (8). There was 

great optimism in the healthcare community that TB would ultimately be eliminated (5).   
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2.2.2 The emergence of MDR and XDR. 

In the 1950s, Middlebrook and Mitchison conducted studies that hypothesized that DR would 

always confer a fitness cost due to observations in guinea pigs infected with INH-resistant 

strains that were less virulent than guinea pigs infected with INH-susceptible strains (40,51-

53). This resulted in a central dogma that DR would not challenge the global control of TB and 

would consequently result in reduced deaths and a decrease in transmission of resistant strains 

(5,40,54). Additionally, mathematical models suggested that MDR would not be a global 

problem but a localized one (24,26). It was also believed that MDR strains were not capable to 

transmit enough to establish a sustainable infection chain (8,55) 

There was, however, a notable rise in outbreaks of mono and multidrug resistance, particularly 

in the 1970s, from various parts of the world, challenging the earlier studies that the fitness 

cost would be a limiting factor in the evolution of resistant strains (5,40). Even though 

outbreaks were occurring, especially in low to middle-income countries, disease severity was 

no longer a major concern as it was in the previous years (5). Additionally, the first outbreaks 

of MDR-TB mainly occurred with homeless individuals and people co-infected with HIV (56). 

It was believed that less fit MDR strains would only infect immunocompromised individuals 

(56). The introduction of combination therapy resulted in a sharp decline in TB cases 

throughout the world and it was generally thought that TB would no longer be a public health 

concern (23,43). Consequently, there was a reduction in funding for TB research, which 

resulted in slowing down drug discovery, development of diagnostics, media coverage of DS 

or DR-TB, and vaccine research (5,23).  

 A significant rise in MDR outbreaks, in the mid-1980s to early 1990s, led to a renewed interest 

in TB (23). In response to this, the WHO, in a press release, declared TB as a global health 

emergency in 1993 (8,57). A notable outbreak of MDR TB caused by the W strain (Beijing 

strain) in New York challenged the concepts and the central dogma of decreased 

transmissibility of MDR strains (54,55,58,59). The WHO introduced the Directly Observed 

Therapy Strategy (DOTS) to address the rise of MDR (54). This involved the use of sputum 

smear microscopy to detect the presence or the absence of TB, political commitment to control 

TB, drugs administered under the observation of a health care professional, uninterrupted 

supply of drugs, and assessment of treatment results (54,60). However, sputum smear 

microscopy could not differentiate Mtb from other acid fast-bacteria and lacked sensitivity to 

detect DR in patients, consequently, in some instances DR patients were treated using first-line 
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drugs (47,54,61). To improve on this strategy, the DOTS-plus strategy was introduced, which 

involved the use of second-line drugs to treat MDR (62). Unfortunately, the second-line drug 

treatment is expensive and patients experience adverse side effects, which makes it difficult for 

patients to adhere to the treatment (62).  

It was just a matter of time before the resistance to second-line drugs would be reported. In 

2005, an outbreak of XDR was reported in the Tugela Ferry hospital in KZN, South Africa 

(54). This XDR strain was sufficiently fit to transmit and cause disease in both 

immunocompetent and immunocompromised individuals (12,31). Retrospective analysis 

studies determined that XDR-TB was present in South Africa as early as 1992 in the Western 

Cape and the XDR-TB strain causing the Tugela outbreak was present from 2001 (37).  

2.2.3 Totally drug resistant TB 

A study done in Iran in 2009 reported a group of 15 patients with resistance to all anti-TB drugs 

tested (27,63). The authors of this study used the terms extremely drug-resistant (XXDR)-TB 

and totally drug-resistant (TDR)-TB (27). Other countries have also reported cases of total drug 

resistance (TDR) in India, Italy, and South Africa (27,64-66).  However, the term ‘totally drug 

resistant’ is a debated issue that has not been clearly defined for TB and therefore, not yet 

recognized by the WHO (16,27). Currently, cases where patients are reported to be resistant to 

all test TB drugs are defined as XXDR-TB, mainly because in vitro drug susceptibility testing 

(DST) is technically challenging and has limitations (27). To use the term TDR, a consensus 

has to be reached regarding the DST protocol for defining MDR and XDR cases. Additionally, 

a thorough investigation of the appropriate testing methods, resistance minimum inhibitory 

concentration (MIC) value definitions, and acceptable level of reproducibility of the results 

must be achieved (27,67). The emergence of XDR and TDR-TB re-emphasizes the need for 

new drug regimens and/or alternative strategies to combat the spread of DR-TB (16). 

Currently, the WHO uses five antibiotic resistance categories of which XDR and pre-XDR are 

the new definitions, while MDR remains as it was defined before (33). The five resistance 

categories are INH-resistant TB, RR-TB (Rifampicin resistant), MDR, pre-XDR, and XDR 

(33). Pre-XDR is RR and MDR with additional resistance to any FQ (32,33).  
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2.3 TB treatment  

The currently recommended treatment for DS-TB is 6 months (4 months INH, RIF, EMB, and 

PZA; 2 months INH and RIF) (16,27). Resistance to the first line drugs requires 9 – 20 months 

to treat with a decreased success rate when compared to DS-TB and an even lower success rate 

when treating XDR-TB (16). 

Drugs treating TB can either be bacteriostatic (antibiotics that inhibit growth) or bactericidal 

(antibiotics that kill bacteria) (68). Among the first-line drugs, RIF, INH, and PZA are 

bactericidal, whereas EMB is bacteriostatic (27). Most of the second-line drugs exhibit 

bactericidal activity, although some are only bacteriostatic (27). Many anti-TB drugs are 

administered as prodrugs including INH, ethionamide (ETH), prothionamide (PTH), 

pretomanid (PTM), delamanid (DEL), pyrazinamide (PZA), and para-aminosalicylic acid 

(PAS) (69). “A prodrug is a substance that has no pharmacological effect and needs to be 

converted into another structural form via enzymatic or chemical reaction, to become active 

and exhibit therapeutic properties to the body” (69). The list of antibiotics together with their 

mode of action, target, and main drug resistance mutations can be found in Table 2.1. 

Table 2: Antibiotics used to treat tuberculosis together with their modes of action and drug 

resistance mutations 

Drug Mode of action Target Main drug 

resistance 

Mutation/s 

Isoniazid Inhibits mycolic acid 

biosynthesis 

Mycolic acid katG 

Rifampicin Inhibits RNA 

polymerase 

RNA polymerase rpoB 

Ethambutol Inhibits cell wall 

synthesis 

Arabinosyl 

transferases 

embCAB operon 

Pyrazinamide Inhibits membrane 

transport 

 pncA 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

11 
 

Ethionamide and 

prothionamide 

Inhibits mycolic acid 

biosynthesis 

mono-oxygenase 

enzyme 

ethA, ethR, and inhA 

Fluoroquinolones Inhibit DNA 

synthesis 

DNA gyrase and 

topoisomerase IV 

gyrA and gyrB 

Para-aminosalicylic 

acid 

Inhibits folate 

synthesis 

Thymidylate 

synthase, 

Dihydrofolate 

synthase, 

Dihydrofolate 

reductases(70) 

thyA 

Clofazimine Releases reactive 

oxygen species upon 

re-oxidation by 

oxygen 

NADH 

dehydrogenase 

rv0678 

Bedaquiline,  Inhibits 

mycobacterial ATP 

synthase 

ATP synthase atpE,  

Delamanid & 

pretomanid 

Inhibit mycolic acid 

synthesis 

  

Linezolid Inhibits an early step 

in protein synthesis 

50S ribosomal 

subunit 

rrl & rplC 

Streptomycin Inhibits protein 

synthesis 

ribosomal protein 

S12 and 16S rRNA 

rpsL, rrs & gidB 

Kanamycin  & 

amikacin  

Inhibits protein 

synthesis 

30S ribosomal 

subunit 

rrs 

Capreomycin Inhibits protein 

synthesis 

30S and 50S 

ribosome subunits 

rrs 
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2.3.1 First line drugs 

• Isoniazid (INH)  

INH, chemically known as isonicotinic acid hydrazide, is a synthetic drug that was first 

described in 1912. It shows bactericidal activity against TB (69). It is one of the most effective, 

widely used, and affordable drugs for treating TB (69). The molecular mechanisms of INH 

resistance involve several genes in multiple biosynthetic networks and pathways (69,71). INH 

is activated by a catalase peroxidase enzyme encoded by the gene katG (18). The active INH 

products are then targeted by enzymes namely, enoyl acyl carrier 

protein (ACP), reductase (InhA), and beta-ketoacyl ACP synthase (KasA) that in turn inhibit 

mycolic acid biosynthesis (70-72). Resistance to INH is mainly attributed to mutations in katG. 

Other mutations have been reported in inhA, ahpC, kasA, ndh, iniABC, fadE, furA, Rv1592c, 

and Rv1772 (18,71). The mechanism of action of INH is complex and it is not exactly clear 

how this drug’s activity results in cell death (71,73) 

• Rifampicin (RIF) 

RIF forms part of a group of drugs called rifamycins produced by Amycolatopsis rifamycinica 

(74). RIF is a semi-synthetic drug that binds to RNA polymerase inhibiting the process of 

transcription (46,72). RIF demonstrates a remarkable sterilising ability and its use in 

combination with INH and EMB resulted in shortening the duration of treatment from 18-24 

months to 9 months (75,76) Most antibiotics require active growth and metabolism to exert 

their anti-bacterial effects. RIF retains its activity against slow-growing, and even non-

replicating, Mtb bacilli (3,77). This is important to treat TB  where low metabolic activity 

and/or non-replication are considered key factors in persistent Mtb infection (3). Resistance to 

RIF is mostly due to mutations in the rpoB gene that encodes for the β-subunit of the DNA 

dependent RNA polymerase (78,79). The 81 bp region of the gene is termed as the resistance 

determining region (RRDR) that contributes to 96% of resistance phenotypes (72). Currently, 

RIF is being studied to determine if higher doses of this drug could shorten the current duration 

of treatment (75). 

• Pyrazinamide (PZA)  

PZA works remarkably well against persistent bacterial populations (80). PZA is one of the 

few drugs that can inhibit semi-dormant bacteria inside macrophages where the environment 

is acidic with a pH value varying from 4.5 and 6.2 (69). Additionally, the inclusion of PZA 
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reduced the duration of treatment from 9 months to 6 months (76). The mechanisms of PZA 

are not yet well understood (43,46,80).  What is known about PZA’s mode of action is that it 

is hydrolyzed to pyrazinoic acid (POA) in the mycobacterial cytoplasm 

by pyrazinamidase/nicotinamidase (PZase) encoded by the pncA gene (81,82). Once activated, 

POA disrupts the bacterial membrane energetics thereby inhibiting membrane transport 

(18,80). The POA is then pumped out of the bacterial cell by a weak efflux mechanism (18).  

This creates an acidic environment and the POA is protonated allowing for reabsorption into 

the cell, resulting in cellular damage (18,46). Mutations throughout the pncA gene have been 

described as a cause of resistance to PZA (69). 

Mtb is exposed to acidic conditions in vivo as evidenced by the fact that the first-line TB drug 

PZA kills the pathogen only at low pH in vitro (83). Reproducibility of DST for PZA is 

challenging because PZA requires a standardized low pH assay (pH < 6.6), which is not ideal 

for bacterial growth and significantly slows the growth rate (69,84). It can lead to false 

resistance results (69,84). Additionally, the pH of the culture medium is not constant and can 

increase with the ammonia produced by the PZA bacterial metabolism, therefore inactivating 

the drug (69). 

• Ethambutol (EMB) 

EMB is active against actively replicating bacteria and interferes with the cell wall’s 

arabinogalactan synthesis by targeting the arabinosyl transferases (46). Mutations in the 

embCAB operon encoding arabinosyl transferases are responsible for about 70% of clinically 

relevant EMB resistance (85).  

2.3.2 Second line drugs 

• Ethionamide (ETH) and prothionamide (PTH) 

These two drugs (thiomides) are closely related compounds and are interchangeable in the TB 

chemotherapy regime (69). Both drugs are activated by a mono-oxygenase enzyme (EthA), 

encoded by the ethA gene that inhibits inhA (reductase), a shared target with the related drug 

INH, ultimately inhibiting mycolic acid biosynthesis (69,86). Resistance to ETH and PTH is 

conferred by mutations in ethA, ethR, and inhA  (18,87).  Cross resistance of ETH and INH 

results from mutations in the inhA gene (18,87). The mshA gene encoding a glycosyltransferase 

involved in mycothiol biosynthesis is also suggested to confer resistance to ETH (88). 

• Fluoroquinolones (FQs) 
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FQs belong to the quinolone class of antibiotics that target two type II bacterial topoisomerases, 

DNA gyrase and topoisomerase IV; enzymes that are important for replication, transcription, 

recombination, and chromosomal supercoiling (80,89). The antibiotics of this class used for 

DR-TB treatment comprise of 2nd generation FQs, ciprofloxacin, and ofloxacin (CIP & OFX), 

3rd generation FQs levofloxacin (LEV), and 4th generation FQs gatifloxacin and moxifloxacin 

(GAT & MXF) (90). Fourth-generation FQs are being proposed as first line drugs to shorten 

DS-TB treatment (91). Individuals who have been treated with FQs for non-Tb infections could 

drive the acquisition of FQ resistance in chronically infected patients (22,89). FQ resistance is 

associated with mutations in either two DNA gyrase subunits encoded by gyrA and gyrB (79). 

Mutations in the quinolone resistance-determining region (QRDR) of gyrA determine the 

majority of clinically relevant FQ resistance (80,89). Heteroresistance, the coexistence of 

sensitive and resistant organisms in the same patient, has recently been shown to be surprisingly 

common in FQ-resistant Mtb isolates (89).  

• Para-aminosalicylic acid (PAS) 

PAS is highly specific for acid-fast bacteria (43). PAS was one of the first antibiotics used in 

the treatment of TB together with INH and SM (18). The mechanism of action and resistance 

are not entirely clear in PAS (92). It is suggested that it inhibits folate synthesis and iron 

utilization (92). It is also suggested that there could be additional mechanisms of action for 

PAS (91,93). Mutations associated with PAS are found in the thyA, folC, dfrA, and ribD genes 

(92).  

• Clofazimine (CLO) 

CLO is commonly used for the treatment of leprosy (94). The precise mechanism of action of 

CLO is not clearly understood (94). A study done by Lechartier and Cole (2015) 

in M. smegmatis suggests that it is probably a prodrug, reduced by NADH dehydrogenase to 

release reactive oxygen species upon re-oxidation by oxygen. Resistance to CLO has been 

attributed to non-target mutations in Rv0678, leading to the efflux of the drug (18). 

 

• Bedaquiline (BDQ), Delamanid (DLM) and pretomanid (PTM) 

BDQ, DLM, and PTM are drugs that have been introduced to the second-line treatment of 

MDR-TB (96). BDQ inhibits mycobacterial ATP synthase by suppressing bacterial respiration 

(18,96). The drug is therefore active against the dormant TB bacterium (18). Mutations in the 
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atpE, mmpR5, and pepQ genes confer resistance to BDQ (96,97). DLM and PTM belong to the 

nitroimidazole class of antibiotics (18). Both drugs inhibit mycolic acid synthesis in actively 

replicating bacteria (96). Mutations in ddn, fgd, fbiA, fbiB, fbiC, and fbiD confer resistance to 

DLM or PTM (97).  

• Linezolid (LZD) 

LZD was the first member of the oxalizolidinones to be recommended to treat MDR/XDR (98). 

LZD targets ribosomes in the peptidyltransferase center on the 50S ribosomal subunit, in turn 

inhibiting an early step in protein synthesis and tRNA binding (18,94). Resistance to LZD has 

been associated with mutations in the rrl (encoding 23S rRNA) and rplC (encoding ribosomal 

protein L3) genes  (98). 

• Streptomycin (SM) 

SM is an aminoglycoside that is active against slow-growing bacilli and targets the ribosomal 

protein S12 and 16S rRNA; components of the 30S subunit of the ribosome (18,91). This 

interaction prevents translation, in turn inhibiting protein synthesis (18). Mutations in 

the rpsL and rrs genes, encoding the ribosomal protein S12 and the 16S rRNA respectively, 

are common mutations believed to cause resistance to SM (18). Additional mutations in the 

gidB gene, encoding 7-methylguanosine methyltransferase specific for the 16S rRNA confer 

low-level resistance to SM (91). 

• Kanamycin (KM), amikacin (AMK) and capreomycin (CAP) 

KM and AMK are aminoglycosides while CAP is a cyclic peptide (99,100). Despite their 

belonging to different classes of antibiotics, all of them inhibit protein synthesis (99,100). KM 

and AMK target the A-site on the 16S ribosomal RNA of the 30S ribosome (99). Although 

they have different specificities toward this region, they both alter its conformation (99). CAP 

on the other hand is suggested to target a small inter-subunit bridge; the interface of the small 

and large sub-units of the ribosome (100,101). Resistance to these drugs is associated with 

mutations in the 1400 bp region of the rrs gene encoding 16S rRNA (18,99). Additional 

mutations in the tlyA gene confer resistance to CAP, and mutations in the eis promoter region 

and whiB7 gene confer resistance to KM (18,46).  
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2.3.3 Challenges with the treatment of TB 

TB has a complex pathology that makes it a difficult disease to treat. Its complex pathology is 

a result of an interplay of biological and social determinants (17,26). These include variably 

effective control programs, the circulation of counterfeit drugs, the presence of co-morbidities 

in patients (e.g. HIV infection), numerous patient-related factors, including societal, 

immunological, and many less well-understood bacterial properties such as bacterial 

physiology, genetic factors, and population biology (12,26). The sophisticated infrastructure to 

test for DS, MDR, and XDR is not readily available in resource-limited settings (8). Low-

income countries struggle to get the appropriate resources, the expertise for molecular testing, 

and, in some instances, they have to rely on other countries to perform DST for the second-line 

drugs often resulting in the delay of treatment or the empirical administration of treatment 

(26,102,103). 

Incorrect treatment can have dire consequences for the patient and population thus, early 

detection and correct treatment are vital in controlling the occurrence of resistance (104). 

Incorrect treatment can result in the positive selection of resistant strains thus leading to the 

creation of novel resistance mutations and increasing the number of ineffective drugs used 

(104).  To reduce the circulation of resistant strains, patients need to be treated with sufficient 

active drugs to prevent the selection of additional resistance in turn improving treatment 

outcomes (105). DST is the most widely used method for the diagnosis of Mtb (9). The 

accuracy of this test is crucial in making sure that patients are not exposed to ineffective drugs 

(104). DST involves the use of a solid or liquid culture for the identification and phenotypic 

DST of an Mtb strain (106,107). The challenge with this technique is the long turnaround time. 

It can take weeks or even months to obtain results due to the slow growth rate of Mtb (9). It 

requires a high biosafety level and lacks reproducibility for certain drugs such as PZA and 

EMB (9,104,106,107). Additional challenges include variable MIC concentrations that in some 

instances lead to phenotypic drug tolerance (108). Using a liquid culture is an alternative to 

reduce the turnaround time to ~10 days (9). 

To quicken diagnosis, the WHO endorsed the use of the Xpert Mtb/ RIF test for RIF resistance, 

and line probe assays (LPA) were recommended to detect resistance to 1st and 2nd line drugs 

(32,102,109). These tests are limited to only a small number of loci and the phenotypic binary 

reporting (sensitive/resistant) does not inform on the degree of intermediate resistance 

(72,102,110). Several other diagnostic techniques have been endorsed by the WHO to quicken 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

17 
 

the diagnosis of TB as discussed by Archarya et al. (2020). What is clear, is that new rapid and 

accurate testing methods are needed to effectively treat DS and DR-TB. 

2.3.4 Drug resistance development 

Resistance can be acquired de novo (secondary resistance) in patients undergoing treatment 

either because of the poor administration of treatment, lack of patient adherence, interrupted 

drug supply, or patient-dependent pharmacodynamic and pharmacokinetic properties of the 

drugs administered (24,26). An additional way in which resistance could be acquired is through 

the direct transmission of a resistant strain also known as primary resistance (24,26). Cross 

resistance between drugs can occur because drugs target related metabolic pathways and these 

drugs could also interact resulting in resistance (26). Selection of DR strains can occur with 

intermittent exposure to suboptimal drug concentration levels initially producing hetero-

resistance and then finally fully resistant bacterial populations (26). The treatment of other 

diseases has also contributed to the resistance in drugs such as FQ that treat other respiratory 

infections (24). DR can also vary depending on the locations of bacterial populations in the 

body and the characteristics of the drug (7). Depending on the antibiotic in question, there may 

be multiple mechanisms of resistance (8). 

The interactions between the pathogen and the host contribute to the development of resistance 

(8). This interaction is increasingly recognized to influence the DR evolution (11). 

Pharmacogenomics studies have revealed that the current dosage of drugs is not enough to have 

the desired sterilizing concentrations in all patients and drug penetrance into TB lesions is 

variable in turn facilitating the evolution of DR (11). Within and between patient heterogeneity 

means that some cases of TB are unintentionally exposed to drug treatment that is at sub-

inhibitory concentrations (8).  

 

2.3.5 Patient adherence 

Treatment of TB is very lengthy and exhaustive (24). Patients struggle to adhere to the 

treatment because TB drugs are toxic and patients often experience adverse side effects that 

include gastrointestinal problems, hepatotoxicity, peripheral neuropathy, psychiatric disorders, 

ototoxicity, nephrotoxicity, etc, (111). Mtb is unlike other bacteria; it is slow-growing with a 

generation time of 18-24h (83). Colonies are formed on agar within 3-4 weeks (83). The TB 

drug regimen had not been changed for decades. Additionally, the duration of treatment is long: 
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4-6 months for DS-TB and even longer for MDR and XDR making it difficult for patients to 

adhere to the treatment (112). Recently the WHO has newly recommended using a 4-month 

regimen of INH, rifapentine, MXF, and PZA (2 months of INH, rifapentine, MXF, PZA, and 

two months on INH, rifapentine, and MXF) (113). Tolerable drugs and shorter drug regimens 

will encourage patient adherence (32).  

2.3.6 Mtb’s state of dormancy 

Most antibiotics rely on the ability of bacteria to replicate for their action, but Mtb’s non-

replicating state makes it phenotypically resistant to bactericidal antibiotics (25). The immune 

system of the human host tempers with the ability of antibiotics to deliver swift and a durable 

cure for the disease (114). Once the TB bacterium is in the granulomas of the hosts’ lungs, it 

can shut down its central metabolism, terminate replication, and thereby transit to a state of 

dormancy making it a difficult therapeutic target (25,58,83). TB therapy is long due to TB’s 

state of dormancy and has created a major hurdle in the successful treatment of DS and DR-

TB (25). This non-replicating state is referred to as phenotypic DR and in this context, the 

phenotypic DR is related to the physiologic state of dormancy of the bacterium and is 

independent of genetic mutations (83,114).  

2.3.7 Development of new drugs 

A message that is iterated over and over again in literature is the need for new drugs and 

improved treatment regimens (7). Currently, challenges that impede the progress of drug 

discovery include: (a) biological mechanisms that involve mycobacterial persistence and 

latency are not clearly understood and there are currently no effective drugs against persisters; 

(b) limited validated animal models that can reliably predict precise treatment outcomes in 

newly identified drugs; (c)  lengthy clinical trials make it very difficult to predict the efficacy 

of new drug regimens; (d)  there is a lack of trial sites in high TB burden countries that have a 

and (e) lack of investment in TB drug discovery programs due to insufficient profit return 

opportunity (23). Furthermore, there is currently a limited understanding of Mtb biology during 

its infection with the human host (115).  

The ability of Mtb to survive in different microenvironments within the host is not entirely 

clear (115). New drugs should be effective against various physiological states of Mtb, as the 

different local conditions (acidic pH, hypoxia, higher carbon monoxide, or nutrient scarcity) 

potentially change their metabolic activity and induce drug tolerance (115). In September 2022, 

the WHO reported in the 2022 TB report that there were 26 drugs for the treatment of  TB 
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disease in Phase I, Phase II, or Phase III trials (33). Sixteen of these drugs include 16 new 

chemical entities, of which two drugs have received accelerated regulatory approval, one drug 

that was recently approved by the US Food and Drug Administration under the limited 

population pathway for antibacterial and antifungal drugs, and six repurposed drugs (33). In 

Phase II and Phase III trials, there are various combination regimens with new or repurposed 

drugs (33).  

2.3.8 TB vaccine 

BCG is the only approved vaccine that has been proven to be effective in protecting against 

TB infection in children (116). However, BCG is not as effective against pulmonary TB in 

adolescents and young adults, who are the main source of transmission (116,117). The 

discovery of a new vaccine could potentially be used as an adjunct to chemotherapy against 

DR-TB (116). Exposure to the Mtb pathogen does not induce sufficient protective immunity 

and not enough is known about the innate and adaptive human cellular response that is crucial 

for the clearance of Mtb infections (116,118). To develop a new vaccine, the cellular processes 

involved in Mtb susceptibility and pathogenesis need to be further investigated (116). In 

August 2021, there were 14 vaccine candidates in clinical trials: two in Phase I, eight in Phase 

II, and four in Phase III (33). These vaccine candidates aim to prevent TB infection, and TB 

disease and to help improve the outcomes of TB treatment (33). There is currently no effective 

vaccine, fuelling the need for new treatment regimes, drugs, and diagnostics to slow the 

evolution of DR and limit the transmission of DR variants (8).  

 

2.4 TB diagnosis 

2.4.1 Is whole genome sequencing an alternative to TB diagnosis? 

Whole genome sequencing (WGS) is a tool often used in research to further understand the 

complex pathology of TB (9). WGS  involves culturing fresh or frozen sputum specimens on 

solid or liquid media, extracting DNA from the cells, DNA library preparation and sequencing 

using short read technologies such as Illumina platforms or long read technologies such as 

SMRT PacBio and Oxford Nanopore, mapping the reads to a reference genome (usually H37rv 

accessed at the NCBI under NC_000962.3) and detecting variants be it SNPs and/or indels 

(107,119,120). The Mtb genome is relatively small (~4.4 MB), it constitutes a single 

chromosome and is well-suited for sequencing (72,107). WGS is a tool that provides 
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comprehensive information on the Mtb genome (39,106). The advantages of incorporating this 

tool in TB diagnostics include: providing susceptibility results for both first and second line 

drugs, assisting clinicians in predicting DR profiles, monitoring the initiation of treatment, and 

predicting DR acquisition by identifying mutations, that are associated with DR 

(9,103,107,119). Moreover, the use of WGS has been constructive in understanding the DR-

TB evolution, the estimation of the genetic diversity of TB, and the identification of 

mechanisms involved in DR (119,121). 

Several studies have shown the potential use of WGS in clinical settings (103). A study done 

by Walker et al. (2015) used a catalogue of genetic mutations obtained from WGS data to 

predict phenotypic DST (110). Chan et al. (2013) showed the potential of using rapid WGS to 

reduce the time of detection for XDR tuberculosis from weeks to days (122). Nikolayevsky et 

al. (2016) conducted a systematic analysis of 12 studies and established that WGS had a higher 

discriminatory power in comparison to conventional genotyping methods (IS6110 RFLP, 24 

VNTR, spoligotyping) to predict recent person-to-person transmissions (123). Computational 

algorithms such as the Resistance Sniffer program created by Muzondiwa et al. (2020) use 

WGS data to predict DR in Mtb isolates (104). In Uganda, Ssengooba et al. (2016) showed the 

potential use of WGS in complementing drug resistant surveys or surveillance with good 

specificity in comparison to phenotypic DST (124). Genetic identification techniques are key 

to achieving greater speed and improving the accuracy of diagnosis (46). In well-resourced 

countries, such as the UK and the Netherlands, the use of WGS for individualized therapy and 

WGS-based surveillance has already made its way into the clinical setting (107). 

The studies have shown the importance of using WGS for the diagnosis, surveillance of disease 

transmission, and prediction of DR in Mtb (9). There are, however, several issues that have to 

be resolved if WGS is to be fully incorporated into the clinical setting (40,125). The need to 

culture before sequencing is time-consuming, therefore, extracting DNA directly from sputum 

would be ideal (119,126). Currently, several WGS data analysis workflows exist and they differ 

in terms of their scope, reporting lines, and the lack of standardisation; this, in turn, makes it 

difficult to perform cross-comparisons and the rigorous validation of these pipelines (107). 

Moreover, there is a need to understand the relationship between the phenotype and the 

genotype of the resistant strains in order to make concrete conclusions (39,119). Additionally, 

a catalogue of high-quality resistance-determining variants is needed to ensure the clinical 

utility and use of these tools (127). The use of WGS is also hindered by the lack of 

bioinformatics skills among clinical microbiologists, therefore the data has to be presented in 
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a clear easily interpretable manner to clinicians and programme managers (39,40). WGS, 

however, cannot replace phenotypic susceptibility testing for all antibiotics because of an 

incomplete understanding of the genetic basis of DR (122). Phenotypic tests will still be 

important in the detection of DR patterns that are difficult to interpret, however, the goal should 

be to detect all genetic variants that are associated with DR (107). 

 

2.5 Genetic diversity of Mycobacterium tuberculosis 

The genetic diversity of MtbC includes indels, duplications, and non-synonymous SNPs (24). 

These differences resulted in the typing of MtbC into the various lineages. The typing method 

IS6110 RFLP was used as the first gold standard for fine typing of MtbC (128). Newer methods 

are now also being used that include PCR-based methods known as spoligotyping, MIRU-

VNTR, and methods based on the detection of large sequence polymorphisms (LSPs) or single 

nucleotide polymorphisms (SNPs) (128,129). These techniques have been instrumental in the 

identification of the 7 major lineages (1-7) and the recent lineages 8 and 9 (129). Mtb’s long 

history of co-evolution with humans suggests that human populations and MtbC strains differ 

in their susceptibility/resistance and virulence characteristics  (42). Studies have suggested that 

these lineages differ in terms of their geographic distribution, virulence phenotypes, immune 

response regulation, transmissibility, and disease severity, hence differing in epidemiologic 

and clinical profiles (129,130). 

Lineages 2, 3, and 4 are often referred to as evolutionarily “modern” (Figure 2.1) because they 

harbour a deletion in the genomic region known as TbD1 (131). Lineages 1, 5, and 6 are 

referred to as “ancient” and do not harbour this deletion (29). The presence or absence of this 

deletion should not be necessarily interpreted as indicating an evolutionary time dimension 

(42). Lineage 7, on the other hand, is an intermediate lineage (29). The lack of HGT in Mtb 

means that a deletion cannot be reacquired, hence they can be used as phylogenetic markers to 

classify Mtb (42). Some lineages are more widely distributed whereas others are more 

restricted to a particular geographic region (Figure 2.1); it is not fully understood why this is 

the case (42). 

An important question is how genetic diversity in Mtb translates to phenotypic diversity 

(24,131). The role of strain diversity in the clinical setting is not entirely clear (24). What makes 

this a challenge is that many additional variables would need to be taken into account and strain 
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classification is still a challenge due to the lack of standardization of the methods used to type 

Mtb (24). 

 

2.5.1 Lineage 1 

Lineage 1 (L1) also known as the Indo-oceanic/East African-Indian lineage is defined by the 

deletion RD239 (12,132)3-1. L1 shows an intermediate geographic range (133). L1 is likely to 

be among the most genetically diverse lineages and demonstrates an inter-lineage diversity 

(134,135). It is phylogeographically restricted to East Africa, South Asia, Southeast Asia, and 

the Philippines (134). 

L1 is often not associated with resistance and has a reduced potential for transmissibility and 

virulence, presenting a restricted geographical distribution (132,136). Studies highlighted by 

Netikul et al. (2021) found that patients infected with L1 are generally older and have a higher 

case fatality rate, even though L1 is generally less DR than modern lineages (135). L1 isolates 

were shown to grow slower than L2 but induce a stronger cytokine response in macrophage 

culture (135). Furthermore, L1 Mtb isolates may also be distinct by antigens, probably due to 

their long history of co-evolution with humans (135). 

2.5.2 Lineage 2 

Lineage 2 (L2) also known as the Beijing/East Asian lineage is characterised by the RD105 

deletion (137). L2 is often reported to be associated with DR and the most successful lineage 

in causing TB disease (17,138). The emergence of L2 genotype strains and their association 

with MDR further supports the fact that they possess a strong capability to acquire DR 

mutations (139). Data from Hakamata et al. (2020) demonstrated that higher mutation rates of 

Mtb L2 strains during human infection likely explain the higher adaptability and propensity for 

DR acquisition (140). The biological basis of how the mutation rate in L2 could affect the 

acquisition of DR is still to be determined (17,24). 

L2 consists of a variety of sub-lineages that might differ phenotypically (128,141). These 

differences suggest the existence of biogeographical diversity and differences in pathogenicity 

(138,142).  
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2.5.3 Lineage 3   

Lineage 3 (L3), also known as the Central Asian strains (CAS), occurs predominantly in India, 

Central Asia, and East Africa (135,143).  This lineage shows an intermediate geographical 

range and is characterized by the deletion RD750 (133,137). L3 also demonstrates inter-lineage 

diversity (143). L3 has been reported to be the dominant strain associated with MDR in South 

Asian, North, and East African countries and is also a potential driver of MDR in other parts 

of the world (144,145). 

 

2.5.4 Lineage 4 

Lineage 4 (L4) also known as the Euro-American lineage is one of the most widely distributed 

lineages among the MtbC together with L2 (131). It is prevalent in Europe, the Americas, 

Africa, and the Middle East and is characterised by the pks 15/1 7-bp deletion (137). L4 appears 

to be more virulent and transmissible together with L2 in comparison to the other lineages (42). 

This, however, is not universally true for all Mtb isolates of this lineage as much variation 

exists in L4 (42). Stucki et al. (2016) determined that L4 consists of 10 sublineages, where 

some are geographically restricted (e.g. lineage 4.6.1/Uganda and Lineage 4.6.2/Cameroon), 

and others are more widely distributed (42).  

2.5.5 Lineage 5 and Lineage 6 

Lineage 5 (L5) and Lineage 6 (L6) are restricted to West Africa (135). L5 and L6 are also 

known as M. africanum West Africa 1 and West Africa 2, respectively, and almost only occur 

in West Africa or in recent immigrants from those regions (131). Lineage 6 occurs mostly in 

the Western part of West Africa, whereas Lineage 5 is commonly found further to the East in 

regions bordering the Gulf of Guinea (131). L5 and L6 geographical restriction to West Africa 

is not understood and is suspected to be due to adaptation to West African populations (146). 

L5 and L6 are characterized by the RD711 and RD702 deletions respectively (137). Strains 

from L5 and L6 grow slower and are less virulent in comparison to the other lineages (133). 

2.5.6 Lineage 7 

Lineage 7 (L7) is almost only observed in Ethiopia or recent Ethiopian emigrants (147). L7 is 

associated with prolonged patient delay and slow growth in vitro (148). A study done by Yimer 

et al. (2015) in the Amhara region of Ethiopia found that L7 is associated with pulmonary 
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tuberculosis (PTB) in this region and infection with L7 did not cause severe symptoms, thus 

patients were more likely to delay seeking medical attention (149).  

2.5.7 Lineages 8 and 9  

Recently two new proposed lineages 8 and 9 have been discovered. Lineage 8 is believed to be 

an as-yet-unknown ancestral stage between the MtbC and its progenitor M. cannetii - like 

mycobacteria (30). A population genomic and phylogeographical analysis of 675 genomes by 

Coscolla et al. (2021) identified unclassified genomes that were proposed to be named MtbC 

lineage 9 (28).  Lineage 8 and Lineage 9 seem to be restricted to East Africa (135). 

 

 

Figure 2.1: The geographical distribution of the different lineages of the Mycobacterium 

tuberculosis complex (131). 

 

2.7 Development of drug resistance in Mtb  

The evolution of pathogens has resulted in major economic repercussions, loss of life, 

prolonged treatment, and increased hospitalizations, and is the biggest concern in public health 

care around the world (150,151). Understanding how these deadly strains emerge and achieve 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

25 
 

sustained transmission is key in determining preventative measures, the containment of Mtb as 

well as avoiding future epidemics (151). 

The evolution of DR in TB has been largely attributed to extrinsic factors. Extrinsic factors 

include the social and economic factors that have resulted in the development of DR-TB (7,8). 

These include an interrupted drug supply, low-quality drugs, patient non-adherence, bad 

quality TB control programs, and major political events (7,8,16). These, however, are not 

sufficient in explaining the evolution of DR-TB, because even in well-functioning healthcare 

systems, where there is strict adherence to treatment, DR emerging still occurs (8). There are 

additional mechanisms of resistance that include intrinsic, acquired resistance, and less clear 

epistasis that drive the evolution of DR (7). How these mechanisms lead to the emergence and 

the fixation of resistance strains is not well understood (16). Several hypotheses of DR 

development are illustrated in Figure 2.2. 

 

 

Figure 2.2: Acquired and intrinsic mechanisms of resistance found in Mycobacterium 

tuberculosis. 
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2.7.1 Intrinsic resistance  

There is no denying that a significant amount of progress has been made in the treatment of 

TB, however, antibiotics provided a new selection pressure that led to the survival, emergence, 

and amplification of DR mutants among pathogens, which already have a broad intrinsic 

resistance spectrum (38). This not only limits the use of the current antituberculous drugs but 

also makes the development of new drugs more difficult (43). Intrinsic resistance (Figure 2.2) 

prevents access to the target and accounts for resistance that is not conferred by DR mutations 

(70). Intrinsic factors include efflux pumps, drug-altering enzymes, and the impermeability of 

the cell wall (152).  

• Impermeability of the cell envelope 

One of the ways in which TB bacilli are classified is according to the composition of their cell 

wall (153). Gram-negative bacteria are surrounded by a thin peptidoglycan cell wall, and the 

cell wall is surrounded by an outer membrane containing lipopolysaccharides (153). Gram-

positive bacteria do not contain the outer membrane and are surrounded by layers of 

peptidoglycan many times thicker than those that are found in Gram-negative bacteria (153). 

Mtb on the other hand is an acid fast Gram-positive bacterium with an unusually thicker and 

more hydrophobic cell wall, with a periplasmic space similar to that of Gram-negative bacteria, 

due to the presence of an array of different lipids (8,43,91). As a result, the glycosylation 

observed in the membrane and cell envelope associated proteins, lipids, and lipogylcans might 

contribute to the virulence, phenotypic variability across Mtb lineages, and DR development 

(16). Studies have reported that the cell wall of Mtb makes it difficult for antibiotics to penetrate 

(8,26,36,54). A recent model showed that the cell envelope is divided into three parts: capsule, 

cell wall, and cell membrane (27). The outer capsule is mainly formed of proteins, glucan, and 

a small number of lipids (27). The cell wall consists of the outer mycomembrane (MM), 

arabinogalactan (AG), and inner peptidoglycan (PG) (27). MM has two leaflets, the outer one 

is formed of lipids such as trehalose mycolates,  phospholipids, glycopeptidolipids, and 

lipoglycans, and the inner leaflet is composed of long-chain mycolic acids (MA) (27,43). This 

array of lipids is what makes the cell envelope difficult for diffusion of even hydrophobic 

molecules, such as rifamycins, macrolides, fluoroquinolones and tetracyclines (27). 

There is little known on changes in the cell envelope composition of DR Mtb. Some studies 

have observed differences in cell envelope thickness between susceptible and resistant strains 

(16). The treatment of MDR and XDR strains is also suggested to be challenged by cell wall 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

27 
 

composition changes. Velayati et al. (2009) observed using electron transmission microscopy 

(TEM) differences in cell wall thickness between susceptible and resistant strains. MDR 

showed a difference of ~2 nm and XDR showed a difference of ~4.6 nm in cell wall thickness 

compared to DS strains (16,154). However, in this publication, little information was provided 

on whether the thicker cell envelope is a common feature of the resistant strains (16). Other 

studies have also looked into the difference in lipid profiles between resistant and susceptible 

strains (16). Using a high-throughput mass spectrometry-based lipidomic approach, Pal et al. 

(2017) determined that MDR-Mtb strains have increased levels of free fatty acids, TDM, 

glycerophospholipids, altered glycerolipids, and unique and distinct lipid signatures when 

compared to DS isolates (16,155). Several studies have looked in depth at the importance of 

cell wall integrity in Mtb (156-159). 

• Porins 

Pore forming proteins called porins are mounted on the outer layer of the cell wall and facilitate 

the entry of small molecules, nutrients, and hydrophilic compounds, that are important for Mtb 

viability and replication (27,43,160). Mtb does encode for two porin-like proteins (OmpA and 

Rv1698), but the role of porins in DR is lacking (8,27).  

• Efflux pumps 

Efflux pumps are a group of cell envelope glycoproteins that are important for bacterial 

metabolism, physiology, transport of nutrients, removal of toxins wastes, and transportation of 

signalling molecules through the cell envelope (16,27,161). They are crucial for expelling drug 

molecules when they enter the bacterial cell (16,27,161). Putative drug efflux pumps 

sometimes called transporters in Mtb are grouped into five super-families namely: (i) ATP-

binding cassette (ABC) superfamily, (ii) major facilitator superfamily (MFS), (iii) small 

multidrug resistance (SMR) family, (iv) resistance-nodulation-cell division (RND) 

superfamily, and (v) multidrug and toxic compound extrusion (MATE) family 

(27,152,161,162). Intrinsic resistance due to efflux pumps has been observed in a number of 

studies where there is an overexpression of efflux pumps due to drug exposure (27).  

Mtb efflux pumps are rapidly upregulated within hours after experiencing antibiotic stress and 

usually confer low level resistance and play a significant role in evolving to higher levels of 

resistance (16,77,161). The upregulated efflux pumps provide a selective advantage that allows 

Mtb to survive and replicate under sub-optimal drug concentrations until further development 

of several other resistance-associated mutations confer clinically relevant drug-resistant (16). 
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They may be stepping stones for high-level resistance (8). The overexpression of efflux pumps 

in resistant strains as a result of antibiotic stress has been reported by several studies and these 

findings emphasized the importance of understanding the mechanisms that drive regulation of 

efflux pumps (27).  

The inhibition of drug efflux pumps is a strategy to attack persistent Mtb and shorten therapy 

(163). The use of efflux pump inhibitors as alternative antimicrobials or adjuvants can 

potentially reduce the speed of DR development during TB therapy (152). The use of inhibitors 

is well-established in other bacteria, but their use against Mtb is not entirely clear. There are 

drugs of this class that have been suggested to be included in treating TB, such as carbonyl 

cyanide m-chlorophenyl hydrazine (CCCP), verapamil (VP), thioridazine (TZ) and 

chlorpromazine (CPZ), which can decrease Mtb resistance to RIF (161,164). Among them, 

verapamil has been shown as the most potent efflux inhibitor (161,164). 

• Drug degradation and modification 

Once a drug has entered the cell envelope, it may be cleaved by enzymes and rendered 

ineffective (8). Drug degradation and modification are well-studied DR mechanisms in Mtb 

(27,91). Mtb is intrinsically resistant to β-Lactam antibiotics, which reduce the number of drugs 

available to treat Mtb (8,26,27). β-Lactam antibiotics target transpeptidases called penicillin-

binding proteins (PBPs), which are important in cell wall synthesis (27,165). β-Lactamases 

produced by Mtb hydrolyse the β-lactam ring rendering the drug ineffective (27). The 

ineffectiveness of β-lactam drugs can be attributed to many factors and these include the 

impermeability of the cell wall and the low affinity of PBPs (27,43). The low permeability of 

the cell wall results in reduced access by the antibiotics and the low affinity of PBPs does not 

allow drugs to bind to the target (27).  

A new mechanism of resistance may explain how ~10% of  INH resistance is not conferred by 

DR mutations (166). A study done by Arun et al. (2020) suggested a new mechanism of INH 

resistance that involves acetyltransferase Rv2170, which may inactivate INH (166). This 

enzyme was able to catalyse the transfer of the acetyl group to INH from acetyl coenzyme A 

(acetyl-CoA), breaking down INH to isonicotinic acid and acetylhydrazine (166). This 

mechanism still needs to be investigated in INH-resistant clinical strains (166).  

Intrinsic resistance to aminoglycosides is due to acetyltransferase Eis (enhances intracellular 

survival) (36,43). Eis was initially found to play a role in the survival of Mtb in macrophages 

and was found to also play a role in manipulating host innate immunity against bacterial 
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infection (43). Eis also acylates CAP and KAN as well, so Eis has a dual function of protecting 

Mtb from host immunity and antibiotics, which implies coevolution of virulence and antibiotic 

resistance in Mtb (27,43). Mutations in the promoter of eis sometimes lead to over-expression 

and confer low-level resistance to KAN, but not to AMK (27). The expression of the ribosomal 

methyltransferase (Erm) has been attributed natural resistance mechanism against the 

macrolide class of antibiotics (36,160). Mtb also reduces the binding of macrolides and 

lincosamides to ribosomes and renders a natural resistance to this drug (43). Two main classes 

of aminoglycoside-modifying enzymes in mycobacteria include acetyltransferase and 

phosphotransferase (27). 

• Target alteration and target mimicry 

Target mimicry is an interesting DR mechanism in Mtb whose aim is to inhibit FQ’s mode of 

action (27,29,43). FQs kill bacterial cells by inhibiting DNA replication, transcription, and 

repair by binding to DNA gyrase and topoisomerase (43). Mtb is suggested to develop 

resistance through  MfpA (Mycobacterium fluoroquinolone resistance protein A) (29). MfpA 

closely resembles the double helix structure of DNA (43). It is proposed that MfpA binds to 

DNA gyrase and prevents FQ from binding in turn inhibiting the drug’s action (29,43). The 

physiological effect and the significance of this protein to FQ resistance remain unknown (43). 

 

2.7.2 Acquired drug resistance 

Acquired DR can occur either through mutations or horizontal gene transfer mediated by 

phages, plasmids, or transposon elements (Figure 2.2) (26). HGT has not been reported in Mtb, 

therefore Mtb is highly clonal and its thick cell wall makes gene exchange difficult (54). As a 

result, DR is mainly due to chromosomal mutations (7,54). Chromosomal mutations confer 

resistance through modification or overexpression of the drug targets and by prevention of the 

prodrug activation (8). The most commonly occurring mutations conferring DR are non-

synonymous SNPs and to a lesser degree synonymous SNPs and INDELS (26). DR mutations 

are often found in genes that encode enzymes that are directly targeted by antibiotics, in 

regulatory regions of these genes, or in gene products that are involved in the activation of pro-

drugs (26). 
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• Drug target alteration 

The interaction between a drug and its target is highly specific. Point mutations in genes that 

encode drug targets preclude drug binding to the target resulting in a decrease in drug potency 

(160). Antibiotics target central metabolic pathways, including  DNA, RNA, and protein 

synthesis, which are essential for the survival of the bacterium within the host (160). Because 

the drug targets are vital for the survival of the bacterium, they are highly conserved and the 

regions suitable for DR mutations within the target proteins are limited (7,8). Resistance due 

to drug target alterations confers resistance to RIF, INH, FQ, aminoglycosides, PAS, and SM 

(18).  

• Loss of pro-drug activation 

Some TB drugs require activation by intracellular enzymes to exert bactericidal/bacteriostatic 

activity (17,167). Mutations in the genes that encode drug-activating enzymes result in 

suppression or loss of enzyme activity; in turn conferring resistance to the respective drug 

(17,167). The prevention of prodrug activation results in resistance to INH, RIF, EMB, PAS, 

DEL, and PRE (8,17). If the activation of the TB- drug is not essential to the survival/growth 

of the bacterium, then the target region of DR conferring mutations in the polymorphic gene is 

larger meaning that many point mutations and INDELS may occur in this gene (8).  

 

2.7.3 Epistasis 

Epistasis is a mechanism that plays an important role in the evolution of organisms and the 

evolution of DR (7). In the context of DR, epistasis is a phenomenon where the effect of one 

mutation depends on the presence of another mutation in the same genome thus affecting the 

organism's phenotype (24,41). The epistatic interactions may include DR mutations, associated 

fitness costs, and the necessity of intermediate and compensatory mutations to reduce the 

fitness cost. The consequences of epistatic interactions could affect the levels of resistance, the 

frequency of resistance, or the relative fitness of resistant mutants, the dynamics of evolution, 

constraint types, and the order of mutations that can be fixed by natural selection (168).  

Consequently, epistasis affects the dynamics of evolution, for example, by causing a mutation 

to have a smaller fitness cost in the presence of another compensatory mutation (169). The 

clonal nature of Mtb favours the epistasis in that the absence of HGT means that all SNPs in a 

single Mtb genome are in linkage disequilibrium (LD) and hence the co-adapted alleles are 
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spread together in the population (7,14,42). Consequently, new mutations arise not 

independently from each other (42,170). They represent linked components of epistasis 

relevant to the evolution of DR in TB. These include positive, negative, and sign epistasis 

(7,29). 

An analysis of epistatic interactions could shed light as to why and how Mtb demonstrates a 

remarkable adaptive potential (20). The evolutionary trajectory of DR in Mtb can be described 

by determining the order and how quickly DR mutations occur during the adaptation (20). 

Describing the evolutionary trajectory of DR in Mtb can be achieved by identifying epistatic 

interactions and their directions (17). These interactions would determine the order in which 

the DR mutations arise by determining the optimal mutational pathway for resistance to 

meaningfully arise (17). A review by Trauner et al. (2014) discussed how an epistatic 

interaction can reduce fitness costs, increase the level of resistance, and accommodate for 

changes that occur in the physiology of Mtb when resistance occurs (Figure 2.3) (171). 

Understanding how epistatic interactions drive the evolution of DR in Mtb will help anticipate 

future trajectories and prevent the progression of an even deadlier disease (26). Studies that 

look into epistasis can provide vital information to slow or limit the evolution of DR (20). 
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Figure 2.3: Figure adopted from Trauner et al. (2014) showing putative epistatic interactions 

among genes found within M. tuberculosis genomes. 

 

• Positive epistasis. 

In positive epistasis, the fitness of a double mutant is higher than expected consequently 

promoting the evolution of MDR while minimising its cost (11,20,24). In other words, positive 

epistasis promotes the evolution of DR (24). The emergence of DR in Mtb is a stepwise 

acquisition of mutations and studies have shown the preference for a combination of DR 

mutations that result in higher in vivo fitness (17). Positive epistasis between DR mutations has 

been suggested by several studies, where combinations of at least two specific mutations, such 

as rpoB531, katG315, rpsL43, embB306, and gyrA94, were favoured (7,24,41,172). Spies et 

al. (2013) demonstrated that the double mutants rpsL K43R/katG-S315T, rpsL-K43R/rpoB-

S531L, and rpoB-S531L/katG-S315T, are frequently detected in clinical isolates, and grow 

faster than drug-susceptible strains (173). Interactions between DR mutations may restore or 

even increase the biological fitness of resistant strains in comparison to drug susceptible ones 

(7). Although not much is known about interactions between DR mutations in Mtb, they could 

play an important role in the emergence and evolution of MDR and XDR Mtb (7).  

• Negative epistasis 

In negative epistasis, the fitness of a double mutant is lower than expected consequently 

constraining the evolution of MDR by aggravating its cost (11,20,24). In light of this combining 

antibiotics where their respective DR-conferring mutations interact negatively, may result in a 

reduction in biological fitness (26). In light of this, a possibility would be to combine drugs 

where the respective DR-conferring mutations interact negatively, thus lowering the fitness of 

strains carrying both DR determinants (26)   

• Sign epistasis 

Genetic interaction can have positive or negative effects on the phenotype or fitness of an 

organism depending on the genetic background (169,174,175).  The genetic background could 

be in the context of a resistant genetic background, compensatory, and the genetic diversity of 

the strains. This is a primary example of how epistasis could modulate the evolution towards 

DR (17). Sign epistasis can limit the number of evolutionary paths available to a population, it 

can constrain the type and order of selected mutations that can be fixed by natural selection 
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and it can also make adaptive trajectories dependent upon the first random mutation (20,169). 

This is so because in sign epistasis if mutations are individually advantageous, this may have 

profound effects on the trajectory of DR-evolution, but if the combination of these individually 

advantageous mutations is deleterious, one would not expect to see these combinations persist 

in the population (20). Thus, sign epistasis can constrain the number of paths that are available 

for adaptation (20).   

When looking at biological fitness in the context of sign epistasis; a mutation may be beneficial 

or have no effect in a specific genetic background, but deleterious in a different genetic 

background (20,29). In a reciprocal sign epistasis, the interacting mutations change their signs, 

for example when mutations that are individually deleterious become beneficial in combination 

with other mutations, or when two individually beneficial mutations become deleterious in a 

different genetic background (Figure 2.4)  (20,29).  

 

 

 

Figure 2.4: The different forms of epistasis and their effect on fitness (↑ high fitness) ( ↓ low 

fitness) (29). 
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2.7.4 Fitness cost and Compensatory evolution in essence are part of the sign epistasis 

TB drugs target essential or highly conserved genes (7,173). Mutations that occur in genes that 

code for these key pathways may have adverse effects on the normal physiological state of the 

bacterium in the absence of the drug resulting in a fitness cost (3,7,164). In bacteria, the 

acquisition of resistance is often associated with a biological cost because of the essentiality of 

the highly conserved antibiotic targets (173). Initially, there may be a fitness cost due to the 

acquisition of a DR mutation, but as the bacterium continues to evolve, it acquires additional 

mutations that ameliorate the initial fitness costs over time (173). Studies have also reported 

mutations that result in no or low fitness costs that are often positively selected for in clinical 

isolates (26,173). The extent of the fitness cost may also depend on a mutation as well as on 

multiple mutations termed the genetic background of the strain (7).  

The clonal nature of Mtb means that negative fitness effects can only be alleviated through 

reversion or compensation because deleterious mutations cannot be replaced through HGT 

(42). It was demonstrated that fitness plays an important role in the emergence of resistant 

bacteria (26). There is a growing amount of evidence on the role of compensatory evolution in 

the acquisition and maintenance of resistance, highlighting the importance of determining the 

interaction between DR mutations and compensatory mutations (14). Fitness costs conferred 

by DR mutations can be reduced or eliminated by compensatory/second-site mutations (20). 

Compensation is often said to occur after the initial mutation, however, compensation can occur 

before or after the initial mutation (20). Under the concept of sign epistasis, compensatory 

mutations that occur in a DR-sensitive background that are deleterious are unlikely to segregate 

independently of the resistance mutation (19). This raises an important question on Mtb’s 

ability to harbour multiple drug resistance mutations while retaining its ability to infect, persist, 

and cause disease (3). 

 The best-known examples of compensatory mutations are found in the RNA polymerase of 

RIF-resistant strains, which have been shown to compensate for the deleterious effects of RpoB 

mutations in the absence of RIF (29,42). Mutations within rpoA and rpoC, encoding the α and 

β-subunits of the RNA polymerase compensate for the fitness costs associated with the 

resistance mutations in rpoB (16,26,27,51). The intragenic mutation in rpoB, V615M, 

increased the rate of transcription elongation and compensated for the defective RNA 

polymerase rpoB having S531L substitution (27).  Compensatory mutations in rpoA and rpoC 

genes are associated with the improved transmissibility of the DR strains as evidenced by 
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clonal exaptation of the strains carrying these particular mutations that appeared to restore the 

fitness of the resistance strains to the wild-type function (171). This was investigated in a study 

by Cohen et al. (2015) on the XDR outbreak in Tugela Ferry, KwaZulu-Natal, South Africa, in 

2005. They studied the long evolutionary history of the MDR strain and revealed compensatory 

mutations associated with RIF resistance, which may have contributed to the success of this 

clone dating back to 1957 during the early onset of TB treatment (176).  

Newer work by Zimic et al. (2020) identified 35 additional putatively novel compensatory 

mutations in rpoC genes from Mtb isolates in Peru, which were RIF-resistant (177). Another 

study by Coll et al. (2018) identified a pnaB2 mutation that may compensate for PZA resistance 

conferred by pncA mutations and also found mutations in the thyX–hsdS.1 promoter that 

compensates for PAS resistance conferred by thyA however, experimental validation is 

required (34). In Mtb; the well-known katG mutation at codon position 315 is suggested by 

multiple studies to be compensated for by the overexpression of ahpC (7,8,16,24,26,29). 

Resistance to aminoglycosides (AMGs) is conferred by mutations in 16S rRNA (26). If 

mutations they destabilize the rRNA secondary structure, which can be compensated by a 

secondary mutation in the same gene (26,51). Compensatory mutations in the ahpC promoter 

and 16S rRNA are rarely seen in clinical isolates of Mtb (26,27).  

 

 

Figure 2.5: Shows the evolutionary trajectory of DR from the acquisition of mutations to clonal 

interference (178). 
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2.7.5 Clonal interference. 

In populations where HGT does not occur, each mutation remains in the genetic background 

where it originally occurred (150,179,180). If multiple positive traits are selected for different 

genetic backgrounds, these traits cannot be recombined (150,179). Instead, they have to 

compete against each other. This process is known as clonal interference (150,179). Clonal 

interference results in an occurrence of dominant clones that can adapt in response to antibiotic 

selective pressures (16,27).  

Sun et al. (2012) performed a study to investigate this process in 3 TB patients by tracking DR 

allele frequencies in these patients across 2 time points. The 1st patient had no DR mutations at 

the onset of treatment and was susceptible to all drugs, but at the second time point of sampling, 

they detected 4 segregating DR mutations (katG V1A, D94N, S315R, and inhA C-15T) that 

conferred resistance to INH (150,181). At the final time point of sampling, sequencing results 

showed that 94.2% of the reads within the sample had a single DR mutation (katG D94G), 

which suggested that this mutant had a higher fitness in comparison with the other three 

mutants (< 5%), including those containing DR mutations (katG G125V and L611R ), which 

was not present at the second time point (150,181). This could mean that while Mtb rapidly 

acquires resistance mutations, different DR strains compete against each other due not 

HGT/recombination (150,179). The second patient had an Mtb population fixed for the DR 

mutation (rpoB L533P) but remained sensitive to RIF (150,181). Eighteen months later, the  

patient had a population that was dominated by another DR mutation (rpoB H526Y) and was 

now resistant to RIF, which suggests that successive sweeps of alternative DR mutations can 

lead to MDR strains (150,181).  

Similarly, Eldholm et al.(2014) monitored the evolution of an XDR strain from a susceptible 

ancestor in a single patient (7). They showed that DR-associated mutations were acquired 

multiple times by individual clones, but only one of them successfully outcompeted and 

replaced the other clones (7). This suggests that adaptive mutants are fixed and become 

dominant while others are lost due to competition (7,27,179,182). An illustration of this process 

can be seen in Figure 2.5. 
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2.8 Conclusion 

How TB has evolved DR mechanisms to recognize and respond to antibiotics is largely 

unknown (43). In the quest to create new drugs, there is a great need to understand the 

underlying mechanisms that drive the DR evolution (27,151). Understanding the pathology of 

Mtb is difficult, as this bacterium remains elusive (27). To eradicate or at least control TB, it 

is important to understand the mechanisms that result in the pathogenesis of TB and how it 

survives selective pressures resulting from antibiotic use (27). To avoid the emergence of such 

deadly strains, understanding how these strains achieve sustained transmission especially 

before they become a healthcare problem, could inform for prevention and containment (151). 

Furthermore, understanding the mechanisms shaping the transmission of Mtb strains can 

provide a lead about the potential approaches for TB control (143). 
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Chapter 3: Materials and Methods 

3.1 Introduction 

Whole genome sequencing (WGS) studies of Mycobacterium tuberculosis (Mtb) worldwide, 

have led to the identification of its genetic diversity and have provided some insight into its 

evolution and transmission (121). The sequencing of whole Mtb genomes provides 

comprehensive genetic information with which the genetic basis of drug resistance (DR) can 

be determined (39,72,107). The genetic diversity of Mtb can affect the baseline susceptibility 

towards drugs, it can modulate the acquisition and prevalence of DR, and affect the resulting 

phenotypic effects of DR (183). Studying the interplay between the genetic diversity of Mtb 

and the emergence of DR could provide important information on how to restrict the evolution 

of DR in Mtb (183). Unfortunately, studies on lineage-specific differences in Mtb are biased 

towards lineages 2 and 4, and not much is known about the other remaining lineages.  

Studies on compensatory evolution have suggested the importance of compensatory mutations 

in the development and maintenance of DR in Mtb. Reports on compensatory mutations are 

mostly focused on first-line drugs, not much is known about compensatory mutations that exist 

in second line drugs (184). Furthermore, mutations often labelled as pre-requisite/stepping 

stone/intermediate mutations are suggested to affect the level of resistance ultimately leading 

to higher levels of resistance (184). The identification of low level resistance conferring 

mutations such as pre-requisite mutations can lead to the prevention or reversal of the resistance 

(185). Unfortunately, there are no well-curated databases of mutations causing intermediate 

levels of resistance (108).  

In this study, we collected an extensive amount of sequence data and used statistical approaches 

to establish epistatic interactions between pre-requisite/stepping stone mutations, intermediate 

mutations, DR mutations, and compensatory mutations in the context of the genetic 

background of sequences (184). Firstly, linkage disequilibrium (LD) was used to establish non-

random associations between mutations, then attributable risk statistics were used to determine 

directional dependencies of mutations and then statistically validated evolutionary paths 

towards resistance were determined. Additionally, universal markers of DR irrespective of the 

genetic background of sequences were also determined. 

The data of this study was collected from multiple sources meaning that this is a meta-analysis 

study. Unfortunately, most studies investigating the evolution of DR in Mtb are done in vitro 
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and not in vivo. This could limit understanding of the clinical relevance of these associations. 

However, the elucidation of epistatic interactions could explain the trends of DR seen in the 

clinical setting. 

 

3.2 Data collection 

An extensive search for sequence data and corresponding metadata was undertaken by 

searching through the NCBI database. Research articles reporting on WGS studies in Mtb from 

various countries were collected with the use of provided accession numbers of sequences as 

well as the metadata of sequence files. The metadata of these files had to include the phenotypic 

drug susceptibility (DS) profiles of each isolate and, optionally, the lineage they belonged to. 

These were the criteria with which sequence data was included for the downstream analysis. 

Sequence files in fastQ format were collected from the cryptic consortium project as well as 

metadata that included the DS profiles and lineage designations. The cryptic consortium project 

involves a study that analysed whole-genome sequences of Mtb from 16 countries and their 

associated phenotypes of resistance (186). The study aimed at predicting the susceptibility of 

sequences to the first-line drugs (186).  

Variant call files (VCF) were also collected from the 

Pathosystems Resource Integration Centre (PATRICK) database and the Tuberculosis 

Antibiotic Resistance Catalogue Project (TB ARC). The PATRICK database was designed to 

assist scientists in the research of infectious diseases (187). This database provides information 

on bacterial genomes, data associated with the relevant genome analyses, computational tools, 

and a platform for bioinformatics analysis (187). The TB ARC project involved an international 

collaboration of researchers whose aim was to create a catalogue of mutations responsible for 

DR in Mtb to inform diagnostics (188). Lastly, VCF files were collected from the Genome-

wide Mycobacterium tuberculosis variation (GMTV) database. This database consists of whole 

genome sequences from around the world, but mostly from the Russian Federation (189). The 

metadata included DS profiles and lineage designations. If the lineage designation of a strain 

was unknown, it was determined using the Resistance sniffer program. This program uses a 

computational algorithm that was developed to predict DR and lineage designations in Mtb 

isolates (104).  

Although the number of sequenced Mtb genomes in public databases is huge and keeps 

growing, the majority of them are not provided with DS profiles and other metadata; therefore, 
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these sequences were not suitable for this study. The initial number of sequence files (Illumina 

reads) collected was 17000+. The metadata and filtering of reads limited the number of suitable 

files. The lack of metadata largely excluded a significant number of the originally selected files. 

Additionally, files belonging to animal adapted lineages were removed. In total, 9388 fastQ or 

VCF files were selected from public sources, including the type strain H37Rv, which was 

assumed to be susceptible to all antibiotics. Numbers of obtained whole genome sequences of 

Mtb strains belonging to different lineages are shown in Table 3.  

The development of this collection was aimed at improving our knowledge of how antibiotic 

resistance is associated with specific DR and supplementary mutations in the global Mtb 

population and in the different lineages. The DR mutations conferring resistance to the first 

and second line antibiotics were the focus of this study. An attempt was made to include all 

lineages of the M. tuberculosis complex. No DR mutations were found in lineage 7. Indeed, 

lineage 7 generally is not associated with a DR phenotype and largely these strains are 

susceptible to the antibiotics used against Mtb (190). This is why lineage 7 was excluded from 

this analysis. 

Table 3: Numbers of isolates from each lineage of M. tuberculosis collected for the analysis. 

Lineage Count 

Lineage_1 (unidentified to sub-lineages) 714 

Lineage_1.2 26 

Lineage_2 (Beijing) 2532 

Lineage_3 (CAS) 1593 

Lineage_4 (unidentified to sub-lineages) 1157 

Lineage_4.1 3 

Lineage_4 (Cameroon) 115 

Lineage_4.1 (Ghana) 19 

Lineage_4.1 (Haarlem) 782 

Lineage_4.3 (LAM) 925 

Lineage_4 (S-type) 298 

Lineage_4 (Tur) 140 

Lineage_4.6(Uganda) 31 

Lineage_4.2 (Ural) 272 

Lineage_4.1 (X-type) 707 

Lineage_5 20 

Lineage_6 54 

Grand Total 9388 
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3.3 Mapping and variant calling 

Bioinformatics pipelines created for this study were guided by Walter et al. (2020), Bush et al 

(2020), and Olson et al. (2015) publications (191,192). Specifically, Olson et al. (2015) and 

Bush et al. (2020) described processes and parameter settings for mapping fastQ reads against 

reference genomes, variant calling, and filtering. Walter et al. (2020) suggestions were useful 

for the parameterization of variant inclusion and bash script writing for the creation of 

analytical pipelines. These publications provided this study with a guideline to optimize the 

use of bioinformatics software tools (Bowtie2 v2.3.4.1 & BCFTools v1.7) to limit false variant 

calls for both Single Nucleotide polymorphisms (SNPs) and Insertions and Deletions 

(INDELS) (193,194). 

DNA reads in fastQ format were mapped against the H37Rv genome reference sequence using 

Bowtie2. False variant calls were removed and checked for duplications using Sambamba 

v0.5.0 (195). Sambamba is a software tool designed by Tarasov et al. (2015) for faster 

processing of SAM, BAM, and CRAM sequence alignment files (195). Variant calling and 

filtering were done using BCFtools. Stringent filtering thresholds were used to limit false 

variant calls:  SNP gap of 3 (-g3), indel gap of 10 (-G10), exclude (-e) SNPs that have < 150 

QUAL score, a DP less than 20, AF < 0.95, SP > 30, < 5 reads mapped at that position and 

reads in each direction that have < 1 read in support of the variant. The detailed bash script 

showing how read mapping, variant calling and variant filtering was done are provided in 

Appendix 1.  

The aforementioned steps were done on a Linux-based server. Figure 3.1 shows a summary of 

the bioinformatics workflow used to produce analysis-ready VCF files. Most bioinformatics 

workflows used to determine variants typically remove PE and PPE regions, because they 

result in a large number of false variant calls (106,107). Thus, PE and PPE genes were excluded 

from consideration. Several in-house scripts were written on Python 3 to identify and validate 

genetic polymorphisms associated with DR development in Mtb lineages. 
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Figure 3.1: Analytical workflow of the project. 

3.4 Split package 

Statistical analysis was done with the use of an in-house collection of Python scripts called 

Split. These scripts were adapted from a previous NRF funded project on DR in Mtb. These 

scripts were published in the book chapter by van Niekerk et al. (2018). The package consists 

of five scripts/subprograms written in Python 3. The scripts can be run either on a local 

computer or on a Linux based server which can provide a better solution due to the large size 

of our datasets. 

3.4.1 Identify_polymorphism.py 

This script converts between different formats of representation of mutations in literature. 

Some studies represent polymorphic sites either by their location in the reference genome, i.e 

2086672, or by the nucleotide sequence, or by the gene name and the locus tag, i.e glcB|310n 

or Rv1837c|310n respectively, or by the codon number and coding sequence, i.e GlcB|104 or 

Rv1258c|40 respectively. All of these polymorphic representations refer to the same mutation. 

Identify
polmorphisms.

py

• Catalogue of polymorphisms is created.

fastq2vcf.py

• fastQ files are converted into VCF files.

Annotation.py

• Creates database files (.txt and .fa files) for downstream analysis, polymorphisms 
are added as input.

Split.py

• The most discriminative polymorphisms are determined, with metadata information 
as input.

Risk.py

• Statistical analysis of pairs of polymorphisms. 
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This program may also be used to check the amino acid substitutions caused by a nucleotide 

substitution, if any. The command prompt interface of the script is shown in Figure 3.2. 

 

Figure 3.2: The command prompt interface of the script identify_polymorphisms. 

 

3.4.2 Fastq2vcf.py 

Most sequence data available is stored in a fastQ file. The script fastq2vcf converts fastQ files 

to VCF files using the R module Rsubread. It maps fastQ files against the provided reference 

genome, performs variant calling, and generates a VCF file.  A command prompt interface of 

fastq2vcf collecting initial program run parameters is shown in Figure 3.3. 
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Figure 3.3: Command prompt interface of fastq2vcf. 

3.4.3 Annotation.py 

This script was used to produce database files used for downstream analysis by analysing the 

provided VCF files stored in a folder indicated as a program run parameter. The program 

produced two database files; one was an annotated database of polymorphisms found in the 

VCF files and the second one consisted of pseudo-sequences of amino acids at the polymorphic 

sites in fasta format. An example of a portion of the output of annotated polymorphisms and 

pseudo-sequences of amino acids can be found in Appendix 3 and 4 respectively. The 

command prompt interface of the script annotation is shown in Figure 3.4. 
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Figure 3.4: The command prompt interface of the script annotation. 

3.4.4 Split.py 

Metadata on the drug susceptibility profiles of each VCF file and the annotated polymorphisms 

generated by annotation.py were added as input into this program. A sample of the metadata 

can be found in appendix 2. This program allowed for the identification of the most powerful 

marker mutations to distinguish between 2 groups (for example, resistant or susceptible, or 

belonging to different lineages) of strains. The command prompt interface of the script split is 

shown in Figure 3.5. 

 

 

Figure 3.5: The command prompt interface of the script split. 
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The most discriminative polymorphisms that were used as marker polymorphisms and could 

differentiate between susceptible and resistant strains were identified using the power value as 

shown in Eq. 1, which was published in a paper by Muzondiwa et al. 2020 (104).  

   (1) 

where A∩B is the number of strains in the lineages A and B sharing the same allelic state of 

the locus k; NA and NB – sample sizes of the lineages A and B, respectively. Power values range 

from 0 to 1. The polymorphisms that had power values greater than 0.6 were selected for the 

downstream analysis.  

 

3.4.5 Risk.py 

This script identifies dependencies between pairs of mutations with the use of a linkage 

disequilibrium value (LD), chi2 test value, and the attributable risk statistic. Dependencies 

between pairs of mutations enabled the identification of epistatic links among mutations. The 

LD established if two non-random mutations were linked and the chi square test statistically 

validated links. The attributable risk statistic provided directional dependencies that enabled 

the identification of pre-requisite/initial, intermediate and compensatory mutations. Pre-

requisite mutations were identified as initial mutations that had no mutations that pre-ceded 

them; this would identify the initial mutation at the start of an evolutionary path. Intermediate 

mutations had mutations that preceded and followed them. Compensatory mutations were 

mutations that were the last/final mutations to occur in an evolutionary path. 

 The fasta file and annotated polymorphisms produced by the script annotation, and pairs of 

marker polymorphisms predicted by the script split, are added as input to this subprogram. The 

output produced by this program shows the descriptors of the first and second polymorphic 

sites, for example, KatG|463R(-2) versus Stp|69D(-1) as shown in Figure 3.6 in the following 

format: gene|codon location, amino acid substitution, DNA strand of gene location and the 

number of substituted nucleotide within the codon in parentheses. The program then shows a 

contingency table in square brackets of how many times these two mutations co-existed in the 

same genome. The contingency table is followed by calculated linkage disequilibrium, Chi2, 

and attributable risk values of dependences of the first polymorphism from the second one (A-

),min(
1

BA

k
NN

BA
Power


−=
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>a|b) and the second from the first one (B->b|a). For each dependence, the standard error is 

calculated as shown in the command prompt interface of the script risk in Figure 3.6. 

 

Figure 3.6: The command prompt interface of the script risk. 

 

Pairs of the most discriminative polymorphisms were selected to determine any possible 

epistatic interactions. These pairs were added as input to the risk.py sub-program that 

implements Levin’s attributable risk statistic algorithm (196) as explained in a previous 

publication by van Niekerk et al. (2018) and shown in Eq. 2.  

 

 

Where Ra is an attributable value of mutations A → a if the mutation B → b already took place 

and Fxy are frequencies of allele combinations among sampled Mtb strains. 

 

Pairs of mutations that showed similar dependencies in both directions (A->a|b) and B->b|a), 

were excluded as these indicated the occurrence of genetic drift. Furthermore, polymorphisms 

that had negative attributable risk statistics showed negative epistasis meaning these 

associations among polymorphisms were incompatible with each other showing negative 

epistasis. These are less likely to occur in combination and thus were also excluded from the 

analysis. Pairs of mutations useful for this study were those, with attributable risk values greater 

𝑅𝑎 =
𝐹𝐴𝐵𝐹𝑎𝑏−𝐹𝑎𝐵𝐹𝐴𝑏

(𝐹𝐴𝐵+𝐹𝑎𝐵)(𝐹𝑎𝐵+𝐹𝑎𝑏)
        (2)  
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than 0.5 recorded only for one dependence (either A->a|b) or B->b|a), which indicate the 

direction of epistatic relations. This concept is illustrated in Figure 3.7 adapted from the 

publication by van Niekerk et al. (2018). 

 

Figure 3.7: Two pairs of polymorphisms with the first pair showing omnidirectional 

dependency with the likelihood of a drug resistance (DR) mutation (KatG R463L) occurring 

when a mutation has already occurred in a secondary polymorphic site (stp D69Y). The 

likelihood of a mutation occurring in the opposite direction is less likely (B→b|a < 0.5 and 

A→a|b> 0.5). The second pair shows bidirectional dependency with the likelihood of a DR 

mutation occurring when a mutation has already occurred in a secondary polymorphic site 

(PPE35L896S) and a mutation occurring in a secondary polymorphic site when a mutation has 

already occurred in the DR mutation (both B→b|a and A→a|b> 0.5). This indicates genetic drift 

and such pairs were removed from the analysis. 

 

3.5 Data visualization 

Output files containing statistical associations among polymorphisms produced from the risk 

script were added as input in the form of a text table to the software Cytoscape version 3.1.10. 

Cytoscape is an open-source software often used to visualise complex networks. Epistatic 

interactions included had a linkage disequilibrium value greater than 0.5, a chi-square value 

greater than 6.63 corresponding to a p-value of <0.01, and attributable risk statistical values 

showing omnidirectional dependencies greater than 0.5. Some polymorphisms with high power 

values were not included in the analysis of epistatic interactions due to the absence of 

statistically significant associations. 
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Chapter 4: Identification of Universal lineage-independent markers 

of multidrug resistance in M. tuberculosis 

4.1 Introduction 

The identification of resistance genes is vital for the eradication of the tubercular disease. 

Mutations in genes at specific loci in the Mycobacterium tuberculosis (Mtb) genome are 

reported to confer resistance and are suggested as drug targets in the development of anti-TB 

drugs (197).  The extensive use of antibiotics posed a selection pressure on Mtb and, in 

response, Mtb has acquired mutations over time that have enabled it to survive and thrive in 

unfavourable environments (198). Mutations conferring drug resistance (DR) are often found 

in drug targets or drug metabolism mechanisms (199). Well-known DR mutations are found in 

the genes rpoB, inhA, katG, pncA, gyrA, and gyrB, which confer resistance to rifampicin (RIF), 

isoniazid (INH), pyrazinamide (PZA) and fluoroquinolones (FQ’s) respectively (198).   

Often studies develop catalogues of DR-associated mutations to aid in diagnostics. A major 

challenge with the creation of these databases is that they are not well maintained/curated and 

in most cases lack clinical metadata (200). Therefore, reliable and comprehensive catalogues 

of genetic markers for DR-TB are lacking (200). Most reported DR mutations are associated 

with resistance to one drug or at most several drugs. Unfortunately, there is a limited amount 

of available evidence on mutations found in a single locus conferring resistance to multiple 

drugs (197).  In this chapter, we identified universal markers of DR that suggest resistance to 

more than 3 antibiotics. We then used the attributable risk statistic to statistically validated 

epistatic interactions among the functional and non-functional genes to determine any 

evolutionary paths that would result in a “mutator phenotype” being required prior to the 

development of multidrug resistance.  

 

4.2 Universal markers of antibiotic resistance in functional genes. 

We found universal markers that may predict the likelihood of DR to more than three drugs 

independent of Mtb lineage designation. These links between allelic states of the identified 

polymorphic loci and DR yielded high power association values. A portion of the detailed 

description of each polymorphism can be found in Appendix 5. In total, 64 such polymorphic 
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sites were identified within protein coding genes, out of which 47 sites were found in highly 

mutable PE/PPE regions and 17 were located in functional genes. Mutations in functional genes 

associated with multidrug resistance are shown in Table 4.1. 

 

Table 4.1: Universal markers of drug resistance in M. tuberculosis found in functional genes 

Locus tag Gene name Polymorphic Codon 

Rv1269c Conserved secreted protein 29 

Rv0766c Cytochrome P450 cyp123 278, 279 

Rv3480c Possible triacylglycerol 

synthase (diacylglycerol 

acyltransferase) 

318 

Rv1928c Probable short-chain type 

dehydrogenase/reductase 

190 

Rv0045c Possible hydrolase 83 

Rv3854c Monooxygenase ethA 337 

Rv0823c Possible transcriptional 

regulatory protein 

322 

Rv3919c glucose-inhibited division 

protein gidB 

65 

Rv3346c Conserved transmembrane 

protein 

19 

Rv1522c Transmembrane transport 

protein mmpL12 

549 

Rv3093c Hypothetical oxidoreductase 207 

Rv3761c Acyl-CoA dehydrogenase 

fadE36 

303 

Rv2330c Lipoprotein lppP 20 
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Rv1446c OXPP cycle protein opcA 14 

Rv2434c Probable conserved 

transmembrane protein 

317 

We found statistically significant associations with the gene cyp123 at codon position 279, 

which was associated with resistance to amikacin (AM), capreomycin (CM), ethambutol 

(EMB), isoniazid (INH), moxifloxacin (MFX), ofloxacin (OFX), prothionamide (PTO), 

pyrazinamide (PZA), rifampicin (RIF), and streptomycin (SM). Cyp123 forms part of the 20 

subfamilies of cytochrome 450s present in Mtb (201,202). A GWAS study done by Lagutkin 

et al. (2022) found that SNPs in the Cyp123 gene were associated with resistance to STM, INH, 

and RIF (203). It was however not found at the codon position 279 but at M192A. A significant 

association between the mutation in FadE36 at codon position 303 with resistance to EMB, 

INH, PZA, RIF, and SM was found. FadE genes are suggested to function as acyl-CoA 

dehydrogenases, which play a role in lipid metabolism (204). The association of FadE36 to DR 

was not reported in the literature. 

The gene gidB encodes an S-adenosyl methionine (SAM)-dependent 7-methylguanosine 

(m7G) methyltransferase, which performs methylation of 16S rRNA that is required for proper 

functionality of ribosomes. SM inhibits the ribosomal translational proofreading by binding the 

methylated site in 16S rRNA. Consequently, mutations in gidB prevent 16S rRNA methylation 

and reduce the binding affinity of the antibiotic resulting in SM resistance. However, amino 

acid substitutions at codon position 65 of these genes were not reported as significant for SM 

resistance. In our study, the Gid 65th-codon alterations were associated with DR to AM, EMB, 

OFX, PTO, PZA, and SM. The association of this mutation with the resistance to many 

antibiotics with different modes of action suggests that alteration in methylation of the 16S 

rRNA subunit is a key in Mtb’s survival strategies.    

MmpL12 is one of the transmembrane transports of a large MmpL family of transporters found 

in Mtb. A transmembrane transporter MmpL3 has been suggested to increase resistance to 

drugs that inhibit these transporter proteins (205). Studies on these proteins will improve 

knowledge of DR mechanisms and provide new drug targets (205). In MmpL12 there are no 

associations with DR found to date in the literature. In our study, however, we found a strong 

association of mutations in MmpL12 at codon position 549 with EMB, INH, PZA, RIF, and 

SM. This finding defines cell wall integrity as a cornerstone of resistance to various antibiotics.  
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The hydrolase Rv0045 is suggested to be an esterase that involves lipid metabolism in Mtb 

(206,207) which leads us to one another confirmation that the adjustment of bacterial cellular 

membrane integrity is the central mechanism of increased drug resistance. In our results, we 

found that mutations in Rv0045 at codon position 83 have strong associations with resistance 

to AM, CM, EMB, MFX, OFX, PTO, and PZA. There are no confirmations of this fact in 

literature. Another mutable protein involved in cell wall biosynthesis is LppP lipoprotein. This 

protein was reported to be important for the survival of Mtb in macrophages and a 7 bp deletion 

in this gene was found to indicate a higher risk of DR (208). Our study showed that mutations 

in this gene at codon position 20 were associated with resistance to EMB, INH, PZA, RIF, and 

SM. 

Rv0823c is a transcription regulatory protein. In our study, we found polymorphisms in 

Rv0823 at codon position 322 to be associated with resistance to AM, CM, EMB, MFX, OFX, 

PTO, and PZA. A study done by Raman and Chandra  (2008) investigating possible pathways 

for DR determined that Rv0823 would be a suitable drug target to counter the emergence of 

DR, however, mechanisms of DR increasing due to mutations in this gene are not clear (209). 

Rv1269c encodes a secreted protein of unknown (203). In the same GWAS done by Lagutkin 

et al. (2022), they found that an 8 bp insertion was associated with resistance to SM, RIF, EMB, 

AM, and FQs. In our study, mutations in this gene at codon position 29 were associated with 

resistance to AM, CM, EMB, INH, MFX, PZA, RIF, and SM.  

OpcA is a protein involved in the Oxidative Pentose Phosphate (OxPP) cycle and it is suggested 

to be overexpressed in INH-resistant clinical isolates (210,211). In our analysis, we did not find 

any direct association between the INH resistance and the OpcA mutations at codon position 

14, but we found strong associations between these mutations and resistance to AM, CM, MFX, 

OFX, and PTO. The role of OpcA in Mtb is not clear, but in cyanobacteria, this protein is 

directly involved in the oxidative stress response which explains the over-expression of this 

gene as a factor of INH resistance by lowering the redox potential that prevents oxidation of 

the INH-prodrug in converting it into an active compound (212). Our study showed that fine-

tuning the redox potential of the cell due to mutations in OpcA plays a significant role in 

increased resistance of Mtb to many antibiotics. Another protein, Rv1928c, encoding a 

dehydrogenase/reductase, is also involved in the maintenance of the cellular redox potential. 

This gene is suggested to play an important role in redox metabolism, which is suggested to be 

important for INH resistance in a study by Furio et al. (2021) (213). In our results, the mutations 

in Rv1928c at codon position 190 showed no associations with INH resistance but there were 
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links with Mtb resistance to CM, EMB, MFX, OFX, PTO, PZA, and SM. This finding once 

more demonstrates that redox potential maintenance is a key point of multidrug resistance in 

Mtb. 

Rv2434c encodes a conserved transmembrane protein and its association with DR is unclear. 

Mutations at codon position 317 were found in this study to be associated with resistance to 

AM, CM, MFX, OFX, and PTO. Rv3093c encodes an oxidoreductase that forms part of a gene 

cluster (Rv3093c-Rv3095c) (214). Increased expression of this gene cluster was said to be 

associated with ethionamide (ETH) resistance (214). The direct association of mutations in 

Rv3093c at codon position 207 with antibiotic resistance has not yet been established, but our 

study showed strong associations of these mutations with EMB, INH, PZA, RIF, and SM 

resistance. Rv3346c encodes a conserved transmembrane protein. No associations of mutations 

in this gene with DR have been reported except for the upregulation of this gene after INH 

exposure (215). We found that mutations in Rv3346c at codon position 19 were associated with 

EMB, INH, PZA, RIF and, SM resistance. Most likely Rv3093c and Rv3346c are two other 

genes involved in oxidative stress response in Mtb. 

Rv3480c encodes a possible triacylglycerol synthase and is suggested to be a biomarker to 

differentiate between active and latent TB; therefore, it is potentially associated with INH 

resistance (216,217). We found an association between mutations in Rv3480c at codon position 

318 and resistance to AM, CM, EMB, MFX, OFX, PTO, PZA, and RIF. The molecular or 

biological mechanisms of this association with drug resistance remained unclear.  

EthA monooxygenase is commonly known to confer resistance to ETH (69,86). Mutations in 

ethA can lead to reduced EthA enzyme activity, thereby diminishing the activation of ETH 

prodrug. We have found that mutations at codon position 337 in this gene were associated with 

resistance to many other antibiotics, namely: AM, CM, EMB, OFX, PTO, PZA, and SM. The 

involvement of this enzyme in multidrug resistance has not been reported before. 

 

4.3 Mutations in PE/PPE and PE_PGRS genes and their associations with multidrug 

resistance 

PE and PPE  are a family of genes that make up 10% of the Mtb genome and they are named 

after conserved proline (P) and glutamic acid (E) residues (218,219). The technology available 

in studying pe and ppe genes is challenged by the high GC content of these genes in turn making 
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sequencing, alignment, and cloning these genes challenging (218). These genes are generally 

excluded from bioinformatics pipelines due to the difficulty of mapping these genes to the 

appropriate Mtb reference genome (218). Long-read sequencing is an alternative technology 

that is suggested to improve the understanding of pe/ppe genes (218). The PE subfamily is 

further divided into PE and the highly repetitive PE_polimorphic GC-rich sequences 

(PE_PGRS) proteins (219,220).  

PE/PPE proteins are suggested to contribute to the virulence of Mtb and are suggested to have 

a close association with the ESX secretion systems (219,221). Most likely these proteins are 

secreted by different ESX systems with the majority being secreted by the ESX-5 secretion 

system (222). Type VII secretion systems (T7SS) are important virulence determinants that 

have been explored as novel drug and vaccine targets (223-225). There are five T7SS (ESX-1 

– ESX-5) (226). The biological functions of PE and PPE proteins are not clearly understood; it 

is believed they function as outer membrane nutrient transport proteins, and play a role in host-

pathogen interactions or immune evasion (218,227). 

Our study showed strong associations between site-specific mutations in these genes and 

multidrug resistance (Table 4.2). While these associations were statistically strong, they did 

not necessarily mean the existence of specific functional links. PPE and PE_PGRS genes are 

mutational hotspots in Mtb genomes. We hypothesized that Mtb evolution towards multidrug 

resistance starts with a rise of sub-populations within the pathogen characterized by an 

increased rate of mutations known also as the “mutator phenotype”. Thus, an increase in the 

rate of mutations will first be reflected in genomic loci, where the rate of mutation initially is 

high, i.e. in “mutation hotspots” such as PPE and PE_PGRS genes. Abnormally high levels of 

mutations in these genes, even though no specific functional links may exist, serve as a 

worrisome indicator of the mutator phenotype and speedy evolution of the pathogen towards 

multidrug resistance acquisition. To check this hypothesis, attributable risk associations 

between the above-mentioned mutations in functional and PPE/PE_PGRS genes were analysed 

and shown in Table 4.2. 

 

Table 4.2: Universal markers of drug resistance in M. tuberculosis found in PE/PPE and non-

functional genes 

Locus tag Gene name Codon 
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Rv1243c PE_PGRS23 475 

Rv1452c PE_PGRS28 687 

Rv0872c PE_PGRS15 604 

Rv1068c PE_PGRS20 267 

Rv0872c PE_PGRS15 606 

Rv3345c PE_PGRS50 933 

Rv1067c PE_PGRS19 429 

Rv3350c PPE56 64 

Rv1818c PE_PGRS33 410 

Rv1452c PE_PGRS28 689 

Rv2293c hypothetical protein 220 

Rv0278c PE_PGRS3 552 

Rv0278c PE_PGRS3 203 

Rv0578c PE_PGRS7 859 

Rv1883c hypothetical protein 74 

Rv0278c PE_PGRS3 204 

Rv0278c PE_PGRS3 207 

Rv1067c PE_PGRS19 427 

Rv1754c hypothetical protein 12 

Rv1243c PE_PGRS23 475 

Rv3344c PE_PGRS49 443 

Rv3344c PE_PGRS49 138 

Rv0305c PPE6 782 

Rv3344c PE_PGRS49 139 
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Rv3347c PPE55 1486 

Rv1067c PE_PGRS19 332 

Rv1803c PE_PGRS32 546 

Rv0963c hypothetical protein 52 

Rv0278c PE_PGRS3 209 

Rv1067c PE_PGRS19 332 

Rv0578c PE_PGRS7 867 

Rv3350c PPE56 60 

Rv3345c PE_PGRS50 740 

Rv1840c PE_PGRS34 144 

Rv1883c hypothetical protein 75 

Rv2923c hypothetical protein 126 

Rv1883c hypothetical protein 74 

Rv2975c hypothetical protein 83 

Rv1067c PE_PGRS19 284 

Rv1928c Probable short-chain type 

dehydrogenase/reductase 

134 

Rv0872c PE_PGRS15 604 

Rv1450c PE_PGRS27 364 

Rv2262c hypothetical protein 330 

Rv1818c PE_PGRS33 415 

Rv0872c PE_PGRS15 606 

Rv1450c PE_PGRS27 696 
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4.4 Epistatic interactions among universal markers of drug resistance in M. 

tuberculosis 

The attributable risk assessment approach was used to investigate possible dependences 

between universal multidrug resistance mutations identified in our study. The statistical 

approach allows comparison of likelihoods that one mutation can be a prerequisite of other 

mutations or that a mutation occurred only when other mutations took place thus enabling the 

reconstructing of evolutionary pathways showing the acquisition of antibiotic resistance by 

different strains. The results of this analysis are shown in Fig. 4.1. 

 

Figure 4.1: Epistatic interactions among mutations in global markers of drug resistance. The 

green node represents pre-requisite mutations, the blue nodes are intermediate mutations, and 

the pink nodes are final compensatory mutations. Epistatic links to known DR mutations are 

highlighted by orange edges. Nodes are labelled by the respective gene name and codon 

position number following the colon. 

 

Figure 4.1 shows arrows indicating the chronological order of mutation acquisition from 

prerequisite and intermediate mutations to DR and compensatory mutations. Notably, 

mutations in the PE_PGRS genes act as initial nodes in the evolution towards multidrug 

resistance, supporting our hypothesis that pathogen evolution begins with a shift to a 'mutator 

phenotype' and the initial mutations firstly occur in the highly mutable, mostly non-functional, 

regions of PE_PGRS genes. Subsequent mutations, depicted as intermediate in the network, 

are found in the genes linked to cell wall integrity and oxidative stress response. A unique node, 
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represented by the EthA gene mutations, receives all incoming arrows, suggesting it finalizes 

the multidrug resistance phenotype by potentially mitigating the fitness costs of the earlier 

mutations. This statistical analysis of attributable risk provides new insights into the complex 

pathways of antibiotic resistance development in M. tuberculosis. The following chapter delves 

deeper into the development of antibiotic resistance across different M. tuberculosis lineages. 
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The evolution of drug resistance in the different 

lineages of the Mycobacterium tuberculosis 

complex. 

 

 

 

Chapter 5: Identification of lineage-specific markers of antibiotic 

resistance and the reconstruction of epistatic interactions between 

them. 

5.1 Introduction 

Epistatic interactions provide a means by which we can determine optimal mutational pathways 

that lead to resistance and the compensation of fitness in the various lineages of Mtb (26). 

Ideally, the optimal evolutionary path should limit any fitness costs and this is dependent on 

the initial mutation and the pre-existing genetic context (17). In our results, we first created 

multiple subsets categorised by the lineage of our initial database to determine the most 

discriminative polymorphisms that distinguish between resistant and susceptible strains in 

various Mtb lineages, to study drug resistance (DR) evolution in these lineages. Discriminative 

polymorphisms had power values greater than 0.6. This power value indicated that there was a 

60 percent chance that these polymorphisms were strongly associated with the antibiotic in 

question. Table 5.1 details the most discriminative polymorphisms that distinguish between 

resistant and susceptible strains in various Mtb lineages. A portion of the detailed information 

on the strains and their DR profile per lineage can be found in the appendix (Appendix 2).  

Furthermore, we identified the likelihood of epistatic interactions through statistical analysis 

that enabled us to model evolutionary trajectories towards DR. Evolutionary trajectories were 

established with epistatic interactions that formed many evolutionary pathways with a direction 
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between pre-requisite, intermediate, DR, and final/compensatory mutations.  Direction in this 

context means determining the likelihood of DR mutations in question occurring when a 

mutation has already occurred or that a mutation occurs when a DR mutation has already 

occurred. The mutations discussed in our results are nonsynonymous mutations that resulted in 

amino acid changes. Pre-requisite mutations also known as stepping stone mutations may or 

may not be associated with DR. If associated with DR, they are suggested to confer 

lower/intermediate levels of resistance ultimately resulting in higher levels of resistance when 

another DR mutation takes place (228,229). Intermediate mutations form epistatic interactions 

between the pre-requisite and the final/compensatory mutations. Some intermediate mutations 

may play a compensatory role since compensation could either occur before or after DR. 

 Final mutations in our study were suggested to have a compensatory role. Not all final 

mutations had confirmed compensatory roles in literature and their function was not clear.  

Compensatory mutations can be alternative or additional mutations that occur in intra or 

intergenic loci (26,29). They affect bacterial epidemiology and treatment outcomes by 

preventing DR bacteria from being outcompeted by the original drug susceptible (DS) bacteria 

even when antibiotics are not present (26). These mutations do not contribute to DR on their 

own (11).  

Our results show that there are several evolutionary trajectories that a strain can pursue. 

“Evolutionary trajectory refers to the order of changes that resulted in the evolution of one 

organismal (phenotypic or genotypic) state from another” (230). Multiple evolutionary paths 

resulted in various evolutionary trajectories. “Pathways are sequences of genetic changes that 

form chains in which each step facilitates the next, favouring, step by step, a significant increase 

in resistance” (231). Furthermore, there was a high diversity of mutations in MtbC in our 

results, however, only a few were linked to DR. Not all evolutionary paths were associated 

with DR, and not all lineages had known evolutionary paths leading to DR, hence they were 

not included for discussion. A detailed network of all interactions can be found in Appendix 

36-43. Some mutations were associated with DR, whereas others occurred in virulence factors, 

which are crucial for survival of Mtb within the human host.  

In our results, we found that the DR phenotype in different Mtb lineages is associated with 

genetic polymorphisms in different genes (Table 5.1). We then analysed associations between 

other lineage specific polymorphisms and DR mutations. The results of this study are presented 

in the following sections of this chapter.   
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Table 5: The most discriminative polymorphisms that distinguish between resistant and 

susceptible strains in various Mycobacterium tuberculosis lineages.  

Lineage Antibiotic 

associations 

DR polymorphisms 

1 RIF, EMB, PZA, 

INH, and SM 

Gid, 

1.2 RIF, EMB, ETH, 

INH and SM 

WhiB6, EmbB, 

WmbC, Rv1258c, 

MmpL5, MshA, 

PncA, Rpsl, RpoB, 

KatG, GyrA, EmbC 

2 AM, CM, CS, 

EMB, ETH, INH, 

KM, MXF, OFX, 

PAS, PTO, PZA, 

RIF and SM 

EthA, WhiB6, 

GyrA, EmbB, 

PncA,   

3 INH, PTO, PZA, 

EMB, SM and RIF 

KatG, Gid, GyrA, 

MshA, RpoB, 

MmpL5, RpsL, 

PncA 

4 RIF, EMB, PZA, 

INH, and SM 

Gid, PncA 

4.1 INH and RIF GyrA, MshA, 

RpoB, RpoC, 

MmpL5, KatG, 

EmbC, Rv1258c  

4.6(Cameroon) EMB and PZA RpoB 
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4.1(Ghana) PZA RpoB, EmbB, 

PncA, UbiA 

4.1(Haarlem) AM, CM, EMB, 

INH, MFX, OFX, 

PTO, PZA, RIF 

and SM 

UbiA, PncA, 

EmbB, EthA, Gid 

4.3(LAM) INH, EMB, RIF, 

and PZA 

KatG 

4(S-type) INH, EMB, RIF, 

and PZA 

None 

4(Tur) INH, EMB, and, 

RIF 

None 

4.6(Uganda) PZA EmbB, PncA, 

KatG, RpoB, 

EmbR, Rv2752c, 

EmbA 

4.1(X-type) AM, CM, EMB, 

ETH, INH, KM, 

MXF, OXF, PTO, 

PZA, RIF, and SM 

 

4.2(Ural) AM, CM, EMB, 

ETH, INH, KM, 

MFX, OFX, PTO, 

PZA, RIF, and SM 

Gid, RpoC, CcsA, 

RpsL, RpoB, 

5 RIF, EMB, PZA, 

and SM 

RpoB, EmbB, RpsL 

6 EMB, SM and PZA KatG 

A portion of the detailed list of all polymorphisms associated with each lineage can be found 

in Appendix 6-22. Additional information showing a portion of the statistical analysis of each 

epistatic pair can be found in Appendix 23-34. 
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5.2 Epistatic interactions specific for Lineage 1.2 

Lineage 1.2 has the largest diversity of evolutionary paths leading to DR when compared to 

other lineages collected in our study. Lineage 1 is largely known to be susceptible to antibiotic 

treatment. However, its sublineages 1.2.1 and 1.1.2 contribute significantly to the global burden 

of Mtb (135). 

 

Figure 5.1: Epistatic interactions showing various evolutionary paths towards drug resistance 

(DR) in lineage 1.2. The green nodes represent pre-requisite mutations, the blue nodes are 

intermediate mutations, the orange nodes represent DR mutations, and the pink nodes are 

final/compensatory mutations. Epistatic links to and from known DR mutations are highlighted 

by orange edges. Nodes are labelled by the respective gene name and codon position numbers 

following the horizontal line. 

Fig. 5.1 shows a rather complex network of pathways leading from many prerequisite and 

intermediate mutations to DR mutations ending up with a few compensatory mutations. The 

roles of the prerequisite mutations are difficult to understand as many of them occur in 

hypotheticals: Rv1873|3, Rv3818|86, Rv3896c|193, Rv3856c|306, Rv3897c|166, and 

Rv3912|213. It could be that these mutations did not have any specific biological consequences 

but simply reflected the transition of the strain to a mutator phenotype that initiated further DR 

evolution. This hypothesis is confirmed by the fact that one of the prerequisite mutations, 
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MuT4|47, was found in the mut4 gene associated with the mutator phenotype. In several 

publications, the MutT4 gene was suggested as a virulence factor of the Beijing lineage (lineage 

2)(232,233).  

Other prerequisite mutations were located in functional genes: possible 

glycerolphosphodiesterase Rv2277c|6; EccC2|258 ATPase, EccE2|206 and Rv3900c|21, 

components of the ESX-2 type VII secretion system; EsxE|80, a putative ESAT-6 like protein; 

conserved membrane protein Rv3888c|56; a polyketide synthase Pks7|1102; a phospholipase 

C4 Rv0074|46; and a UDP-glucose 4-epimerase GalE1|268. The association of several 

prerequisite mutations with the ESX-2 type VII secretion system indicates its importance for 

the survival of the Mtb pathogen and its role in diminishing the fitness cost; however, the exact 

function is not entirely clear (234). EsxE together with EsxF play a role in toxin secretion as 

reported in a paper by Tak et al. (2021); however, the association of these genes with the ESX 

secretion system is not entirely clear (235). Rv3895c forms part of a genomic island (Rv3884c–

Rv3896c) suggested to contain the Esx2 gene cluster (236). Mutations in these genes were 

prerequisite mutations to a variety of pathways toward the evolution of DR to several 

antibiotics. Perhaps mutations in these genes improve the survival of Mtb within its host under 

antibiotic treatment. 

Usually, one or several prerequisite mutations lead to DR mutations either directly, or through 

one or two intermediate mutations. Intermediate mutations occurred in triacylglycerol synthase 

Rv1760|219, uridylyltransferase GlnD|231, conserved transmembrane proteins Rv0064|549 

and Rv1920|253, aldehyde dehydrogenase Rv0223c|454, EsxP|3 protein, Fad32|227 protein, 

and YidC translocase. One mutation in the efflux pump Rv3728|493 was marked in Figure 5.1 

as an intermediate mutation; however, it can be considered a DR mutation preceding several 

other DR mutations. Rv3728 is believed to be overexpressed in multi-drug resistance isolates 

resistant to INH, EMB and SM in a study done by Gupta et al. (2010) and overexpressed during 

exposure to KM in a study done by Lee et al. (2021) (237,238). 

Mutations known from the literature as directly associated with DR were deemed as DR 

mutations in Figure 5.1. They usually were located in the second or third nodes in the DR 

evolutionary pathways. These mutations included: GyrA|95 and GyrA|668 mutations in DNA 

gyrase that confers resistance to MXF (Moxifloxacin) and LEV (Levofloxacin); KatG|463 that 

encodes a catalase-peroxidase-peroxynitritase and confers resistance to INH; MmpL5|767 

conferring resistance to bedaquiline (BDQ) and clofazimine (CZF); RpoB|731 encoding DNA-
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directed RNA polymerase that is associated with resistance to rifampicin (RIF); RpsL|43 that 

encodes 30S ribosomal protein S12 and confers resistance to SM; MshA|187 

glycosyltransferase conferring resistance to INH and ETH; EmbB|406 conferring resistance to 

EMB; PncA|31 encoding pyrazinamidase/nicotinamidase that confers resistance to PZA; and 

mutation in transcriptional regulator WhiB6|53 conferring resistance to CAP, AMI, and SM. 

Many DR mutations formed paths of multidrug resistance evolution in Lineage 1.2 strains.   

Many DR evolutionary pathways ended with the mutation DnaA|1 which looks like a general 

compensatory mutation in this lineage. However, the role of this mutation at the beginning of 

the chromosomal replication initiator protein is unclear. Other identified compensatory 

mutations were located in conserved membrane proteins Rv0012|258 and Rv2169c|121, 

monooxygenase Rv0897c|92, ABC transporter ModB|179 and hypotheticals Rv0454|56. In the 

case of DR mutations in GyrA, compensatory mutations GyrA|94 and GyrA20 also occurred. 

Compensatory mutations identified in lineage 1.2 played a compensatory role in several 

resistance genes. A study done by Hicks et al. (2020) using the GWAS approach to identify 

DR mutations determined that the dnaA mutant conferred intermediate levels of resistance to 

INH enabling the bacterium to survive during INH treatment (239). In contrast, our study found 

DnaA to be perhaps a compensatory mutation instead to a number of mutations that confer 

resistance.  

In this lineage, we also identified positive epistatic interactions among DR mutations, these 

included katG315/embB406, embB406/rpoB731, rpoB731/mmpL5 767, mmpL5 767/katG463, 

gyrA94/katG315, pncA31/katG463, pncA31/embB406, pncA31/katG315, 

mmpL5 948/katG463, rpsL43/katG315, rpsL43/rpoB731 which were some of the many 

positive interactions we found. 

 

5.3 Epistatic interactions specific for Lineage 2 

Figure 5.2 shows epistatic interactions revealed for strains belonging to Lineage 2 (Beijing). 

DR evolutionary pathways begin with several prerequisite mutations, which are located in 

EccE2|297 a conserved component of the type VII secretion system, and EspK|262 a secretion-

associated protein. These prerequisite mutations lead directly to two DR mutations EmbB|295 

conferring resistance to EMB, and WhiB6|51 conferring SM resistance. These mutations lead 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

66 
 

to several compensatory mutations including two mutations in hypothetical proteins 

Rv0095c|128 and 137. 

 

 

Figure 5.2: Epistatic interactions showing various evolutionary paths towards drug resistance 

(DR) in lineage 2. The green nodes represent pre-requisite mutations, the blue nodes are 

intermediate mutations, the orange nodes represent DR mutations, and the pink nodes are 

final/compensatory mutations. Epistatic links to and from known DR mutations are highlighted 

by orange edges. Nodes are labelled by the respective gene name and codon position numbers 

following the horizontal line. 

DR mutation EthA|337 that encodes monooxygenase EthA and confers resistance to ETH 

depends on a preliminary mutation Rv3897c|166 in a hypothetical protein. Another DR 

mutation PncA|153 encosing pyrazinamidase/nicotinamidase confers resistance to PZA. This 

mutation is not dependent on preliminary mutations but leads to multiple mutations in the 

hypothetical protein Rv0095c, which were common for all DR mutations in this lineage. DR 

mutation EthA|337 has another set of compensatory mutations one in an ABC transporter 

Rv1668c|348 and the other in an adenylate cyclase Rv1319c|272. 

Interestingly, lineage 2 according to our results showed no significant associations among DR 

mutations as suggested in the literature (135). This could be because our results were limited 

to the data collected, lineage 2 also demonstrates intra-lineage diversity suggested to have 

variable DR patterns, a data set of sub-lineage lineage 2 strains may be required, and/or there 

were no statically significant associations found in these mutations. The DR mutations specific 
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to this lineage included EmbB, PncA, and WhiB6. The compensatory mutation Rv0095c had 

no known associations with DR and compensatory evolution in the literature. 

5.4 Epistatic interactions specific for Lineage 3 

Mtb strains of Lineage 3 are characterized by a tendency to MDR acquisition (Figure 5.3). 

Multiple DR evolutionary pathways start from four prerequisite mutations leading to a network 

of multiple intermediate mutations, which possibly play also the role of compensatory 

mutations since in most cases DR mutations were final nodes in the respective DR pathways.  

 

Figure 5.3: Epistatic interactions showing various evolutionary paths towards drug resistance 

(DR) in lineage 3. The green nodes represent pre-requisite mutations, the blue nodes are 

intermediate mutations, the orange nodes represent DR mutations, and the pink nodes are 

final/compensatory mutations. Epistatic links to and from known DR mutations are highlighted 

by orange edges. Nodes are labelled by the respective gene name and codon position numbers 

following the horizontal line. 

The four preliminary mutations were located in hypotheticals Rv3896c|193, Rv3835|294, and 

Rv3860|224, and in the ESX-1 secretion-associated protein EspK|660. The central intermediate 

polymorphic protein with the biggest number of incoming and outcoming arrows is the 

MmpL5|794 transmembrane protein, which was reported to be associated with bedaquiline 

(BDQ) and clofazimine (CFZ) resistance (240). Many other intermediate mutations were 

within functional genes: FadH|210 a probable NADPH-dependent 2,4-dienoyl-CoA reductase; 

Stp|69 an integral membrane drug efflux protein, which was associated with DR in M. bovis 
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(213,241); a transaldolase Tal|244; a lipoprotein LpqF|159; EccE3|216 type VII secretion 

system; and several others.  

The following DR mutations were discovered: MmpL5|948 (BDQ and CFZ resistance), 

GryA|668 (MFX and LEV resistance), PncA|6 (PZA resistance), MshA|187 (ETH and INH 

resistance), RpsL|43 (SM resistance), and KatG|350 (INH resistance).  

Mutations LpqF|159 and MmpL5|948 required a compensatory mutation PstP|436 encoding 

phosphoserine/threonine phosphatase (239). The study done by Li et al. (2020) found that 

phenotypically the overexpression of PstP led to resistance to ETH in M. smegmatis (242). In 

Mtb, this is yet to be determined (242). 

In lineage 3, strong positive epistatic links were found among DR mutations 

mmpL5 948/gyrA668, rpsL43/mshA187, pncA6/mshA187, katG315/pncA6, and 

rpsL43/katG315. 

5.5 Epistatic interactions specific for Lineage 4 

The only strong epistatic link common for all isolates of lineage 4 begins at the PncA|136 

mutation encodes for a pyrazinamidase/nicotinamidase and that confers drug resistance to 

pyrazinamide to the final/compensatory mutation OpcA|12 encodes for a putative OXPP cycle 

protein as shown in Figure 5.4. 

 

 

Figure 5.4: Epistatic interactions showing the mutational path in lineage 4. The orange node 

represents a drug resistance (DR) mutation and the pink node a final/compensatory mutation. 

The epistatic interaction from the known DR mutation is highlighted by the orange edge. Nodes 
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are labelled by the respective gene name and codon position number following the horizontal 

line. 

5.6 Epistatic interactions specific for Lineage 4.1 

Two networks of DR evolution were detected in strains of this lineage (Figure 5.5). 

 

Figure 5.5: Epistatic interactions showing various evolutionary paths towards drug resistance 

(DR) in lineage 4.1. The green nodes represent pre-requisite mutations, the blue nodes are 

intermediate mutations, the orange nodes represent DR mutations, and the pink nodes are 

final/compensatory mutations. Epistatic links to and from known DR mutations are highlighted 

by orange edges. Nodes are labelled by the respective gene name and codon position numbers 

following the horizontal line. 

Remarkably, the evolutionary paths of the larger network begin with the pre-requisite mutation 

in mutator protein MutT4|47. It paves the path for the next intermediate mutations in a 

hypothetical protein Rv3898c|111, a conserved membrane protein Rv3693|354, a 

transmembrane transport protein MmpL5|794, and two DR mutations, KatG|328 and KatG|463, 

both conferring resistance to INH. The two latter DR mutations preceded further MDR 

development by the acquisition of the following DR mutations: GyrA|90 (FQ resistance), efflux 

TAP protein Rv1258c|194 (RIF resistance), Mmpl5|767 (BDQ and CFZ resistance). Another 

DR mutation of this network, MshA|187, conferring INH and ETH resistance, requires 

preliminary mutations MmpL5|794 and in the transcriptional regulator Mce1|171. Then this 

DR mutation is followed by a compensatory mutation Rv0012c|258 a conserved membrane 
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protein. Mce1 forms part of a family of proteins called Mce (mammalian cell entry) proteins 

that are important for the survival of Mtb in macrophages in the early stages of infection (243).  

One of the intermediate mutations in this network is located in arabinofuranosyltransferase 

AftB|397. According to the WHO DR catalogue, aftB is associated with resistance to Amikacin 

(AMI) and capreomycin (CAP), however, the respective mutations were not at codon position 

397.  

The second network is centered on a DR mutation RpoC|594 rendering resistance to RIF. This 

mutation needs a complex genetic background of 11 prerequisite and 5 intermediate mutations 

in many genes that include the top-level transcriptional regulator SigM|205, cutinase precursor 

Cut3|209, hypoxanthine-guanine phosphoribosyltransferase Hpt|75, GMP synthase GauA|420, 

Fatty-acid-CoA synthetase FadD17|281, a secretion-associated protein EspJ|144 and others. 

Regarding the SigM transcriptional factor, it is known that it activates a signal cascade of 

transcriptional regulation crucial for the survival of Mtb in macrophages (244,245). The 

transcription process in Mtb is controlled by 13 sigma factors (244). Primary sigma factors 

SigA and  SigB control the basal expression of genes, the rest of the sigma factors regulate 

gene expression depending on environmental conditions (244). FadD17 is a fatty-acid-CoA 

synthetase belonging to the FadD family, which is important for the biosynthesis of mycolic 

acids (246). 

In lineage 4.1 we also identified positive epistatic interactions among DR genes 

gyrA90/katG328, mmpL5 767/katG436 katG328/Rv1258c194, Rv1258c|katG463.  

 

5.7 Epistatic interactions specific for Lineage 4.1 (Haarlem) 

This lineage is the most frequent in Europe and North America. The network of epistatic 

interactions is shown in Figure 5.6. 
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Figure 5.6: Epistatic interactions showing various evolutionary paths towards drug resistance 

(DR) in lineage 4.1(Haarlem). The blue nodes are intermediate mutations, the orange nodes 

represent DR mutations and/or pre-requisite mutations, and the pink nodes are 

final/compensatory mutations. Epistatic links to and from known DR mutations are highlighted 

by orange edges. Nodes are labelled by the respective gene name and codon position numbers 

following the horizontal line. 

Four of the most common DR mutations found in the Haarlem lineage are EthA|59 (ETH 

resistance), PncA|68 (PZA resistance), EmbB|305 (EMB resistance), and UbiA|237 (EMB 

resistance). It looks like the strains of this lineage have the necessary epistatic background to 

acquire these mutations without any additional pre-requisite mutations. The DR mutations 

created an ordered path of MDR development (Figure 5.6). However, these mutations are 

followed by several compensatory mutations in various genes. Mutations in L-lactate 

dehydrogenase LldD2|3, short-chain type dehydrogenase/reductase Rv1928c|134, and 3-

hydroxyacyl-thioester dehydratase HtdY Rv3538|112 were intermediates, which led to the final 

compensatory mutations in glycosyltransferase Rv1524|323 and in three hypotheticals. Also, 

the function of the gene Rv2407 is not known, a GWAS study by Lagutkin et al. (2022) 

determined that a 1bp deletion in this gene was associated with resistance to STM, INH, and 

FQ. In Mtb, epistatic interactions between DR mutations for a single drug can result in the 

multi-level acquisition of high-level resistance (171). Safi et al. (2013) conducted an in vitro 

study on the multi-step accumulation of EMB DR-conferring mutations that resulted in high-

level resistance to EMB. They showed that the accumulation of mutations in the Rv3806c/ubiA, 

Rv3792, embB, and embC genes produced a variable number of MIC concentrations, ultimately 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

72 
 

resulting in high-level EMB resistance (228). Furthermore, Cohen et al. (2015) found that ubiA 

mutations emerged before EMB resistance conferred by embB (176). In our results, ubiA 

mutations led to an evolutionary path towards embB codon 305 known to confer high-level 

resistance in the lineage 4.1 (Haarlem). Determining pre-requisite mutations could enable the 

prediction of high-level resistance, improve treatment, and the discovery of new drugs 

(108,229). 

 

5.8 Epistatic interactions specific for Lineage 4.2 (Ural) 

Mtb strains of Ural lineage are abundant in Central and North Asia. The epistatic relationships 

between DR mutations in this lineage are shown in Figure 5.7. 

 

Figure 5.7: Epistatic interactions showing various evolutionary paths towards drug resistance 

(DR) in lineage 4.2 (Ural). The green nodes represent pre-requisite mutations, the blue nodes 

are intermediate mutations, the orange nodes represent DR mutations, and the pink nodes are 

final/compensatory mutations. Epistatic links to and from known DR mutations are highlighted 

by orange edges. Nodes are labelled by the respective gene name and codon position numbers 

following the horizontal line. 

In contrast to the Haarlem strains, the evolution towards DR in the Ural strains required 

multiple prerequisite and intermediate mutations. Two common DR mutations were RpsL|88 

(SM resistance) and RpoB|4505 (RIF resistance). DR evolution started from two basic 

prerequisite mutations in the anion transporter ATPase Rv3680|377 and the hypothetical 

Rv3916c|70. These mutations were followed by a series of mutations in various genes (Figure 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

73 
 

5.7), many of which were hypotheticals. One functional gene mutation was located in fatty-

acid-CoA ligase FadD34|23. FadD34 forms part of several oxidative stress genes found in Mtb 

(247). Rv2823c in a study done by Guo et al. (2022) was suggested to be associated with BDQ 

resistance, as it was included in the list of hitchhiking mutations found in BDQ-resistant 

isolates (248). Other functional intermediate and compensatory mutations were found in lignin 

peroxidase LipJ|221, precorrin-6Y C(5,15)-methyltransferase CobL|298, cytochromes 

Cyp137|92, D-amino acid aminohydrolase Rv2913c|463, DNA-directed RNA polymerase 

RpoC|483, ESAT-6 like protein EsxP|3, lignin peroxidase LipJ|211 and the cytochrome C-type 

biogenesis protein CcsA|26.  Mutations in cytochromes may be important to cope with the 

oxidative stress generated by the host immune system (247). In response to oxidative stress 

Mtb produces reactive oxygen species ROS and reactive nitrogen intermediates RNIs, the 

FadD34 gene forms part of genes involved in oxidative stress because FadD34 modulates fatty 

acid synthase thereby regulating oxidative metabolism (247). 

Compensation of DR can happen before or after the acquisition of a DR mutation. In our study, 

we found a compensatory mutation in the rpoC gene at codon position 483 before the DR 

mutation in the rpoB gene at codon position 450 in the Ural lineage. This compensatory 

mutation has been extensively described in several studies on its importance in compensating 

for resistance to RIF (249,250). 

5.9 Epistatic interactions specific for Lineage 4.6 (Uganda) 

Mtb pathogens of the Uganda lineage are frequent in Western and Central Africa. The epistatic 

interactions between DR mutations of this lineage are shown in Figure 5.8. 
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Figure 5.8: Epistatic interactions showing various evolutionary paths towards drug resistance 

(DR) in lineage 4.6 (Uganda). The green nodes represent pre-requisite mutations, the blue 

nodes are intermediate mutations, the orange nodes represent DR mutations, and the pink nodes 

are final/compensatory mutations. Epistatic links to and from known DR mutations are 

highlighted by orange edges. Nodes are labelled by the respective gene name and codon 

position numbers following the horizontal line. 

 

MDR development in these strains occurred through the independent accumulation of two 

mutations: PncA|10, which rendered PZA resistance, and EmbB|100, which rendered EMB 

resistance. These mutations were followed by two other DR mutations: KatG|315 (INH 

resistance) and RpoB (RIF resistance). The latter DR mutation was dependent on a prerequisite 

mutation in MycP1|318. Gene mycP encodes extracellular membrane-bound proteases called 

mycosins that are essential for the export and cleavage of the type VII-secreted virulence-

associated proteins involved in the pathogenesis of M. tuberculosis (251). 

Two other DR mutations of these strains required a specific arrangement of prerequisite and 

compensatory mutations, which included the EccE2|204 type VII secretion system protein, 

glycerolphosphodiesterase Rv2277c|6, and two hypotheticals Rv1063c|17 and Rv0080|122. 

This epistatic background allowed the acquisition of two DR mutations: EmbR|313 (EMB 

resistance) and Rv2752c|91 (INH resistance). The latter mutation in the gene encoding RNase 

J was described as a stepping-stone mutation associated with the MDR phenotype. It was found 

that the deletion of the RNase J caused more Mtb cells to survive standard antibiotic treatment 

(229). This MDR development in these strains requires one another common compensatory 

mutation Rv1588c|131 in the encoded conserved protein of unknown function.  
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Chapter 6: Discussion and Conclusion 

 

6.1 Discussion 

Our study aimed at modelling the evolutionary trajectories of Mtb towards drug resistance 

(DR). We first did an extensive search in literature to unbiasedly represent the distribution of 

Mtb genomes among the human adapted lineages of the M. tuberculosis complex. We then 

established linked common polymorphisms by determining universal markers of DR in Mtb 

irrespective of lineage designation and, we determined lineage specific associations among 

lineages to model evolutionary trajectories toward DR. The extensive search for unbiased Mtb 

lineages found in several databases yielded 9388 genomes used for our analysis. Additionally, 

37000 polymorphisms for analysis were found in our sequence data. To ensure that indeed a 

mutation was a DR mutation the WHO catalogue of DR mutations for both first and second 

line drugs was used.   

Our second objective was aimed at determining linked common polymorphisms found in Mtb 

isolates irrespective of lineage designation. We identified 64 universal markers of DR to more 

than 3 antibiotics. Most markers in functional genes had confirmed associations with DR in 

literature. We also identified that redox potential maintenance is key in maintaining multiple 

DR in Mtb. Furthermore, we hypothesised that Mtb evolution towards multidrug resistance 

starts with a rise of sub-populations within the pathogen characterized by an increased rate of 

mutations known also as the “mutator phenotype”. In our analysis, we confirmed that mutations 

in PE_PGRS genes are indeed the initial mutations that occur in the evolution towards 

multidrug resistance. 

Lastly, we determined evolutionary trajectories towards a DR phenotype in Mtb. Little is 

known about epistatic interactions between DR mutations in Mtb (7). Whole genome 

sequencing (WGS) studies have shown that there seems to be a preference for a combination 

of certain DR resulting in higher in vivo fitness (17). These combinations suggest the 

occurrence of epistasis and could play a role in the successful emergence of MDR and XDR 

(7,51). Our results from the various lineages analysed, lineages 1.2, lineages 3, lineages 4, 4.1, 

4.1 (Haarlem), 4.2 (Ural), and 4.6 (Uganda)  showed several combinations of associated DR 

mutations forming positive epistatic interactions suggested reducing the fitness cost resulting 

from DR mutation acquisition (7). We found several stable combinations of mutations, 
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including those confirmed in literature rpsL43/katG315, rpsL43/rpoB531, and 

rpoB531/katG315 (173). Therefore, the acquisition of one or additional DR mutations may 

compensate for fitness costs caused by the initial DR mutation (26).  

We expected to see statistically significant associations among DR mutations in lineage 2 

known as the Beijing lineage, but, interestingly, we did not find any statistically significant 

associations among DR mutations found in the collected strains of these lineages. Lineage 2 is 

often associated with a higher propensity to acquire DR mutations. This may be due to the 

inter-lineage diversity within this lineage that is suggested to have differences in the likelihood 

of DR resistance and an increased dataset may find higher frequencies of DR polymorphisms 

that may lead to better statistical associations with DR. Lineage 2 is the most widely studied 

on the effects of its diversity on DR phenotypes epidemiologically, clinically, and 

experimentally (252).  

Lineage 2 is often linked with treatment failure, disease relapses, and outbreaks of MDR-TB 

(128,253). While hyper virulence has been associated with Lineage 2, this is not the case with 

all strains belonging to this lineage (252). This lineage is associated with hypo and 

hypervirulence (252,254,255). The differences in these strains can be attributed to genetically 

encoded discrepancies, epigenetic modification, and natural variation in protein expression 

(252).  Therefore the genetic heterogeneity of large samples needs to be checked and if 

necessary reduced to sub-lineage level. 

Depending on the genetic background of strains, a certain combination of mutations may be 

beneficial in one background but deleterious in another (20). This is a primary example of how 

epistasis could modulate the evolution towards DR (17). This type of epistasis not only affects 

the size but also the sign (beneficial or deleterious) of the fitness costs of mutations (169). In 

the concept of signed epistasis, one mutational pathway may be either beneficial in a particular 

genetic background or the same mutational pathway may be detrimental or less beneficial in a 

different background (169). In our results, we determined several mutational pathways unique 

to the lineages analyzed in our study. These mutational pathways are suggested to be specific 

to the lineage in question and play a vital role in the evolutionary trajectory toward a resistant 

phenotype. 

Epistasis is necessary for pathogenic bacteria to improve their fitness cost (27). DR has long 

been believed to be associated with a reduction in fitness because antibiotics target essential 

and highly conserved genes (8,16,43,51). When mutations occur in these targeted genes, it 
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results in the inactivation or the prevention of drug activity and in turn, affects the normal 

function of the gene (51).  The clonal nature of Mtb means that negative fitness effects can 

only be alleviated through reversion or compensation because deleteriously mutated loci cannot 

be replaced through the transfer of intact loci from other strains (42). The reversion of 

resistance in Mtb is rarely observed hence a higher likelihood of the occurrence of 

compensatory evolution (26,27). Compensatory mutations of known and unknown functions 

in our study were found to play a role in the evolution of DR. The commonly known rpoA gene 

is suggested to compensate for fitness costs associated with rifampicin (RIF) resistance. In our 

study, we detected mutations in the rpoA gene at codon position 483 preceding the DR mutation 

in the rpoB gene at codon position 450 in the Ural lineage. The prerequisite mutation can be 

necessary to reduce the fitness cost to an acceptable level before the occurrence of the DR 

mutation.  

The best-known examples of compensatory mutations are found in rpoA and rpoC, encoding 

the α and β’subunits of the RNA polymerase, which compensate for fitness costs associated 

with the resistance mutations in rpoB (16,26,27,51).  Additionally, the combination of rpoB 

mutations with compensatory mutations in rpoA and rpoC is associated with the improved 

transmissibility of strains as evidenced by clonal exaptation of strains carrying these particular 

mutations that appear to restore resistance strains to wild-type function (171,176).  

Unfortunately, data on compensatory mutations is still limited and mainly focuses on INH and 

RIF (7). 

The initial/pre-requisite mutations are important when determining an optimal path toward 

resistance (17). Pre-requisite mutations also known as stepping stone mutations may or may 

not be associated with DR. If associated with DR, they are suggested to confer 

lower/intermediate levels of resistance ultimately resulting in higher levels of resistance when 

other mutations take place (228,229). The level of resistance is key and determines the success 

of a strain and the process of epistasis is suggested to affect the level of resistance (168). Low-

level resistance may enable the Mtb clonal lines to survive treatment providing an opportunity 

to acquire high-level resistance (229). The range of mutations that result in intermediate levels 

of resistance are not yet known and their clinical implication is not entirely clear (239).  

Several studies have found stepping-stone mutations that were suggested to imply the success 

of DR in Mtb strains (229). In our results, lineage 4.6 (Uganda), has a pre-requisite mutation 

in Rv2752c towards resistance to the drug ethambutol (EMB). Efflux pumps are often 
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suggested to be stepping stones to high-level resistance (77). In our study, we found 

prerequisite mutations in several efflux pumps and genes associated with increased levels of 

resistance, such as the Rv1258c/Tap gene in lineage 1.2 and the ubiA gene (171). Studies have 

found that ubiA genes emerge before the high level of ethambutol (EMB) resistance (176,228). 

In our results, ubiA mutations led to an evolutionary path towards embB substitution in codon 

305 known to confer the high-level resistance in the lineage 4.1 (Haarlem). Determining pre-

requisite mutations could enable predicting the development of high-level resistance, 

improving treatment protocols, and discovery of new drugs (108,229).  

Not all polymorphisms found were directly linked to DR; some of them were found in genes 

playing important roles in the virulence and the pathogenesis of Mtb in the various lineages of 

Mtb (243). We identified mutations in genes involved in secretion systems, cell wall synthesis, 

and sigma factors all suggested to be important for the virulence of Mtb. Nevertheless, our 

analysis showed that these mutations were also associated with the evolutionary pathways 

towards antibiotic resistance. The full set of virulence factors found in each lineage is provided 

in Appendix 35. 

Ultimately our study confirms that the evolutionary process of acquiring DR in Mtb involves 

a sequence of steps instead of occurring at once (256).  

 

6.2 Conclusive remark  

We must be able to predict the evolutionary trajectories of DR in Mtb. This in turn would 

improve the dosing regimens of antibiotics and ensure the effective use of antibiotics (168). 

Little or no experimental data is there that describes epistatic interactions that exist in Mtb, 

hence, it was appropriate to empirically determine associations among mutations in our study. 

It would be ideal to show the full sequence of mutational events and therefore determine the 

evolutionary consequences of each epistatic interaction in Mtb (169). Sequence divergent data 

may be used to study the role of epistasis or the use of experimental evolution, however, 

determining the exact order of mutations and their individual and combined effects on fitness 

is challenging even in simple organisms (41,169).  

Experimental infection models provide clear evidence that members of the M. tuberculosis 

complex differ in virulence and immunogenicity in experimental infection models, but how 

this affects the progression toward disease in humans is not clear (128). Studies have yielded 
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contradicting results on the effect of Mtb on strain diversity in clinical settings, hence we can 

only cautiously suggest whether Mtb diversity indeed does affect its human host (128). The 

disparity between in vitro isolate studies and clinical isolates may be due to the long evolution 

within the human body, the clonal interference, the variability in drug pressure, and the parallel 

evolution  (7). 

Further investigations on compensatory mutations in other antibiotics and not just INH and 

RIF are needed to determine the real influence of compensatory mutations in the DR evolution 

and the amelioration of the fitness cost in Mtb (26). This is crucial because identifying and 

inhibiting compensatory mechanisms may result in the disruption of DR acquisition and 

improve treatment outcomes (27). Even though recent improvements made in TB treatment are 

generous and must be acknowledged, however, significant gaps in our understanding of Mtb 

pathogenesis remain (8,223). Ultimately, understanding the epistatic interactions among DR 

mutations, the role of compensatory mutations, and the genetic background of Mtb will provide 

insight into the evolution of DR in Mtb (7). 
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Appendix 

 

module load bowtie2-2.3.4.1 

module load bcftools-1.7 

module load samtools-1.10 

module load sambamba 

 

##bowtie build index 

bowtie2-build GCF_000195955.2_ASM19595v2_genomic.fna Mtb_k12 

 

## mapping 

bowtie2 –x Mtb_k12 -1 SRR6397327_1.fastq.gz -2 SRR6397327_2.fastq.gz | samtools view –

b –o SRR6397327.bam 

## sort bam file 

samtools sort –o SRR6397327.sort.bam SRR6397327.bam 

## index bam files 

samtools index SRR6397327.sort.bam 

## remove duplicates 

sambamba markdup –r SRR6397327.sort.bam SRR6397327.rdm.bam 

# variant calling added additional annotation for filtering 

bcftools mpileup -Ou –f GCF_000195955.2_ASM19595v2_genomic.fna -a 

INFO/ADF,INFO/ADR,FORMAT/AD,DP,AF,SP SRR6397327.rdm.bam| bcftools call –

ploidy 1 -mv -Ob -o SRR6397327.bcf 

## normalise 
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bcftools norm –Ou –f GCF_000195955.2_ASM19595v2_genomic.fna –O z -o 

SRR6397327.norm.bcf 

## sort 

bcftools convert -O v -o SRR6397327.vcf SRR6397327.bcf 

tabix –f –p vcf SRR6397327.vcf 

bcftools sort SRR6397327.vcf –O z –o SRR6397327.sort.vcf 

tabix –f –p vcf SRR6397327.sort.vcf 

bcftools filter -g3 -G10 -e '(TYPE="snp" && QUAL <= 150 && FORMAT/DP <= 20 && 

QUAL/(DP4[2]+DP4[3]) <= 1 && DP4[2]+DP4[3] <=5 && AF <= 0.95 && SP > 30) 

SRR6397327.sort.vcf -O z -o SRR6397327.sort.vcf.filtered_2.vcf.g 

 

Appendix 1: The bash scripts used to do variant filtering of polymorphism in sequence files 

collected for analysis. 
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SamplesnameSource Country Lineage SRA/ENAaccession/BioprojectINH RIF EMB PZA

0163D Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067576.filtered_2.vcfR R R S

0166G Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_4(Ural) ERR067577.filtered_2.vcfR R S S

0175R Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067578.filtered_2.vcfR R S R

0177T Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067580.filtered_2.vcfS S S S

0180X Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067581.filtered_2.vcfR R R R

0182Z Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067582.filtered_2.vcfR S R S

0217M Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067583.filtered_2.vcfR R R S

0218N Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067584.filtered_2.vcfR R R S

0219P Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_4(LAM) ERR067585.filtered_2.vcfS S S S

0233E Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067586.filtered_2.vcfR S R R

0345B Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067587.filtered_2.vcfR R S S

0402N Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067588.filtered_2.vcfR R S S

0403P Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067589.filtered_2.vcfS S S S

0404Q Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067590.filtered_2.vcfR R R R

0459A Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_4(LAM) ERR067591.filtered_2.vcfR R R S

0514K Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067592.filtered_2.vcfR R S R

0611Q Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067595.filtered_2.vcfS S S S

0635R Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_4(Ural) ERR067596.filtered_2.vcfR S S S

0640X Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_4(LAM) ERR067599.filtered_2.vcfR R R S

0032L Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067600.filtered_2.vcfR S S S

0101L Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_4(LAM) ERR067601.filtered_2.vcfS S S S

0113Z Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_4 ERR067602.filtered_2.vcfR S S R

0309M Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_4(Haarlem) ERR067603.filtered_2.vcfR R R R

0584L Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067604.filtered_2.vcfS S S R

0336R Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_4(Ural) ERR067606.filtered_2.vcfS S S S

0096F Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067608.filtered_2.vcfR R S S

0314S Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_4(Ural) ERR067609.filtered_2.vcfR R S S

0317W Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067610.filtered_2.vcfR S S S

0344A Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_4(LAM) ERR067612.filtered_2.vcfR S S R

0628J Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067613.filtered_2.vcfR R S S

0028G Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_4 ERR067614.filtered_2.vcfS S S S

0029H Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_4(Ural) ERR067615.filtered_2.vcfR R S R

0030J Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_4(Haarlem) ERR067616.filtered_2.vcfS S S S

0043Y Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_4(Haarlem) ERR067617.filtered_2.vcfS S S S

0044Z Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067618.filtered_2.vcfR R S R

0050F Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067619.filtered_2.vcfR R R S

0053J Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067620.filtered_2.vcfR R R S

0061S Casaliet.al.NatGenet.2014Mar;46(3):279-86Russia Lineage_2 ERR067622.filtered_2.vcfR R R S

Appendix 2: Metadata of Mycobacterium tuberculosis strains for each sequence file. 
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'id Position Power Alleles Allelic_frequenciesLocus Gene Codon AnnotationMoltype

1 1 0.78 L|M,G,R 0.11|0.88 Rv0001 dnaA 1 Chromosomal replication initiator protein DnaAT->A,T->G,T->TTGA,T->TTGAAACCAAGACCCGGAACTAACGAGAACCAGGGAGATACGTCGT,T->TTGAAAGAGACAGGTCGT,T->TTGAAATACGTCGT,T->TTGAACCAAGACCCGGAACTAACGAGAACCAGGGAGATACGTCGT,T->TTGAACCAGGGAGATACGTCGT,T->TTGAACCAGGGAGATATGTCGT,T->TTGAACGAGAACCAGGGAGATACGTCGT,T->TTGAACTAACGAGAACCAGGGAGATACGTCGT,T->TTGAACTAGGGAGATACGTCGT,T->TTGAAGACCCGGAACTAACGAGAACCAGGGAGATACGTCGT,T->TTGAAGATACGTCGT,T->TTGAAGCTCGACCCGGAACCAAGACCCGGAACTAACGAGAACCAGGGAGATACGTCGT,T->TTGAAGCTCGACCCGGAACCAAGACCCGGTACTAACGAGAACCAGGGAGATACGTCGT,T->TTGAATCAAGACCCGGAACTAACGAGAACCAGGGAGATACGTCGT,T->TTGAATCAGGGAGATACGTCGT,T->TTGACAACCAGGGAGATACGTCGT,T->TTGACAAGGGAGATACGTCGT,T->TTGACACCCGGAACTAACGAGAACCAGGGAGATACGTCGT,T->TTGACACGTCGT,T->TTGACACTGTGGTGAAGCCTGAACCAGGGAGATACGTCGT,T->TTGACAGGAGATACGTCGT,T->TTGACATACGTCGT,T->TTGACCAAGACCCGGAACTAACGAGAACCAGGGAGATACGTCGT,T->TTGACCAAGGGAGATACGTCGT,T->TTGACCAGAACCAGGGAGATACGTCGT,T->TTGACCAGGGACATACGTCGT,T->TTGACCAGGGAGAATCGTCGT,T->TTGACCAGGGAGAGACGTCGT,T->TTGACCAGGGAGATACATCGT,T->TTGACCAGGGAGATACGTAGT,T->TTGACCAGGGAGATACGTCAT,T->TT

2 2 0.26 M|*,R,G 0.99|0.0 Rv0001 dnaA 1 Chromosomal replication initiator protein DnaAT->A,T->C,T->G,T->TGACATACGTCGTTGAC,T->TGACCCAGGGAGATACGTCGTA,T->TGAGATACATCGTTGA,T->TGAGATACGTCGTTGA,T->TGAGTTCCGGCGTTGA,T->TGATACGTCGTTGA,T->TGATC

3 3 0.31 M|*,S,L 1.0|0.0 Rv0001 dnaA 1 Chromosomal replication initiator protein DnaAG->C,G->GACATACGTCGTTGAC,G->GACGTCGGTGAC,G->GACGTCGTTAAC,G->GACGTCGTTGAC,G->GACGTCGTTGACC,G->GAGATACATCGTTGA,G->GAGATACGTCGTTGA,G->GAGTTCCGGCGTTGA,G->GATACGTCGTTGA,G->GATTGAC,G->T,Not found

4 4 0.33 M|*,W,C 1.0|0.0 Rv0001 dnaA 1 Chromosomal replication initiator protein DnaAA->AAGATACGTCGTTGA,A->AAGATACGTCGTTGAC,A->ACAGATACGTCGTTGAC,A->ACATACGTCGTTGAC,A->ACGTCGGTGAC,A->ACGTCGTTAAC,A->ACGTCGTTGAC,A->ACGTCGTTGACC,A->ACGTTGAC,A->ACTGAC,A->AGAGATACGTCGTTGAC,A->AGATACATCGTTGA,A->AGATACGTCGTTGA,A->AGTCGTTGA,A->AGTCGTTGAC,A->AGTTCCGGCGTTGA,A->ATACGTCGTTGA,A->ATACGTCGTTGAC,A->ATACGTCGTTGC,A->ATCGA,A->ATCGTTGA,A->ATCGTTGAC,A->ATGA,A->ATGAC,A->ATTGA,A->ATTGAC,A->G,A->T,Not found

5 5 0.31 T|H,R,*,S,L,P,Q1.0|0.0 Rv0001 dnaA 2 Chromosomal replication initiator protein DnaAC->AGATACGTCGTTGAC,C->CACGACGTTGAC,C->CACGTCGCTGAC,C->CACGTCGTGGAC,C->CACGTCGTTGAC,C->CAGATACGTCGTTGAC,C->CATACGTCGTTGAA,C->CATACGTCGTTGAC,C->CCCAGGGAGATACGTCGTTGACC,C->CCGAGAACCAGGGAGATACGTCGTTGACCGA,C->CCTAACGAGAACCAGGGAGATACGTCGTTGACC,C->CGAC,C->CGGAGATACGTCGTTGAC,C->CGTCGGTGAC,C->CGTCGTTAAC,C->CGTCGTTGAC,C->CGTCGTTGACC,C->CGTTGAC,C->CTGAC,C->G,C->GAGATACGTCGTTGAC,C->GTCGTTGAC,C->T,C->TACGTCGTTGAC,C->TCGTTGAC,C->TGAC,C->TTGAC,Not found

6 6 0.0 T|P,R 1.0|0.0 Rv0001 dnaA 2 Chromosomal replication initiator protein DnaAC->CAAGACCCGGAACTAACGAGCACCAGGGAGATACGTCGTTGACT,C->CCAGGGAGATACGTCGTTGACC,C->CCGTCGTTGACC,C->CCGTGGTTGACC,C->CGAGAACCAGGGAGATACGTCGTTGACCGA,C->CTAACGAGAACCAGGGAGATACGTCGTTGACC,C->CTCGTTGACC,C->CTCGTTGACG,C->CTCGTTGAGC,C->CTTGACC,C->GTCGTTGACC,Not found

7 71 0.0 P|L 0.99|0.0 Rv0001 dnaA 24 Chromosomal replication initiator protein DnaAC->T

8 237 0.01 R|E 0.99|0.0 Rv0001 dnaA 79 Chromosomal replication initiator protein DnaAG->A

9 371 0.03 P|* 0.98|0.01 Rv0001 dnaA 124 Chromosomal replication initiator protein DnaAC->T

10 645 0.0 T|P 1.0|0.0 Rv0001 dnaA 215 Chromosomal replication initiator protein DnaAA->C,Not found

11 698 0.0 R| 1.0|0.0 Rv0001 dnaA 233 Chromosomal replication initiator protein DnaANot found

12 1126 0.0 A|R 0.99|0.0 Rv0001 dnaA 375 Chromosomal replication initiator protein DnaAC->T

13 1131 0.02 I|Y 0.99|0.0 Rv0001 dnaA 377 Chromosomal replication initiator protein DnaAC->A

14 1186 0.0 A|P 0.99|0.0 Rv0001 dnaA 395 Chromosomal replication initiator protein DnaAG->A

15 1199 0.0 R|T 0.99|0.0 Rv0001 dnaA 400 Chromosomal replication initiator protein DnaAG->A

16 1302 0.03 P|Q,L 0.99|0.0 Rv0001 dnaA 434 Chromosomal replication initiator protein DnaAC->A,C->T

17 1326 0.01 Q|I,T 0.99|0.0 Rv0001 dnaA 442 Chromosomal replication initiator protein DnaAG->C,G->T

18 1519 0.01 K|S 0.99|0.0 Rv0001 dnaA 506 Chromosomal replication initiator protein DnaAC->T

19 2222 0.02 S|L 0.99|0.0 Rv0002 dnaN 57 DNA polymerase III (beta chain) DnaN (DNA nucleotidyltransferase)C->T

20 2357 0.0 V|L 0.99|0.0 Rv0002 dnaN 102 DNA polymerase III (beta chain) DnaN (DNA nucleotidyltransferase)C->T

21 2380 0.01 T|S 0.99|0.0 Rv0002 dnaN 110 DNA polymerase III (beta chain) DnaN (DNA nucleotidyltransferase)C->T

22 2422 0.0 E|R 0.99|0.0 Rv0002 dnaN 124 DNA polymerase III (beta chain) DnaN (DNA nucleotidyltransferase)A->C

23 2532 0.3 T|R 0.92|0.07 Rv0002 dnaN 160 DNA polymerase III (beta chain) DnaN (DNA nucleotidyltransferase)T->C

24 2539 0.0 M|R 0.99|0.0 Rv0002 dnaN 163 DNA polymerase III (beta chain) DnaN (DNA nucleotidyltransferase)T->C

25 2586 0.0 L|*,C 0.99|0.0 Rv0002 dnaN 178 DNA polymerase III (beta chain) DnaN (DNA nucleotidyltransferase)G->A,G->T

26 2745 0.0 G| 1.0|0.0 Rv0002 dnaN 231 DNA polymerase III (beta chain) DnaN (DNA nucleotidyltransferase)Not found

27 3143 0.01 L|Y,S 0.99|0.0 Rv0002 dnaN 364 DNA polymerase III (beta chain) DnaN (DNA nucleotidyltransferase)G->A,G->C

28 3170 0.0 R|D 0.99|0.0 Rv0002 dnaN 373 DNA polymerase III (beta chain) DnaN (DNA nucleotidyltransferase)C->A

29 3186 0.02 L|W 0.99|0.0 Rv0002 dnaN 378 DNA polymerase III (beta chain) DnaN (DNA nucleotidyltransferase)A->G

30 3192 0.0 G|A 0.99|0.0 Rv0002 dnaN 380 DNA polymerase III (beta chain) DnaN (DNA nucleotidyltransferase)A->G

31 3390 0.0 T|L,P 0.99|0.0 Rv0003 recF 37 DNA replication and repair protein RecF (single-strand DNA binding protein)G->C,G->T

32 3439 0.0 R|A 0.99|0.0 Rv0003 recF 53 DNA replication and repair protein RecF (single-strand DNA binding protein)G->A

33 3446 0.55 A|S 0.74|0.25 Rv0003 recF 56 DNA replication and repair protein RecF (single-strand DNA binding protein)C->T

34 3452 0.0 L|R 0.99|0.0 Rv0003 recF 58 DNA replication and repair protein RecF (single-strand DNA binding protein)T->C

35 3472 0.01 G|V 0.99|0.0 Rv0003 recF 64 DNA replication and repair protein RecF (single-strand DNA binding protein)A->G

36 3522 0.0 C|A 0.99|0.0 Rv0003 recF 81 DNA replication and repair protein RecF (single-strand DNA binding protein)T->C

37 3681 0.0 R|V 0.99|0.0 Rv0003 recF 134 DNA replication and repair protein RecF (single-strand DNA binding protein)C->T

38 3812 0.02 G|L 0.99|0.0 Rv0003 recF 178 DNA replication and repair protein RecF (single-strand DNA binding protein)G->C

39 4013 0.16 P|I 0.01|0.98 Rv0003 recF 245 DNA replication and repair protein RecF (single-strand DNA binding protein)T->C

40 4080 0.01 E|I,N 0.99|0.0 Rv0003 recF 267 DNA replication and repair protein RecF (single-strand DNA binding protein)G->A,G->T 

Appendix 3: Annotated polymorphisms identified by the split program in 9388 sequence files 

of Mycobacterium tuberculosis strains. 
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>H37Rv

MMMMTTPRPTRAIARPQKSVTETMLGLRLGTRALGCRGIEGADGVHGPIMASGTDGNNEH

KDSSPIEHAAYDSTNLTRVLMDAKAAILFRYIILGLPTYADLPRSRSTSAPGGAAITSRA

LPLVAGKTDVLYRIGDLAATRPSAANGYYGFLATTIHADLVVVAVSIPPQRGQRVVDTSS

TQQNGAAPTTVSVPGPAAPISLRTGVDPSGARKRGAENDARTDSLGRTLYPSYQPDPPGR

RQEGRRQEGGGQGIIDQDGERPVDGSGAEVLDIIELQWGGAPGAQAGLAIYVRGG*NEED

HSWAVLRSEAAFFQRAYEAAGSGHGDDPFTTGASSAALTRRADRAAAARAMMMVGLAFAK

TRLVFEWLLGVHHQQARRCLRRASVAPEFIYGTACAGSVTADTAVVVVSAPFVLDAGAGG

VASTLIRLLPLLYARMQLGPMVAAAELVPALIERRGAARAPTMWAAHSYVMLYLGVAAVS

TCYPAPFHAVTPAVVRNFEGTISPGDEFADGEEFAPTGLYRRRAEVRLDIGAWRGDEREG

SDPDHPLLLVVRVGHHGGGGIERSYGIHTALGYLVESLERSESSIALAYDDQAEALTSNA

TGVVVPPPPPPPPPPPPPPPPLQAASVLALTLGPRTYLDHVTRGRLSVMPTGATDVRYEM

VPDPNDRNRVAPTYPEIPNGVARPRLGYPPGWGDGQLPLRRLAWEGGGETEVLLGDRFCP

GSPSVGRVVMGWHPFLRKIMLDELHAGAPARDAKFERQPGVVYNFGNPSRPPAPPPRPPV

PPAAPLEELDSGAKAEVNGLKKFAAELEKVWDTHDMVELDEGDDPVGISEIEGTVQIEPV

MGNATVVVDDDPPVVVDDDPPVVVDDDPPPVVVDDDPPPVVVDDDPPPVVDDDAVVVAAA

GVLLIVWWIIELVPNAYLPNAEGEGGVGCHVVLLPVTPYSATIGPN*FYGVSFRRAVTAA

AACDRAANAVEARIDEEFAGRRDTAHPRSAVHVAVGRTKVHDRTRVDPEVASRIPGVHFA

AAAAAPLAGTAIAPDTTAVHMALLVILIDILRELFLDWGYFLALAALAHVDSTWPVAAAP

LDAYVRLFGVRRIDTDTINVGAMGAGLMVMLDLIIIRNALGGVATGRGCGQKDLLLFREE

PRRPDDHHHHNHTGLEGAPDCGRNALLLTIARLRSKR*ESRRGEILLTLTQQQAAAPSLS

DDADFSFGHGCHVTKYALPNPGDAVIILRAVLPATFVGTSGTKFPPDRLNGRDRHLRVTS

PRMPAELGPPAVGFPARVAVTYRKLLLAMGGSTAHPSFDPAVALDVVALVIIAPAAVNGL

TAISSRTGEPPLPGVGALLHRGGHTYHEYLLSSDLGALSAVGAARALTAAPSLASAALDA

SNAEQALSVAMRANPVSSGDSNIGGGGGGAGGGGGGGVGGGGGGGAGLADRALPTAGDGP

MSDINGSRARDLKDIQWAAAADNVYAFTIGQRPSVGAAGVFGSEVGHGVAATGVVVTIAR

RSYLGASQSGAIVRANGASAPGGDLRAWPIFPLSDLTATEALLFNARGGKTVQLDDTELG

WAVAAETRDARPSRAPAGGGNGAGGQAGGGGAGAAGGGGGGGGGGDGAAAIGLGGGGLDG

VVGAASSGGGVGGGGGHGAGAGAGGGGANGGDGGAAGGTDRRYGSIATTADDSATVTNGL

GPSNRGPAWRTAVGTGGTEEKAEFAERSFMAMTVAADLATGGQGMTNGGDRS*WTGGKWG

DGVTRSAYPADPPAMGKLDPGRCMTVRPDKGDISLRRARGAVTTIRGIASITDIADLLQP

VEQPTVMLSQLWITGAFGGSYGFDDAARLFRRARLSRDLLGGALAGGDQQMAYPADKLAK

APTGIMGSAALTADAAAIQGPLGRYGIGEPNAAAVWLLQLGIGRDRTQETPSARAILPEA

GSPLGGPGGANRSLALEKIRIMPAAAMSVASYYGTTGLQAFDKSRHSGDGRLALVLVPYL

ASRGEDAMMGGLRAMFVVINDCNTFIHNLTVTGIIADSGLNSENDEEFKRAPGAYVGVAI

AQVGIAYEDVDAGYPTAPPIPPVAEVIADATLPVPIPPEVKVGRLGQNPKDVSPLPGPGA

GTGPRMVTRNVNPSPIIQQQAQPRRGTDTDVARLYLLARRVGEPLALSGLAALIKGRNNN

TTPPNNLIIGGARAQSRSGENSDAGRLQVRSATAGVIVHPQETDAARRAARQDQDDDNQV

Appendix 4: Pseudo sequences of amino acids for each of the 9388 Mycobacterium 

tuberculosis strains and reference genomes. 
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ID Location Power Allele statesAllele freq.Locus tag Gene nameCodon Annotation

16025 1779274 0,95 G,L,P|H 0.99,0.0,0.0|1.0Rv1572c hypothetical protein9 Rv1572c, (MTCY336.31B), len: 34 aa. Partial ORF,part of REP13E12 repeat element; 3' end of Rv1587c (MTCY336.17) after phage-like element (see citation below). Similar to C-terminal ends of other REP13E12 repeat elements e.g. Rv1148, Rv1945, Rv3467, etc. Length extended since first submission (+7 aa). This region is a possible MT-complex-specific genomic island (See Becq et al.,2007).

12802 1385255 0,96 G,P|G,R 0.99,0.0|0.01,0.98Rv1243c PE_PGRS23 475 PE-PGRS family protein PE_PGRS23

14921 1636170 0,93 N,M,S|N,R0.99,0.0,0.0|0.02,0.97Rv1452c PE_PGRS28 687 PE-PGRS family protein PE_PGRS28

9209 968434 0,92 Q,-,P|-,P 0.99,0.0,0.0|0.01,0.98Rv0872c PE_PGRS15 604 PE-PGRS family protein PE_PGRS15

13067 1418868 0,89 S,P,Q,R|L,P,R0.98,0.0,0.0,0.0|0.97,0.0,0.01Rv1269c Conserved probable secreted protein29 Rv1269c, (MTCY50.13), len: 124 aa. Conserved probable exported protein with putative N-terminal signal sequence. Similar to Mycobacterium tuberculosis protein Rv1813c|Y0DU_MYCTU|Q50620 hypothetical protein cy1a11.30 (137 aa), FASTA scores: E(): 9e-21, (41.6% identity in 137 aa overlap).

8248 859239 0,73 A,I,P|I,S 0.94,0.04,0.0|0.01,0.98Rv0766c cyp123 279 Probable cytochrome P450 123 Cyp123

11024 1191351 0,95 N,C|C,H 0.99,0.0|0.0,0.99Rv1068c PE_PGRS20 267 PE-PGRS family protein PE_PGRS20

9204 968429 0,8 G,-,A,N|-,A,P0.97,0.0,0.02,0.0|0.0,0.03,0.96Rv0872c PE_PGRS15 606 PE-PGRS family protein PE_PGRS15

31031 3739978 0,99 N,Y|H,L 0.99,0.0|0.98,0.01Rv3345c PE_PGRS50 933 PE-PGRS family protein PE_PGRS50

10911 1189139 0,97 G,A|A 0.99,0.0|1.0Rv1067c PE_PGRS19 429 PE-PGRS family protein PE_PGRS19

31712 3766912 0,96 A,G,R,W|G,P0.99,0.0,0.0,0.0|0.0,0.99Rv3350c PPE56 64 PPE family protein PPE56

33168 3899451 0,95 H,P,R|P 0.99,0.0,0.0|1.0Rv3480c Possible triacylglycerol synthase (diacylglycerol acyltransferase)318 Rv3480c, (MTCY13E12.33c), len: 497 aa. Possible triacylglycerol synthase (See Daniel et al., 2004), similar to many from Mycobacterium tuberculosis strains H37Rv and CDC1551 e.g. O69701|Y1D4_MYCTU|Rv3734c|MT3839|MTV025.082c (454 aa), FASTA scores: opt: 520, E(): 2e-23, (39.95% identity in 488 aa overlap); Q10554|Y895_MYCTU|Rv0895|MTCY31.23 (505 aa), FASTA scores: opt: 434, E(): 2.7e-18, (34.2% identity in 497 aa overlap); AAK45165|MT0919 (520 aa), FASTA scores: opt: 434, E(): 2.7e-18, (34.2% identity in 497 aa overlap); etc. Also similar to Q9X7A8|MLCB1610.05|ML1244 conserved membrane protein from Mycobacterium leprae (491 aa), FASTA scores: opt: 272, E(): 1e-08, (28.85% identity in 485 aa overlap); and Q9RIU8|CM11.13c hypothetical 47.1 KDA protein from Streptomyces coelicolor (446 aa), FASTA scores: opt: 254,E(): 1.1e-07, (30.4% identity in 497 aa overlap). Seems to belong to the UPF0089 family.

13069 1418870 0,95 A,L|P,T 0.99,0.0|0.98,0.01Rv1269c Conserved probable secreted protein29 Rv1269c, (MTCY50.13), len: 124 aa. Conserved probable exported protein with putative N-terminal signal sequence. Similar to Mycobacterium tuberculosis protein Rv1813c|Y0DU_MYCTU|Q50620 hypothetical protein cy1a11.30 (137 aa), FASTA scores: E(): 9e-21, (41.6% identity in 137 aa overlap).

18419 2061447 0,9 R,A,L|A,C,G0.99,0.0,0.0|0.01,0.01,0.97Rv1818c PE_PGRS33 410 PE-PGRS family protein PE_PGRS33

14920 1636166 0,8 G|G,N 1.0|0.01,0.98Rv1452c PE_PGRS28 689 PE-PGRS family protein PE_PGRS28

22518 2564374 0,97 V,D|G 0.99,0.0|1.0Rv2293c hypothetical protein220 Rv2293c, (MTCY339.17), len: 246 aa. Conserved hypothetical protein; some similarity to hypothetical protein (299 aa) AAK24237.1| (AE005897) belonging to phosphorylase family [Caulobacter crescentus] (33% identity in 131 aa overlap). Possible lipoprotein: signal peptide at N-terminus

19478 2180650 0,99 S,G,R|H,R 0.99,0.0,0.0|0.99,0.0Rv1928c Probable short-chain type dehydrogenase/reductase190 Rv1928c, (MTCY09F9.36), len: 255 aa. Probable short-chain dehydrogenase/reductase, highly similar to others e.g. NP_228109.1|NC_000853 oxidoreductase (short chain dehydrogenase/reductase family) from Thermotoga maritima (257 aa); T41116 short chain dehydrogenase from Schizosaccharomyces pombe (261 aa); P87219|SOU1_CANAL sorbitol utilization protein (SDR family) from Candida albicans (281 aa); P25529|HDHA_ECOLI 7-alpha-hydroxysteroid dehydrogenase from Escherichia coli (255 aa), FASTA scores: opt: 541, E(): 1.2e-27, (37.5% identity in 251 aa overlap); etc. Also similar to many mycobacterial tuberculosis proteins e.g. Rv1350, Rv0927c, Rv2002, Rv0769, Rv2766c,etc. Contains PS00061 Short-chain alcohol dehydrogenase family signature. Belongs to the short-chain dehydrogenases/reductases (SDR) family.

3184 334657 0,97 L,A,G|A,G 0.99,0.0,0.0|0.98,0.01Rv0278c PE_PGRS3 552 PE-PGRS family protein PE_PGRS3

3266 335704 0,96 R,P|P 0.99,0.0|1.0Rv0278c PE_PGRS3 203 PE-PGRS family protein PE_PGRS3

6567 673341 0,95 A|D,G 1.0|0.98,0.01Rv0578c PE_PGRS7 859 PE-PGRS family protein PE_PGRS7

557 49692 0,96 G,A|G,E 0.99,0.0|0.01,0.98Rv0045c Possible hydrolase83 Rv0045c, (MTCY21D4.08c), len: 298 aa. Possible hydrolase, showing similarity with others. Also similar to Mycobacterium tuberculosis proteins Rv3473c, Rv1123c,Rv1938, Rv3617, Rv3670, etc.

37405 4326464 0,95 N|I,T 1.0|0.98,0.01Rv3854c ethA 337 Monooxygenase EthA

18926 2133472 0,93 L,*,F,Y|Y 0.99,0.0,0.0,0.0|1.0Rv1883c hypothetical protein74 Rv1883c, (MTCY180.35), len: 153 aa. Conserved hypothetical protein, some similarity to hypothetical proteins e.g. Rv2778c|AL008967|MTV002.43 from Mycobacterium tuberculosis (156 aa), FASTA score: opt: 212, E(): 3.1e-08,(34.4% identity in 151 aa overlap). Also similar to U75434|SAU75434_3 Nsh-OrfB from Streptomyces actuosus (173 aa), FASTA score: opt: 207, E(): 1.8e-07, (40.2% identity in 102 aa overlap).

8585 916684 0,85 R|R,L 1.0|0.01,0.98Rv0823c Possible transcriptional regulatory protein322 Rv0823c, (MTV043.15c), len: 389 aa. Possible transcriptional regulator (resembles nitrogen regulation protein), equivalent (but longer 24 aa in N-terminus) to MLU15182_31|U15182|NtrB NtrB protein from Mycobacterium leprae (384 aa), FASTA scores: opt: 2070, E(): 0, (82.3% identity in 384 aa overlap) (see citation below). Also highly similar to CAB63312.1|AL133471|SCC82.03c hypothetical protein from Streptomyces coelicolor (406 aa); and to many transcriptional regulators members of UPF0034 family (NIFR3/SMM1) e.g. D26185|BAC180K_143 protein similar to transcriptional regulator (nitrogen regulation protein) from Bacillus subtilis (333 aa), FASTA scores: opt: 609,E(): 1.4e-32, (38.3% identity in 326 aa overlap); NP_349795.1|NC_003030 NifR3 family enzyme from Clostridium acetobutylicum (321 aa); etc. Contains PS01136 Uncharacterized protein family UPF0034 signature.

8249 859240 0,69 E,R,V|E,K,R0.99,0.0,0.0|0.01,0.96,0.01Rv0766c cyp123 278 Probable cytochrome P450 123 Cyp123

38403 4408009 0,98 V,A|G 0.99,0.0|1.0Rv3919c gid 65 Probable glucose-inhibited division protein B Gid

3263 335701 0,98 R,A,H|A,G,M0.99,0.0,0.0|0.0,0.99,0.0Rv0278c PE_PGRS3 204 PE-PGRS family protein PE_PGRS3

3259 335693 0,98 A,G|G,P,S 0.99,0.0|0.99,0.0,0.0Rv0278c PE_PGRS3 207 PE-PGRS family protein PE_PGRS3

10920 1189147 0,97 T,A|A 0.99,0.0|1.0Rv1067c PE_PGRS19 427 PE-PGRS family protein PE_PGRS19

17653 1986637 0,78 R,G|R,Q 0.99,0.0|0.01,0.98Rv1754c hypothetical protein12 Rv1754c, (MTCY28.17c), len: 563 aa. Conserved protein, has proline-rich central region. Some similarity in central region to other Mycobacterium tuberculosis proline-rich proteins e.g. O06555|Rv1157c|MTCI65.24c (371 aa), (32.5% identity in 191 aa overlap). Contains PS00017 ATP/GTP-binding site motif A (P-loop). A core mycobacterial gene; conserved in mycobacterial strains (See Marmiesse et al., 2004).

12801 1385254 0,79 G,A|A 0.95,0.04|1.0Rv1243c PE_PGRS23 475 PE-PGRS family protein PE_PGRS23

30728 3737112 0,99 D,N|D,N 0.99,0.0|0.0,0.99Rv3344c PE_PGRS49 443 PE-PGRS family protein PE_PGRS49

30794 3738028 0,99 H,G|A,G 0.99,0.0|0.99,0.0Rv3344c PE_PGRS49 138 PE-PGRS family protein PE_PGRS49

31203 3743401 0,99 A,L,P|L 0.99,0.0,0.0|1.0Rv3346c Conserved transmembrane protein19 Rv3346c, (MTV004.02c), len: 85 aa. Conserved transmembrane protein, highly similar to mycobacterium hypothetical proteins O50384|Rv3355c|MTV004.12c from strain H37Rv (97 aa), FASTA scores: opt: 413, E(): 4.6e-23,(85.55% identity in 97 aa overlap); O32878|MLCB1779.16c|ML0675 from Mycobacterium leprae (91 aa), FASTA scores: opt: 349, E(): 1.7e-18, (67.35% identity in 95 aa overlap). Contains possible membrane spanning regions.

4046 373368 0,97 T,P|N 0.99,0.0|1.0Rv0305c PPE6 782 PPE family protein PPE6

30788 3738024 0,99 G,H,I,Q,R|Q,R0.99,0.0,0.0,0.0,0.0|0.99,0.0Rv3344c PE_PGRS49 139 PE-PGRS family protein PE_PGRS49

Appendix 5: Universal makers of antibiotic resistance found in functional and non-functional 

genes in M. tuberculosis isolates. 
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Position Power Alleles Allelic_frequenciesLocus Gene Codon AnnotationMolType Antibiotic

1280683 0.98 A,D|A,D 0.99,0.0|0.01,0.98Rv1153c omt 55 Probable O-methyltransferase OmtG->C,G->G,G->GCGAAGTEMB

1721425 0.97 G,R|G,R 0.99,0.0|0.02,0.97Rv1526c Probable glycosyltransferase213 Rv1526c, (MTCY19G5.02), len: 426 aa. Probable glycosyltransferase, highly similar to G467196 Protein L518_C2_147 from Mycobacterium leprae (421 aa), FASTA scores, opt: 1497, E(): 0, (55.0% identity in 424 aa overlap); similar to G452504 rhamnosyltransferase (24.7% identity in 433 aa overlap); and P96565|U84350 glycosyltransferase GTFE from Amycolatopsis orientalis (408 aa), E(): 3.4e-24, (28.4% identity in 429 aa overlap), also high similarity to Rv1524|MTCY19G5.04c (58.7 % identity in 416 aa overlap).Not foundEMB

4363482 0.97 W,A|A,L 0.99,0.0|0.01,0.98Rv3883c mycP1 426 Membrane-anchored mycosin MycP1 (serine protease) (subtilisin-like protease) (subtilase-like) (mycosin-1)C->-,C->C,Not foundEMB

4160535 0.96 A,-|A,M 0.99,0.0|0.01,0.98Rv3716c hypothetical protein127 Rv3716c, (MTV025.064c), len: 133 aa. Conserved protein, equivalent to O69519|Y1B6_MYCLE|ML2330|MLCB2407.20 hypothetical 11.9 KDA protein from Mycobacterium leprae (116 aa), FASTA scores: opt: 616, E(): 2.6e-21, (84.55% identity in 110 aa overlap). Also highly similar to hypothetical ~12 kDa proteins in the vicinity of recR from other bacteria e.g. Q9XAI3|YT3D_STRCO|SC66T3.30c hypothetical 11.7 KDA protein from Streptomyces coelicolor (115 aa), FASTA scores: opt: 379, E(): 9.5e-11, (50.8% identity in 122 aa overlap); BAB56641|SAV0479 conserved hypothetical protein from Staphylococcus aureus subsp. aureus Mu50 (105 aa) FASTA scores: opt: 295, E(): 4.9e-07,(41.75% identity in 103 aa overlap); Q99WC4P24281|YAAK_BACSU hypothetical 11.8 KDA protein in DNAZ-RECR intergenic region from Bacillus subtilis (107 aa), FASTA scores: opt: 272, E(): 5.3e-06, (39.4% identity in 104 aa overlap); P17577|YBAB_ECOLI|B0471|Z0588|ECS0524 from Escherichia coli strain K and O157:H7 (109 aa), FASTA scores: opt: 256, E(): 2.8e-05, (38.C->-,C->C,C->CACCCGGCATACCCGGCATACCCGGCATACCTGGCGCTCCCGGCGGCGCAGCCGGTGGTGCCGGCGGGCGCATCGCGCCGGCCAATGCACCCAGCCGTTCCTGCGCCATCTTCGTCACCTGCTGGGACGCGTCGCGCATCGCACCGACGATCAGGTCCTGCAAGGTCTCGATGTCGTCGGGATCGACGACCTTGGGGTCGATCGTCACGCCGATCACCTCCCCGCTGCCTTTGACGACGACCTTGACCAGGCCCCCACCGGCTTGACCGTGCACCTCAGAGTTCGCCAGCTGTTGCTGGGCCTCCAGGAGCTTTTGCTGCATCTGCTGCGCCTGAGCGAGCAGCGCCGACATGTCGCCTCCGGGTTGCATGACAGTCCCCTAGCATCTTGGTCTCGAGTTGGTTTCGCCTGTGGTTGTCGGGCGATTCGGAACATTCAGCCTAGACCGCGCCGCGTTACCTTTGCGCCGTGGACCTACGAGTTGGCCCGCGTGTCGGGTTCGCCATGATAGTCGGGGTACTCGTCGCAGCAGCGACGCCGATCATCTCGTCCGCGAGCGCAACCCCCGCCAACATCGCCGGCATGGTCGTCTTCATCGACCCCGGACACAACGGAGCCAACGACGCATCGATCGGCCGCCAGGTACCCACCGGTCGCGGCGGCACCAAGAACTGCCAGGCCAGCGGAACGTCAACCAACAGCGGCTACCCGGAGCACACCTTCACCTGGGAAACCGGGCTGCGGCTGCGGGCCGCGTTGAACGCATTGGGGGTTCGGACCGCCCTGTCACGTGGCAACGACAACGCGCTCGGACCGTGTGTCGATGAGCGCGCCAATATGGCCAACGCGTTGCGCCCCAACGCGATCGTGAGCCTGCACGCCGACGGCGGACCGGCGTCTGGCCGCGGATTCCACGTCAACTACTCGGCCCCGCCGCTCAACGCGATACAGGCCGGTCCCTCGGTTCAGTTCGCTCGAATCATGCGCGACCAGCTGCAGGCCTCGGGCATTEMB

4407851 0.96 R,A|R,A 0.99,0.0|0.02,0.97Rv3919c gid 118 Probable glucose-inhibited division protein B GidG->-,G->G,G->GC,G->GCCCC,G->TEMB

4385714 0.95 A,P|A,P 0.99,0.0|0.02,0.97Rv3900c Conserved hypothetical alanine rich protein199 Rv3900c, (MTCY15F10.12), len: 311 aa. Conserved hypothetical ala-rich protein, highly similar to N-terminal end of Q10690|YK82_MYCTU|Rv2082|MTCY49.21 hypothetical 73.6 KDA protein from Mycobacterium tuberculosis (721 aa), FASTA scores: opt: 592, E(): 2.7e-22, (37.15% identity in 280 aa overlap). Note that MTCY15F10.12 and MTCY15F10.13 appear frameshifted with respect to MTCY49.21 although the sequence appears to be correct. This region is a possible MT-complex-specific genomic island (See Becq et al.,2007).C->-,C->C,C->CTGGGG,C->CTGGGGTGGTGG,C->TEMB

2550013 0.86 T,-,K,R,S|T,-,I0.99,0.0,0.0,0.0,0.0|0.05,0.01,0.93Rv2277c Possible glycerolphosphodiesterase6 Rv2277c, (MTCY339.33), len: 301 aa. Possible glycerolphosphodiesterase, similar to e.g. UGPQ_ECOLI P10908 glycerophosphoryldiester phosphodiesterase (cytosolic) (247 aa), FASTA scores, opt: 149, E(): 0.0061,(27.2% identity in 195 aa overlap). Start of protein uncertain, encoded by neighbouring IS6110 as given, is intact in Mycobacterium tuberculosis CDC1551G->-,G->C,G->G,G->GCAATTGGCT,G->GCACCCAACATAGCCGTC,G->GCAGCAATC,G->GCCA,G->GCGC,G->GCGCCCAACATAGCCGTC,G->GCGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAAAGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGATAAAGTAAGTCGCGGTCGGGCACGCANNNNNNNNNN,G->GCGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAAAGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGATAAAGTAAGTCGCGGTCGGGNNNNNNNNNNGCCACACT,G->GCGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAAAGTGCGCAATGCGCGGCGCACAGTATCGANNNNNNNNNN,G->GCGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAACGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGANNNNNNNNNN,G->GCGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAACGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGATAAAGTAAGTCGCGGTCGGGCACGCAGCGCAGCGNNNNNNNNNNAACGTAAAGAATGATCACCATCACCTCGCT,G->GCGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAACGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAEMB

4385712 0.84 L,H|L,P 0.99,0.0|0.03,0.96Rv3900c Conserved hypothetical alanine rich protein200 Rv3900c, (MTCY15F10.12), len: 311 aa. Conserved hypothetical ala-rich protein, highly similar to N-terminal end of Q10690|YK82_MYCTU|Rv2082|MTCY49.21 hypothetical 73.6 KDA protein from Mycobacterium tuberculosis (721 aa), FASTA scores: opt: 592, E(): 2.7e-22, (37.15% identity in 280 aa overlap). Note that MTCY15F10.12 and MTCY15F10.13 appear frameshifted with respect to MTCY49.21 although the sequence appears to be correct. This region is a possible MT-complex-specific genomic island (See Becq et al.,2007).Not foundEMB

2604156 0.63 I,L|I,L 0.99,0.0|0.03,0.96Rv2330c lppP 23 Probable lipoprotein LppPT->-,T->T,T->TCAGTGCCAA,T->TCAGTGCCAACAGTGCCAA,T->TCAGTGCCAACAGTGCCAACAGTGCCA,T->TCAGTGCCAACAGTGCCAACAGTGCCAACAGTGCCAACAGTGCCAEMB

2536625 0.99 R,G|R,G 0.99,0.0|0.0,0.99Rv2264c Conserved hypothetical proline rich protein576 Rv2264c, (MTV022.14c), len: 592 aa. Conserved hypothetical Pro-rich protein, similar to hypothetical proteins Rv0312 (MTCY63.17, 620 aa and Rv0350) that has highly Pro-, Thr-rich C-terminus. Contains PS00343 Gram-positive cocci surface proteins 'anchoring' hexapeptide. FASTA scores: Z96800|MTCY63_17 Mycobacterium tuberculosis cosmid (620 aa) opt: 1075, E(): 8.8e-24; (38.9% identity in 627 aa overlap). Predicted to be an outer membrane protein (See Song et al., 2008).C->A,C->C,C->CC,C->CG,C->CGG,C->CGGG,C->CGGGG,C->CGGGGG,C->CGGGGGG,C->CGGGGGGG,C->CGGGGGGGG,C->CGGGGGGGGG,C->TINH

1002282 0.98 A,G|A,G 0.99,0.0|0.0,0.99Rv0897c Probable oxidoreductase45 Rv0897c, (MTCY31.25c), len: 535 aa. Possible oxidoreductase, similar to various oxidoreductases from diverse organisms e.g. CAB94055.1|AL358672 putative oxidoreductase from Streptomyces coelicolor (540 aa); NP_147877.1|NC_000854 phytoene dehydrogenase from Aeropyrum pernix (549 aa); Q01671|CRTD_RHOSH methoxyneurosporene dehydrogenase from Rhodobacter sphaeroides (495 aa), FASTA scores: opt: 139, E(): 2.6e-06, (23.8% identity in 538 aa overlap); etc. Also similar to Rv1432, Rv2997, and Rv3829c from Mycobacterium tuberculosis.G->G,G->GC,G->GCCCCCCCCINH

1280683 0.98 A,D|A,D 0.99,0.0|0.0,0.99Rv1153c omt 55 Probable O-methyltransferase OmtG->C,G->G,G->GCGAAGTINH

1990551 0.98 A,G|A,G 0.99,0.0|0.01,0.98Rv1759c wag22 676 PE-PGRS family protein Wag22G->-,G->C,G->G,G->GC,G->GCC,T->-INH

4363482 0.97 L,A|A,W 0.99,0.0|0.01,0.98Rv3883c mycP1 426 Membrane-anchored mycosin MycP1 (serine protease) (subtilisin-like protease) (subtilase-like) (mycosin-1)C->-,C->C,Not foundINH

466846 0.96 S|S,R 1.0|0.01,0.98Rv0387c hypothetical protein188 Rv0387c, (MTV036.22c), len: 244 aa. Conserved hypothetical protein, showing some similarity to MTCI237.20c, and M17282|HUMEL20_1 Human elastin gene, exon 1, Elastin (687 aa), FASTA scores: opt: 193, E(): 0.35,(34.4% identity in 189 aa overlap).Not foundINH

1468914 0.96 A,P,S|G,S 0.99,0.0,0.0|0.98,0.01Rv1313c Possible transposase198 Rv1313c, (MTCY373.33c), len: 444 aa. Possible IS1557 transposase, similar to several transposases e.g. U57649|DBU57649 ORF1 from dibenzofuran-degrading bacterium DPO360 (163 aa), FASTA scores: opt: 767, E(): 0, (67.3% identity in 168 aa overlap); TNPA_BORPA|Q06126 transposase for insertion sequence element IS1001 from Bordetella parapertussis (406 aa), FASTA scores: opt: 254, E(): 3.3e-10, (24.9% identity in 402 aa overlap). Also similar to putative Mycobacterium tuberculosis transposases, Rv3798 and Rv0741.C->-,C->CT,C->CTCGGGGCGGCCCNNNNNNNNNN,C->G,Not foundINH

3100154 0.96 G,S|G,S 0.99,0.0|0.01,0.98Rv2790c ltp1 6 Probable lipid-transfer protein Ltp1A->-,A->A,A->AA,A->AC,A->ACACGAC,A->ACC,A->ACCC,A->ACCCC,A->ACCCGACCC,A->ACCCGCCCC,A->ACCCGTCCC,A->ACCCT,A->GINH

4407851 0.96 R,A|R,A 0.99,0.0|0.01,0.98Rv3919c gid 118 Probable glucose-inhibited division protein B GidG->-,G->G,G->GC,G->GCCCC,G->TINH

4160535 0.95 A,-|A,M 0.99,0.0|0.01,0.98Rv3716c hypothetical protein127 Rv3716c, (MTV025.064c), len: 133 aa. Conserved protein, equivalent to O69519|Y1B6_MYCLE|ML2330|MLCB2407.20 hypothetical 11.9 KDA protein from Mycobacterium leprae (116 aa), FASTA scores: opt: 616, E(): 2.6e-21, (84.55% identity in 110 aa overlap). Also highly similar to hypothetical ~12 kDa proteins in the vicinity of recR from other bacteria e.g. Q9XAI3|YT3D_STRCO|SC66T3.30c hypothetical 11.7 KDA protein from Streptomyces coelicolor (115 aa), FASTA scores: opt: 379, E(): 9.5e-11, (50.8% identity in 122 aa overlap); BAB56641|SAV0479 conserved hypothetical protein from Staphylococcus aureus subsp. aureus Mu50 (105 aa) FASTA scores: opt: 295, E(): 4.9e-07,(41.75% identity in 103 aa overlap); Q99WC4P24281|YAAK_BACSU hypothetical 11.8 KDA protein in DNAZ-RECR intergenic region from Bacillus subtilis (107 aa), FASTA scores: opt: 272, E(): 5.3e-06, (39.4% identity in 104 aa overlap); P17577|YBAB_ECOLI|B0471|Z0588|ECS0524 from Escherichia coli strain K and O157:H7 (109 aa), FASTA scores: opt: 256, E(): 2.8e-05, (38.C->-,C->C,C->CACCCGGCATACCCGGCATACCCGGCATACCTGGCGCTCCCGGCGGCGCAGCCGGTGGTGCCGGCGGGCGCATCGCGCCGGCCAATGCACCCAGCCGTTCCTGCGCCATCTTCGTCACCTGCTGGGACGCGTCGCGCATCGCACCGACGATCAGGTCCTGCAAGGTCTCGATGTCGTCGGGATCGACGACCTTGGGGTCGATCGTCACGCCGATCACCTCCCCGCTGCCTTTGACGACGACCTTGACCAGGCCCCCACCGGCTTGACCGTGCACCTCAGAGTTCGCCAGCTGTTGCTGGGCCTCCAGGAGCTTTTGCTGCATCTGCTGCGCCTGAGCGAGCAGCGCCGACATGTCGCCTCCGGGTTGCATGACAGTCCCCTAGCATCTTGGTCTCGAGTTGGTTTCGCCTGTGGTTGTCGGGCGATTCGGAACATTCAGCCTAGACCGCGCCGCGTTACCTTTGCGCCGTGGACCTACGAGTTGGCCCGCGTGTCGGGTTCGCCATGATAGTCGGGGTACTCGTCGCAGCAGCGACGCCGATCATCTCGTCCGCGAGCGCAACCCCCGCCAACATCGCCGGCATGGTCGTCTTCATCGACCCCGGACACAACGGAGCCAACGACGCATCGATCGGCCGCCAGGTACCCACCGGTCGCGGCGGCACCAAGAACTGCCAGGCCAGCGGAACGTCAACCAACAGCGGCTACCCGGAGCACACCTTCACCTGGGAAACCGGGCTGCGGCTGCGGGCCGCGTTGAACGCATTGGGGGTTCGGACCGCCCTGTCACGTGGCAACGACAACGCGCTCGGACCGTGTGTCGATGAGCGCGCCAATATGGCCAACGCGTTGCGCCCCAACGCGATCGTGAGCCTGCACGCCGACGGCGGACCGGCGTCTGGCCGCGGATTCCACGTCAACTACTCGGCCCCGCCGCTCAACGCGATACAGGCCGGTCCCTCGGTTCAGTTCGCTCGAATCATGCGCGACCAGCTGCAGGCCTCGGGCATTINH

1721425 0.88 G,R|G,R 0.99,0.0|0.01,0.98Rv1526c Probable glycosyltransferase213 Rv1526c, (MTCY19G5.02), len: 426 aa. Probable glycosyltransferase, highly similar to G467196 Protein L518_C2_147 from Mycobacterium leprae (421 aa), FASTA scores, opt: 1497, E(): 0, (55.0% identity in 424 aa overlap); similar to G452504 rhamnosyltransferase (24.7% identity in 433 aa overlap); and P96565|U84350 glycosyltransferase GTFE from Amycolatopsis orientalis (408 aa), E(): 3.4e-24, (28.4% identity in 429 aa overlap), also high similarity to Rv1524|MTCY19G5.04c (58.7 % identity in 416 aa overlap).Not foundINH

4385712 0.81 L,H|L,P 0.99,0.0|0.01,0.98Rv3900c Conserved hypothetical alanine rich protein200 Rv3900c, (MTCY15F10.12), len: 311 aa. Conserved hypothetical ala-rich protein, highly similar to N-terminal end of Q10690|YK82_MYCTU|Rv2082|MTCY49.21 hypothetical 73.6 KDA protein from Mycobacterium tuberculosis (721 aa), FASTA scores: opt: 592, E(): 2.7e-22, (37.15% identity in 280 aa overlap). Note that MTCY15F10.12 and MTCY15F10.13 appear frameshifted with respect to MTCY49.21 although the sequence appears to be correct. This region is a possible MT-complex-specific genomic island (See Becq et al.,2007).Not foundINH

1002282 0.97 A,G|A,G 0.99,0.0|0.01,0.98Rv0897c Probable oxidoreductase45 Rv0897c, (MTCY31.25c), len: 535 aa. Possible oxidoreductase, similar to various oxidoreductases from diverse organisms e.g. CAB94055.1|AL358672 putative oxidoreductase from Streptomyces coelicolor (540 aa); NP_147877.1|NC_000854 phytoene dehydrogenase from Aeropyrum pernix (549 aa); Q01671|CRTD_RHOSH methoxyneurosporene dehydrogenase from Rhodobacter sphaeroides (495 aa), FASTA scores: opt: 139, E(): 2.6e-06, (23.8% identity in 538 aa overlap); etc. Also similar to Rv1432, Rv2997, and Rv3829c from Mycobacterium tuberculosis.G->G,G->GC,G->GCCCCCCCCPZA

1774033 0.97 A|A,Q 1.0|0.01,0.98Rv1566c Possible Inv protein197 Rv1566c, (MTCY336.37), len: 230 aa. Possible inv protein, probably exported as has QQAPV repeats at C-terminus. Similar to Q49634 inv protein from Mycobacterium leprae (246 aa), FASTA scores: opt: 957, E(): 0, (70.0% identity in 207 aa overlap); also to putative invasins 1,2 (O07390, O07391) from Mycobacterium avium. Slightly similar to C-terminus of P60_LISMO|P21171 Listeria invasion-associated protein p60 precursor. Also similar to Mycobacterium tuberculosis p60 homologues Rv1477, Rv1478,Rv0024, Rv2190c. Predicted to be an outer membrane protein (See Song et al., 2008).T->-,T->C,T->T,T->TTGGACGGGCGCTTGCPZA

2455970 0.97 R,S|R,S 0.99,0.0|0.01,0.98Rv2192c trpD 259 Probable anthranilate phosphoribosyltransferase TrpDNot foundPZA

4407851 0.97 R,A|R,A 0.99,0.0|0.01,0.98Rv3919c gid 118 Probable glucose-inhibited division protein B GidG->-,G->G,G->GC,G->GCCCC,G->TPZA

2789297 0.95 A,T|A,K 0.99,0.0|0.01,0.98Rv2483c plsC 576 Possible transmembrane phospholipid biosynthesis bifunctional enzyme PlsC: putative L-3-phosphoserine phosphatase (O-phosphoserine phosphohydrolase) (PSP) (pspase) + 1-acyl-SN-glycerol-3-phosphate acyltransferase (1-AGP acyltransferase) (1-AGPAT) (lysophosphatidic acid acyltransferase) (LPAAT)C->-,C->C,C->T,Not foundPZA

4385714 0.93 A,P|A,P 0.99,0.0|0.03,0.96Rv3900c Conserved hypothetical alanine rich protein199 Rv3900c, (MTCY15F10.12), len: 311 aa. Conserved hypothetical ala-rich protein, highly similar to N-terminal end of Q10690|YK82_MYCTU|Rv2082|MTCY49.21 hypothetical 73.6 KDA protein from Mycobacterium tuberculosis (721 aa), FASTA scores: opt: 592, E(): 2.7e-22, (37.15% identity in 280 aa overlap). Note that MTCY15F10.12 and MTCY15F10.13 appear frameshifted with respect to MTCY49.21 although the sequence appears to be correct. This region is a possible MT-complex-specific genomic island (See Becq et al.,2007).C->-,C->C,C->CTGGGG,C->CTGGGGTGGTGG,C->TPZA

4385712 0.88 L,H|L,P 0.99,0.0|0.03,0.96Rv3900c Conserved hypothetical alanine rich protein200 Rv3900c, (MTCY15F10.12), len: 311 aa. Conserved hypothetical ala-rich protein, highly similar to N-terminal end of Q10690|YK82_MYCTU|Rv2082|MTCY49.21 hypothetical 73.6 KDA protein from Mycobacterium tuberculosis (721 aa), FASTA scores: opt: 592, E(): 2.7e-22, (37.15% identity in 280 aa overlap). Note that MTCY15F10.12 and MTCY15F10.13 appear frameshifted with respect to MTCY49.21 although the sequence appears to be correct. This region is a possible MT-complex-specific genomic island (See Becq et al.,2007).Not foundPZA

1280683 0.98 A,D|A,D 0.99,0.0|0.0,0.99Rv1153c omt 55 Probable O-methyltransferase OmtG->C,G->G,G->GCGAAGTRIF

1990551 0.98 A,G|A,G 0.99,0.0|0.0,0.99Rv1759c wag22 676 PE-PGRS family protein Wag22G->-,G->C,G->G,G->GC,G->GCC,T->-RIF

2536625 0.98 R,G|R,G 0.99,0.0|0.0,0.99Rv2264c Conserved hypothetical proline rich protein576 Rv2264c, (MTV022.14c), len: 592 aa. Conserved hypothetical Pro-rich protein, similar to hypothetical proteins Rv0312 (MTCY63.17, 620 aa and Rv0350) that has highly Pro-, Thr-rich C-terminus. Contains PS00343 Gram-positive cocci surface proteins 'anchoring' hexapeptide. FASTA scores: Z96800|MTCY63_17 Mycobacterium tuberculosis cosmid (620 aa) opt: 1075, E(): 8.8e-24; (38.9% identity in 627 aa overlap). Predicted to be an outer membrane protein (See Song et al., 2008).C->A,C->C,C->CC,C->CG,C->CGG,C->CGGG,C->CGGGG,C->CGGGGG,C->CGGGGGG,C->CGGGGGGG,C->CGGGGGGGG,C->CGGGGGGGGG,C->TRIF

3100154 0.98 V,S|G,S 0.98,0.01|0.01,0.98Rv2790c ltp1 6 Probable lipid-transfer protein Ltp1A->-,A->A,A->AA,A->AC,A->ACACGAC,A->ACC,A->ACCC,A->ACCCC,A->ACCCGACCC,A->ACCCGCCCC,A->ACCCGTCCC,A->ACCCT,A->GRIF

1468914 0.97 A,P,S|G,S 0.98,0.0,0.0|0.98,0.01Rv1313c Possible transposase198 Rv1313c, (MTCY373.33c), len: 444 aa. Possible IS1557 transposase, similar to several transposases e.g. U57649|DBU57649 ORF1 from dibenzofuran-degrading bacterium DPO360 (163 aa), FASTA scores: opt: 767, E(): 0, (67.3% identity in 168 aa overlap); TNPA_BORPA|Q06126 transposase for insertion sequence element IS1001 from Bordetella parapertussis (406 aa), FASTA scores: opt: 254, E(): 3.3e-10, (24.9% identity in 402 aa overlap). Also similar to putative Mycobacterium tuberculosis transposases, Rv3798 and Rv0741.C->-,C->CT,C->CTCGGGGCGGCCCNNNNNNNNNN,C->G,Not foundRIF

2302099 0.97 P,A|-,T 0.99,0.0|0.0,0.99Rv2048c pks12 1630 Polyketide synthase Pks12C->-,C->AAAGTGGTGACCGGCAACGGCCGCAGCACCCCATCGCCGAACAGCGTGGCGAGCTCGGCAAGGATCTGCGCAATGCGGTCCGGTCCCGC,C->AAGGATCTGCGCAATGCGGTCCGGTCCCGC,C->AAGTGGTGACCGGCAACGGCCGCAGCACCCCATCGCCGAACAGCGTGGCGAGCTCGGCAAGGATCTGCGCAATGCGGTCCGGTCCCGC,C->ACCGCACGTCAAAAGTGGTGACCGGCAACGGCCGCAGCACCCCATCGCCGAACAGCGTGGCGAGCTCGGCAAGGATCTGCGCAATGCGGTCCGGTCCCGC,C->ACCGGCAACGGCCGCAGCACCCCATCGCCGAACAGCGTGGCGAGCTCGGCAAGGATCTGCGCAATGCGGTCCGGTCCCGC,C->AGGCGCGCACCGCACGTCAAAAGTGGTGACCGGCAACGGCCGCAGCACCCCATCGCCGAACAGCGTGGCGAGCTCGGCAAGGATCTGCGCAATGCGGTCCGGTCCCGC,C->ATCGCCGAACAGCGTGGCGAGCTCGGCAAGGATCTGCGCAATGCGGTCCGGTCCCGC,C->CAAGGATCTGCGCAATGCGGTCCGGTCCCGC,C->CACGTCAAAAGTGGTGACCGGCAACGGCCGCAGCACCCCATCGCCGAACAGCGTGGCGAGCTCGGCAAGGATCTGCGCAATGCGGTCCGGTCCCGC,C->CAGCACCCCATCGCCGAACAGCGTGGCGAGCTCGGCAAGGATCTGCGCAATGCGGTCCGGTCCCGC,C->CAGGCGCGCACCGCACGTCAAAAGTGGTGACCGGCAACGGCCGCAGCACCCCATCGCCGAACAGCGTGGCGAGCTCGGCAAGGATCTGCGCAATGCGGTCCGGTCCCGC,C->CCGCACGTCAAAAGTGGTGACCGGCAACGGCCGCAGCACCCCATCGCCGAACAGCGTGGCGAGCTCGGCAAGGATCTGCGCAATGCGGTCCGGTCCCGC,C->CGAGCTCGGCAAGGARIF

4363482 0.97 L,A|A,W 0.99,0.0|0.01,0.98Rv3883c mycP1 426 Membrane-anchored mycosin MycP1 (serine protease) (subtilisin-like protease) (subtilase-like) (mycosin-1)C->-,C->C,Not foundRIF

Appendix 6: The most discriminative polymorphisms to distinguish between resistant and 

susceptible strains in lineage 1. 
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'id Position Power Alleles Allelic_frequenciesLocus Gene Codon AnnotationMolType

171 16119 1.0 R|L 1.0|1.0 Rv0014c pknB 451 Transmembrane serine/threonine-protein kinase B PknB (protein kinase B) (STPK B)C->A

183 17657 1.0 Q|R 1.0|1.0 Rv0015c pknA 369 Transmembrane serine/threonine-protein kinase A PknA (protein kinase A) (STPK A)T->C

503 44768 1.0 R|G 1.0|1.0 Rv0041 leuS 403 Probable leucyl-tRNA synthetase LeuS (leucine--tRNA ligase) (LEURS)A->G

756 70300 1.0 I|F 1.0|1.0 Rv0064 Probable conserved transmembrane protein561 Rv0064, (MTV030.07), len: 979 aa. Probable conserved transmembrane protein, similar to many. Contains probable coiled-coil domain from aa 948 to 976.A->-,A->T

927 82884 1.0 V|A 1.0|1.0 Rv0074 hypothetical protein46 Rv0074, (MTV030.18), len: 411 aa. Conserved protein,similar to many.T->-,T->C

1208 105139 1.0 G|V 1.0|1.0 Rv0095c hypothetical protein26 Rv0095c, (MTCY251.14c), len: 136 aa. Member of 13E12 repeat, also partially similar to AF0418|AF041819_8 from Mycobacterium bovis BCG (222 aa), FASTA score: (89.6% identity in 96 aa overlap).C->A,C->T

1486 139297 1.0 G|V 1.0|1.0 Rv0115 hddA 262 Possible D-alpha-D-heptose-7-phosphate kinase HddAG->T

1504 141623 1.0 D|N 1.0|1.0 Rv0117 oxyS 142 Oxidative stress response regulatory protein OxySG->A

1546 146236 1.0 K|N 1.0|1.0 Rv0120c fusA2 513 Probable elongation factor G FusA2 (EF-G)Not found

1752 163705 1.0 P|S 1.0|1.0 Rv0136 cyp138 114 Probable cytochrome P450 138 Cyp138C->CT,C->T

1753 163706 1.0 P|L 1.0|1.0 Rv0136 cyp138 114 Probable cytochrome P450 138 Cyp138C->T

2022 198720 1.0 K|E 1.0|1.0 Rv0169 mce1A 63 Mce-family protein Mce1AA->G

2067 203038 1.0 I|T 1.0|1.0 Rv0172 mce1D 188 Mce-family protein Mce1DT->C

2183 213147 1.0 D|Y 1.0|1.0 Rv0182c sigG 332 Probable alternative RNA polymerase sigma factor SigG (RNA polymerase ECF type sigma factor)C->A

2209 215977 1.0 A|V 1.0|1.0 Rv0185 hypothetical protein88 Rv0185, (MTCI28.25a), len: 169 aa. Conserved hypothetical protein, equivalent to CAB08794.1|Z95398|MLCL622_2 from Mycobacterium leprae (168 aa), FASTA scores: opt: 861, E(): 0, (76.4% identity in 165 aa overlap). Contains PS00142 Neutral zinc metallopeptidases, zinc-binding region signature. A core mycobacterial gene; conserved in mycobacterial strains (See Marmiesse et al., 2004).C->T

2256 222925 1.0 A|T 1.0|1.0 Rv0191 Probable conserved integral membrane protein213 Rv0191, (MTCI28.30), len: 413 aa. Probable conserved integral membrane protein, member of major facilitator superfamily (MFS) possibly involved in transport of drug,similar to several hypothetical proteins e.g. YDEA_ECOLI|P31122 hypothetical 42.5 kd protein from Escherichia coli (396 aa), FASTA scores: opt: 475, E(): 4.2e-33, (29.7% identity in 381 aa overlap); and to several chloramphenicol resistance proteins e.g. CMLR_STRLI|P31141 chloramphenicol resistance protein from Streptomyces lividans (392 aa), FASTA scores: opt: 394, E(): 6.7e-12,(28.2% identity in 383 aa overlap). Also similar to SVU09991_1 from Mycobacterium tuberculosis.G->A

2325 230170 1.0 P|L 1.0|1.0 Rv0194 Probable transmembrane multidrug efflux pump1098 Rv0194, (MTV033.02), len: 1194 aa. Probable multidrug efflux pump (See Danilchanka et al., 2008),highly similar to many e.g. U62129|STU62129_2|T30293 ABC transport protein homolog from Salmonella typhi (1218 aa),FASTA scores: opt: 1116, E(): 0, (36.3% identity in 1209 aa overlap); CAB66302.1|AL136519 ABC transporter protein ATP-binding component from Streptomyces coelicolor (1243 aa); I84547 mdl protein from Escherichia coli (1143 aa); etc. Also similar to MTCY50_9 and MTCY50_10 from Mycobacterium tuberculosis, FASTA score: (33.8% identity in 574 aa overlap). Contains two PS00017 ATP/GTP-binding site motif A (P-loop) and one PS00211 ABC transporters family signature. Belongs to the ATP-binding transport protein family (ABC transporters). Alternative start possible at 1823 but no RBS.C->CCC,C->G,C->T

2566 264129 1.0 M|I 1.0|1.0 Rv0221 Possible triacylglycerol synthase (diacylglycerol acyltransferase)21 Rv0221, (MTCY08D5.16), len: 469 aa. Possible triacylglycerol synthase (See Daniel et al., 2004), similar to other proteins from Mycobacterium tuberculosis e.g. Q50680|Rv2285|MT2343|MTCY339.25c 47.7 kDa protein (445 aa),FASTA scores: opt: 455, E(): 8.1e-23, (26.7% identity in 461 aa overlap); Rv3740c, Rv3734c, etc.G->A

2596 267751 1.0 A|G 1.0|1.0 Rv0223c Probable aldehyde dehydrogenase5 Rv0223c, (MTCY08D5.18), len: 487 aa. Probable aldehyde dehydrogenase, similar to others e.g. A75608|6460525|AAF12231.1|AE001862_57 aldehyde dehydrogenase from Deinococcus radiodurans strain R1 (495 aa); Q47943 L-sorbosone dehydrogenase NAD(P) dependent from Gluconobacter oxydans (498 aa), FASTA scores: opt: 1157, E (): 0, (42.1% identity in 482 aa overlap); etc. Also similar to Rv0768, Rv2858c, etc from Mycobacterium tuberculosis. Contains PS00687 Aldehyde dehydrogenases glutamic acid active site; and PS00070 Aldehyde dehydrogenases cysteine active site. Belongs to the aldehyde dehydrogenases family.G->C

2603 270430 1.0 P|A 1.0|1.0 Rv0226c Probable conserved transmembrane protein379 Rv0226c, (MTCY08D5.21c), len: 576 aa. Probable conserved transmembrane protein, equivalent, except in N-terminal part, to AC32114.1|AL583926 conserved membrane protein from Mycobacterium leprae (600 aa), FASTA scores: opt: 2086, E(): 0, (70.3% identity in 579 aa overlap). Also similar to AL021411|SC7H1_20 from Streptomyces coelicolor (483 aa), FASTA scores: opt: 180, E(): 0.00028, (26.5 identity in 388 aa overlap). A core mycobacterial gene; conserved in mycobacterial strains (See Marmiesse et al.,2004).G->C

2804 296312 1.0 S|F 1.0|1.0 Rv0245 Possible oxidoreductase103 Rv0245, (MTV034.11), len: 162 aa. Possible oxidoreductase, equivalent to AL022486|MLCB1883_17|T44882 probable oxidoreductase from Mycobacterium leprae (162 aa),FASTA scores: opt: 860, E(): 0, (83.4% identity in 157 aa overlap). Also similar to several hypothetical proteins and various oxidoreductases e.g. AAK24246.1|AE005898 NADH:riboflavin 5'-phosphate oxidoreductase from Caulobacter crescentus (174 aa); Q02058|DIM6_STRCO|CAA45048.1 actinorhodin polyketide dimerase from streptomyces coelicolor (177 aa), FASTA scores: opt: 308, E(): 3. 2e-15, (37.8% identity in 143 aa overlap). Also similar to Z84498|Rv1939|MTCY09F9.25c from Mycobacterium tuberculosis (171 aa), FASTA scores: opt: 517, E(): 3.5e-30, (49.4% identity in 158 aa overlap).Not found

2858 305188 1.0 V|L 1.0|1.0 Rv0252 nirB 775 Probable nitrite reductase [NAD(P)H] large subunit [FAD flavoprotein] NirBG->-,G->A,G->T

2910 311521 1.0 D|G 1.0|1.0 Rv0260c Possible transcriptional regulatory protein380 Rv0260c, (MTCY0A4.04c), len: 381 aa. Possible two-component response regulator, highly similar to CAB72204.1|AL138851 putative transcriptional regulator from Streptomyces coelicolor (395 aa); and similar to O34394|D69851|YJJA conserved hypothetical protein from Bacillus subtilis (270 aa), FASTA scores: opt: 312, E(): 7.4e-14, (25.8% identity in 267 aa overlap). Also some similarity to regulatory proteins at C-terminal region e.g. CUTR_STRLI|Q03756 transcriptional regulatory protein (217 aa), FASTA scores: opt: 138, E(): 0.02, (30.6% identity in 111 aa overlap).T->-,T->C

4103 379528 1.0 E|D 1.0|1.0 Rv0311 hypothetical protein119 Rv0311, (MTCY63.16), len: 409 aa. Unknown protein. Contains PS00881 Protein splicing signature.G->T

4128 383716 1.0 P|S 1.0|1.0 Rv0315 Possible beta-1,3-glucanase precursor39 Rv0315, (MTCY63.20), len: 294 aa. Possible beta-1,3-glucanase precursor (has hydrophobic stretch in its N-terminal part), similar to others e.g. Q51333|AAC44371.1 beta-1,3-glucanase II a from Oerskovia xanthineolytica (306 aa), FASTA scores: opt: 76, E(): 3e-14, (34.1% identity in 302 aa overlap); and AAC38290.1|AF052745 beta-1,3-glucanase II from Oerskovia xanthineolytica (435 aa). Contains glycosyl hydrolases family 16 active site signature (PS01034).C->T

4921 456413 1.0 I|T 1.0|1.0 Rv0380c Possible RNA methyltransferase (RNA methylase)136 Rv0380c, (MTV036.15c), len: 183 aa. Possible RNA methyltransferase, equivalent to CAC32002.1|AL583925 possible RNA methyltransferase from Mycobacterium leprae (182 aa). Also some similarity with others methyltransferases e.g. P19396|TRMH_ECOLI|78514|JV0043 tRNA (guanosine-2'-O-)-methyltransferase (tRNA methyltransferase) from Escherichia coli (229 aa), FASTA scores: opt: 227, E(): 1.4e-09, (28.9% identity in 166 aa overlap). Also similar to Rv0881, Rv3579c, Rv1644 from Mycobacterium tuberculosis.A->G

5369 511754 1.0 R|S 1.0|1.0 Rv0425c ctpH 1190 Possible metal cation transporting P-type ATPase CtpHG->T

5778 575907 1.0 A|V 1.0|1.0 Rv0486 mshA 187 Glycosyltransferase MshAC->T

6034 620625 1.0 I|M 1.0|1.0 Rv0529 ccsA 245 Possible cytochrome C-type biogenesis protein CcsAA->G

6042 621598 1.0 P|L 1.0|1.0 Rv0530 hypothetical protein231 Rv0530, (MTCY25D10.09), len: 405 aa. Conserved protein, similar in part to other hypothetical proteins e.g. AL031231|SC3C3_3|CAA20252.1 from Streptomyces coelicolor (1083 aa), FASTA scores: opt: 870, E(): 0,(39.5% identity in 443 aa overlap); etc. Also similar to Mycobacterium tuberculosis proteins e.g. Rv3868, Rv0282,Rv1798, etc.C->T

6704 686264 1.0 A|T 1.0|1.0 Rv0588 yrbE2B 113 Conserved hypothetical integral membrane protein YrbE2BG->A

7181 754285 1.0 G|D 1.0|1.0 Rv0658c Probable conserved integral membrane protein42 Rv0658c, (MTCI376.18), len: 238 aa. Probable conserved integral membrane protein, equivalent to a predicted homologous protein from Mycobacterium smegmatis (see citation below), and showing some similarity with P33774|YPRB_ECOLI hypothetical 24.3 kDa protein from Escherichia coli (217 aa), FASTA scores: opt: 174, E(): 5.3e-05, (25.6% identity in 223 aa overlap). Also similar to Rv1863c and Rv0804 from Mycobacterium tuberculosis. This region is a possible MT-complex-specific genomic island (See Becq et al., 2007).C->T

7246 761998 1.0 L|P 1.0|1.0 Rv0667 rpoB 731 DNA-directed RNA polymerase (beta chain) RpoB (transcriptase beta chain) (RNA polymerase beta subunit)T->C

7351 773497 1.0 F|L 1.0|1.0 Rv0673 echA4 125 Possible enoyl-CoA hydratase EchA4 (enoyl hydrase) (unsaturated acyl-CoA hydratase) (crotonase)C->A

7370 776182 1.0 D|N 1.0|1.0 Rv0676c mmpL5 767 Probable conserved transmembrane transport protein MmpL5C->T

7490 798355 1.0 A|P 1.0|1.0 Rv0697 Probable dehydrogenase475 Rv0697, (MTCY210.14, unknown), len: 479 aa. Probable dehydrogenase, highly similar to P30772|YTUR_MYCLE hypothetical 24 kDa protein from Mycobacterium leprae (220 aa), FASTA scores: opt: 557, E(): 1.7e-28, (46.2% identity in 223 aa overlap). Also highly similar to P46371|YTH2_RHOER hypothetical 53.0 KDA GMC-type oxidoreductase from Rhodococcus erythropolis (493 aa); and similar to many dehydrogenases e.g. NP_250814.1|NC_002516 probable dehydrogenase from Pseudomonas aeruginosa (545 aa); BAA13145.1|D86622 FAD dependent L-sorbose dehydrogenase from Gluconobacter oxydans (531 aa); etc. Also similar to Rv1279 conserved hypothetical protein from Mycobacterium tuberculosis.G->C

7503 799666 1.0 D|G 1.0|1.0 Rv0699 Hypothetical protein13 Rv0699, (MTCY210.17), len: 73 aa. Hypothetical unknown protein.A->G

7673 829698 1.0 D|E 1.0|1.0 Rv0737 Possible transcriptional regulatory protein164 Rv0737, (MTV041.11), len: 165 aa. Possible transcriptional regulator, similar to others e.g. BAB69161.1|AB070937 regulator protein from Streptomyces avermitilis (169 aa); NP_419731.1|NC_002696 transcriptional regulator MarR family from Caulobacter crescentus (148 aa) (homology only at C-terminus); etc. Also shows weak similarity to AB0014|AB001488_14 hypothetical protein from Bacillus subtilis (164 aa), FASTA scores: opt: 163, E(): 9.3e-05, (32.8% identity in 116 aa overlap), which is similar to slyY gene of S. typhimurium required for survival in macrophage. Contains possible helix-turn helix motif from aa 73-94 (Score 1138, +3.06 SD).C->A   
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16026 1779278 0.99 H,-,Q|-,Q 0.99,0.0,0.0|0.01,0.98Rv1572c hypothetical protein8 Rv1572c, (MTCY336.31B), len: 34 aa. Partial ORF,part of REP13E12 repeat element; 3' end of Rv1587c (MTCY336.17) after phage-like element (see citation below). Similar to C-terminal ends of other REP13E12 repeat elements e.g. Rv1148, Rv1945, Rv3467, etc. Length extended since first submission (+7 aa). This region is a possible MT-complex-specific genomic island (See Becq et al.,2007).Not found

18921 2133467 0.97 P,V|M,S,T 0.99,0.0|0.01,0.01,0.96Rv1883c hypothetical protein76 Rv1883c, (MTCY180.35), len: 153 aa. Conserved hypothetical protein, some similarity to hypothetical proteins e.g. Rv2778c|AL008967|MTV002.43 from Mycobacterium tuberculosis (156 aa), FASTA score: opt: 212, E(): 3.1e-08,(34.4% identity in 151 aa overlap). Also similar to U75434|SAU75434_3 Nsh-OrfB from Streptomyces actuosus (173 aa), FASTA score: opt: 207, E(): 1.8e-07, (40.2% identity in 102 aa overlap).G->GATCGCATGCCGTCAC,G->GATCGCATGGCGTCAC,G->GATGCCGTCAC,G->GCAC,G->GCTCGCATGCCGTCAC,G->GGTCCCATGCCGTCAC,G->GGTCGCAGGCCGTCAC,G->GGTCGCATGCCATCAC,G->GGTCGCATGCCGTCAC,G->GGTCGCATGCCGTCTC,G->GTACGCATGCCGTCAC,G->GTCCGCATGCCGTCACT,G->GTTCGAATGCCGTCAC,G->GTTCGCATGCCATCAC,G->GTTCGCATGCCCTCAC,G->GTTCGCATGCCGCCACTTCGCAT,G->GTTCGCATGCCGTCAC,G->GTTCGCATGCCGTCACTTCGCAT,G->GTTCGCATGCCGTCCC,G->GTTCGCATGCCGTCTC,G->GTTCGCATGCCGTGAC,G->GTTCGCATGTCGTCAC,G->GTTCGGATGCCGTCAC,G->GTTTGCATGCCGTCAC

13069 1418870 0.96 A,L,T|P,T 0.99,0.0,0.0|0.96,0.03Rv1269c Conserved probable secreted protein29 Rv1269c, (MTCY50.13), len: 124 aa. Conserved probable exported protein with putative N-terminal signal sequence. Similar to Mycobacterium tuberculosis protein Rv1813c|Y0DU_MYCTU|Q50620 hypothetical protein cy1a11.30 (137 aa), FASTA scores: E(): 9e-21, (41.6% identity in 137 aa overlap).Not found

16025 1779274 0.96 G,L,P|H,P 0.98,0.0,0.0|0.98,0.01Rv1572c hypothetical protein9 Rv1572c, (MTCY336.31B), len: 34 aa. Partial ORF,part of REP13E12 repeat element; 3' end of Rv1587c (MTCY336.17) after phage-like element (see citation below). Similar to C-terminal ends of other REP13E12 repeat elements e.g. Rv1148, Rv1945, Rv3467, etc. Length extended since first submission (+7 aa). This region is a possible MT-complex-specific genomic island (See Becq et al.,2007).C->CGGGGTCGAGG,C->CGTGATCGAGGTG,C->CGTGGTCGAG,C->CGTGGTCGAGGTGG,C->CGTGGTGGAGGTGG,C->CGTGGTTGAG,C->CGTTGTCGAGGT,C->CTTGGTCGAG,C->G,C->T

557 49692 0.95 G,A|G,E 0.99,0.0|0.01,0.98Rv0045c Possible hydrolase83 Rv0045c, (MTCY21D4.08c), len: 298 aa. Possible hydrolase, showing similarity with others. Also similar to Mycobacterium tuberculosis proteins Rv3473c, Rv1123c,Rv1938, Rv3617, Rv3670, etc.C->-,C->A,C->C,C->CGTG,C->CTG,C->G,Not found

28054 3311580 0.94 L,I,S|I,T 0.98,0.0,0.0|0.01,0.98Rv2958c Possible glycosyl transferase141 Rv2958c, (MTCY349.30), len: 428 aa. Possible glycosyl transferase (see citation below), highly similar to Q9CD88|ML0128 putative glycosyl transferase from Mycobacterium leprae (435 aa), FASTA scores: opt: 2116,E(): 5.8e-126, (75.05% identity in 417 aa overlap); and Q9CD91|ML0125 putative glycosyl transferase from Mycobacterium leprae (438 aa), FASTA scores: opt: 2104,E(): 3.3e-125, (74.65% identity in 418 aa overlap). Also shows some similarity to variety of glycosyl transferases e.g. Q9RYI3 putative glycosyltransferase from Deinococcus radiodurans (418 aa), FASTA scores: opt: 317, E(): 1.9e-12,(31.0% identity in 297 aa overlap); Q9S1V2 putative glycosyl transferase from Streptomyces coelicolor (407 aa),FASTA scores: opt: 264, E(): 4.1e-09, (27.2% identity in 342 aa overlap); P72650|CRTX|SLR1125 zeaxanthin glucosyl transferase from Synechocystis sp. strain PCC 6803 (419 aa), FASTA scores: opt: 251, E(): 2.8e-08, (26.8% identity in 295 aa overlap); etc. Very similar to P95130|MTCY349.25 from Mycobacterium tubeG->-,G->CGG,G->GACGAT,G->GGA,G->GGAT,G->GGTACGA,G->GGTACGAT,G->TGTACGG,Not found

33168 3899451 0.94 H,P,R|P 0.97,0.01,0.0|1.0Rv3480c Possible triacylglycerol synthase (diacylglycerol acyltransferase)318 Rv3480c, (MTCY13E12.33c), len: 497 aa. Possible triacylglycerol synthase (See Daniel et al., 2004), similar to many from Mycobacterium tuberculosis strains H37Rv and CDC1551 e.g. O69701|Y1D4_MYCTU|Rv3734c|MT3839|MTV025.082c (454 aa), FASTA scores: opt: 520, E(): 2e-23, (39.95% identity in 488 aa overlap); Q10554|Y895_MYCTU|Rv0895|MTCY31.23 (505 aa), FASTA scores: opt: 434, E(): 2.7e-18, (34.2% identity in 497 aa overlap); AAK45165|MT0919 (520 aa), FASTA scores: opt: 434, E(): 2.7e-18, (34.2% identity in 497 aa overlap); etc. Also similar to Q9X7A8|MLCB1610.05|ML1244 conserved membrane protein from Mycobacterium leprae (491 aa), FASTA scores: opt: 272, E(): 1e-08, (28.85% identity in 485 aa overlap); and Q9RIU8|CM11.13c hypothetical 47.1 KDA protein from Streptomyces coelicolor (446 aa), FASTA scores: opt: 254,E(): 1.1e-07, (30.4% identity in 497 aa overlap). Seems to belong to the UPF0089 family.Not found,T->TAGGACGACGG,T->TGACG,T->TGGACGACGG

37405 4326464 0.94 N|N,I,T 1.0|0.01,0.96,0.01Rv3854c ethA 337 Monooxygenase EthAA->-,A->ACG,A->ATGTGT

28053 3311579 0.93 L,P|P 0.99,0.0|1.0Rv2958c Possible glycosyl transferase141 Rv2958c, (MTCY349.30), len: 428 aa. Possible glycosyl transferase (see citation below), highly similar to Q9CD88|ML0128 putative glycosyl transferase from Mycobacterium leprae (435 aa), FASTA scores: opt: 2116,E(): 5.8e-126, (75.05% identity in 417 aa overlap); and Q9CD91|ML0125 putative glycosyl transferase from Mycobacterium leprae (438 aa), FASTA scores: opt: 2104,E(): 3.3e-125, (74.65% identity in 418 aa overlap). Also shows some similarity to variety of glycosyl transferases e.g. Q9RYI3 putative glycosyltransferase from Deinococcus radiodurans (418 aa), FASTA scores: opt: 317, E(): 1.9e-12,(31.0% identity in 297 aa overlap); Q9S1V2 putative glycosyl transferase from Streptomyces coelicolor (407 aa),FASTA scores: opt: 264, E(): 4.1e-09, (27.2% identity in 342 aa overlap); P72650|CRTX|SLR1125 zeaxanthin glucosyl transferase from Synechocystis sp. strain PCC 6803 (419 aa), FASTA scores: opt: 251, E(): 2.8e-08, (26.8% identity in 295 aa overlap); etc. Very similar to P95130|MTCY349.25 from Mycobacterium tubeA->-,A->ACGG,A->ATGTACG,A->ATGTACGG

13067 1418868 0.88 S,P,Q,R|L,P,R0.96,0.02,0.0,0.0|0.94,0.01,0.03Rv1269c Conserved probable secreted protein29 Rv1269c, (MTCY50.13), len: 124 aa. Conserved probable exported protein with putative N-terminal signal sequence. Similar to Mycobacterium tuberculosis protein Rv1813c|Y0DU_MYCTU|Q50620 hypothetical protein cy1a11.30 (137 aa), FASTA scores: E(): 9e-21, (41.6% identity in 137 aa overlap).A->AAGGAGCCA,A->ACGGAGCCA,A->ACGGCGCCA,A->ACGGGAGCCA,A->ACTGAGCCA,A->AGAGAGCCAG,A->AGCGAGCCAG,A->AGGAAGCCAGG,A->AGGAAGCCGGG,A->AGGAGCCAGG,A->AGGCAGCCAGG,A->AGGGAACCAGGG,A->AGGGACCCAGGG,A->AGGGACGCAGGG,A->AGGGAGACAGGG,A->AGGGAGCAAGGG,A->AGGGAGCACGGG,A->AGGGAGCAGGG,A->AGGGAGCCAGGG,A->AGGGAGCCAGGGG,A->AGGGAGCCCAGGG,A->AGGGAGCCCGGG,A->AGGGAGCCGGGG,A->AGGGAGCCTGGG,A->AGGGAGCGAGGG,A->AGGGAGCGCGGG,A->AGGGAGCGGGGG,A->AGGGAGCTAGGG,A->AGGGAGGCAGGG,A->AGGGAGGCCGGG,A->AGGGAGTCAGGG,A->AGGGATCCAGGG,A->AGGGCGCCAGGG,A->AGGGGCCCAGGG,A->AGGGGGCCAGGG,A->AGGGGGGCAGGG,A->AGGGGGTCAGGG,A->AGGGTAGCCAGGGT,A->AGGGTGCCAGGGTG,A->AGGTAGCCAGG,A->AGTGAGCCAG,A->ATGGAGCCA,Not found

8585 916684 0.86 R|R,L 1.0|0.03,0.96Rv0823c Possible transcriptional regulatory protein322 Rv0823c, (MTV043.15c), len: 389 aa. Possible transcriptional regulator (resembles nitrogen regulation protein), equivalent (but longer 24 aa in N-terminus) to MLU15182_31|U15182|NtrB NtrB protein from Mycobacterium leprae (384 aa), FASTA scores: opt: 2070, E(): 0, (82.3% identity in 384 aa overlap) (see citation below). Also highly similar to CAB63312.1|AL133471|SCC82.03c hypothetical protein from Streptomyces coelicolor (406 aa); and to many transcriptional regulators members of UPF0034 family (NIFR3/SMM1) e.g. D26185|BAC180K_143 protein similar to transcriptional regulator (nitrogen regulation protein) from Bacillus subtilis (333 aa), FASTA scores: opt: 609,E(): 1.4e-32, (38.3% identity in 326 aa overlap); NP_349795.1|NC_003030 NifR3 family enzyme from Clostridium acetobutylicum (321 aa); etc. Contains PS01136 Uncharacterized protein family UPF0034 signature.Not found

18925 2133468 0.84 P,*,C,R,W|*,C,W0.91,0.0,0.04,0.0,0.04|0.01,0.96,0.01Rv1883c hypothetical protein76 Rv1883c, (MTCY180.35), len: 153 aa. Conserved hypothetical protein, some similarity to hypothetical proteins e.g. Rv2778c|AL008967|MTV002.43 from Mycobacterium tuberculosis (156 aa), FASTA score: opt: 212, E(): 3.1e-08,(34.4% identity in 151 aa overlap). Also similar to U75434|SAU75434_3 Nsh-OrfB from Streptomyces actuosus (173 aa), FASTA score: opt: 207, E(): 1.8e-07, (40.2% identity in 102 aa overlap).G->GCAGGCCGTCACCGCGCA,G->GCATACCGTCACCTCCCATACCGTC,G->GCATCCCGTCACCCCGCAT,G->GCATCCCGTCACCTCTCAT,G->GCATCCCGTCACCTGGCAT,G->GCATGACGTCACCTAGCAT,G->GCATGCCATCACCTCCCAT,G->GCATGCCCTCCCCTCTCAT,G->GCATGCCGCCACCCCGCAT,G->GCATGCCGCCACTTCGCAT,G->GCATGCCGGCCCCCCCCAT,G->GCATGCCGTAACCTTGCAT,G->GCATGCCGTCACCACGCAT,G->GCATGCCGTCACCCCGCAT,G->GCATGCCGTCACCGCGCAT,G->GCATGCCGTCACCTACCAT,G->GCATGCCGTCACCTAGCAT,G->GCATGCCGTCACCTCA,G->GCATGCCGTCACCTCACAT,G->GCATGCCGTCACCTCCCAT,G->GCATGCCGTCACCTCGCAT,G->GCATGCCGTCACCTCT,G->GCATGCCGTCACCTCTCAT,G->GCATGCCGTCACCTGGCAT,G->GCATGCCGTCACCTTGCAT,G->GCATGCCGTCACTTCGCAT,G->GCATGCCGTCCCCCCGCAT,G->GCATGCCGTCCCCTCCCAT,G->GCATGCCGTCCCCTCTCAT,G->GCATGCCGTCGCCTAGCAT,G->GCATGCCGTCGCCTTGCAT,G->GCATGCCGTGATCTCCCAT,G->GCATGCGGTCACCCCGCAT,G->GCATGGCGTCACCTGGCAT,G->GCATTCCGTCACCTAGCAT,G->GCCTGCCGTCACCGCGC,G->GCGTGCCGTCCCCTCCC,G->GCTTGCCGTCACCTCTC,G->GTATGCCGTCACCTCC,Not found

18923 2133469 0.83 E,A,D,G,V|D,G0.98,0.0,0.0,0.0,0.0|0.01,0.98Rv1883c hypothetical protein75 Rv1883c, (MTCY180.35), len: 153 aa. Conserved hypothetical protein, some similarity to hypothetical proteins e.g. Rv2778c|AL008967|MTV002.43 from Mycobacterium tuberculosis (156 aa), FASTA score: opt: 212, E(): 3.1e-08,(34.4% identity in 151 aa overlap). Also similar to U75434|SAU75434_3 Nsh-OrfB from Streptomyces actuosus (173 aa), FASTA score: opt: 207, E(): 1.8e-07, (40.2% identity in 102 aa overlap).Not found,T->TCCCATGCCGTCACCGC,T->TCCCATGCCGTCCCCCC,T->TCCCATGCCGTCCCCGC,T->TCCCTC,T->TCGCAGGCCGTCACCGCGCA,T->TCGCATCCCGTCACCCCGCAT,T->TCGCATGCCGCCACCCCGCAT,T->TCGCATGCCGCCACTTCGCAT,T->TCGCATGCCGTCACCACGCAT,T->TCGCATGCCGTCACCCCGCAT,T->TCGCATGCCGTCACCGCGCAT,T->TCGCATGCCGTCACCTCGCAT,T->TCGCATGCCGTCACTTCGCAT,T->TCGCATGCCGTCCCCCCGCAT,T->TCGCATGCGGTCACCCCGCAT,T->TCGCCTGCCGTCACCGCGC,T->TGCCGTCACCC,T->TGCCGTCACCG,T->TGGCATGCCGGCACCG,T->TGGCATGCCGTCACCGC

22313 2534564 0.8 P,L|L,R 0.9,0.09|0.03,0.96Rv2262c hypothetical protein330 Rv2262c, (MTV022.12c), len: 360 aa. Conserved hypothetical protein, with function unknown but some similarity to N-terminal 70% of P23930|P77703|LNT_ECOLI|cute|B0657 apolipoprotein N-acyltransferase from Escherichia coli strain K12 (512 aa), FASTA scores: opt: 239, E(): 1.6e-07, (30.4% identity in 359 aa overlap). Note that neighboring ORF shows similarity to N -terminal part of PCC6803 apolipoprotein N-acyltransferase from Synechocystis sp., suggesting possibility of frameshift. Sequence of clones from two sources has been checked but no error found. Appear to be two extra bases at position 1876970 compared to CDC1551 strain.A->-,A->A,A->AACCCTTCG,A->AAGCAGAAG,A->ACG,A->AGCGGC,A->AGG,A->AGTGCAGCGG,A->C,A->CACATATTCGCCAAACGGAACCAACCGGGTCTTCCGGTAGCTGCCCACAGCTTCGTGCGCGCCGACAAGCACCGCCGACTTGTAGATTCCCCCGTCCGGTGCC,A->CACATATTCGCCAAACGGAACCAACCGGGTCTTCCGGTAGCTGCCCACAGCTTCGTGCGCGCCGACAAGCACCGCCGACTTGTAGATTCCCCCGTCCGGTGCCGGGGCGTCGACGTTGACCAACAAATCCGCGCCCACCCGCTGTGACT,A->G,A->T

17653 1986637 0.73 R,G|R,Q 0.99,0.0|0.03,0.96Rv1754c hypothetical protein12 Rv1754c, (MTCY28.17c), len: 563 aa. Conserved protein, has proline-rich central region. Some similarity in central region to other Mycobacterium tuberculosis proline-rich proteins e.g. O06555|Rv1157c|MTCI65.24c (371 aa), (32.5% identity in 191 aa overlap). Contains PS00017 ATP/GTP-binding site motif A (P-loop). A core mycobacterial gene; conserved in mycobacterial strains (See Marmiesse et al., 2004).T->-,T->TCTGAACC,T->TGTG,T->TGTGAACAGATG,T->TGTGAACC,T->TGTGAACCG,T->TGTGACCCG,T->TTTGAACC

14664 1625327 0.72 N,G,L,R|R 0.98,0.0,0.0,0.01|1.0Rv1446c opcA 14 Putative OXPP cycle protein OpcANot found

8248 859239 0.67 A,I,P|I,S 0.86,0.12,0.0|0.03,0.96Rv0766c cyp123 279 Probable cytochrome P450 123 Cyp123C->CTCAGCTC,C->CTCAGCTCGA,C->CTCAGCTCGATC,C->CTTAGCTCGGT

8249 859240 0.64 E,R,V|E,K,R0.99,0.0,0.0|0.03,0.92,0.03Rv0766c cyp123 278 Probable cytochrome P450 123 Cyp123T->TAAGCTCGATCGACGCC,T->TC,T->TCAGCTC,T->TCAGCTCGATC,T->TCAGCTCGATCG,T->TCAGCTCGATCGACG,T->TCAGCTCGATCGACGC,T->TCAGCTCGATCGACGCC,T->TCAGCTCGATCGCC,T->TTAGCTCGGT

16025 1779274 0.96 G,L,P|H,P 0.98,0.0,0.0|0.98,0.01Rv1572c hypothetical protein9 Rv1572c, (MTCY336.31B), len: 34 aa. Partial ORF,part of REP13E12 repeat element; 3' end of Rv1587c (MTCY336.17) after phage-like element (see citation below). Similar to C-terminal ends of other REP13E12 repeat elements e.g. Rv1148, Rv1945, Rv3467, etc. Length extended since first submission (+7 aa). This region is a possible MT-complex-specific genomic island (See Becq et al.,2007).C->CGGGGTCGAGG,C->CGTGATCGAGGTG,C->CGTGGTCGAG,C->CGTGGTCGAGGTGG,C->CGTGGTGGAGGTGG,C->CGTGGTTGAG,C->CGTTGTCGAGGT,C->CTTGGTCGAG,C->G,C->T

28054 3311580 0.96 L,I,S|I,T 0.98,0.0,0.0|0.01,0.98Rv2958c Possible glycosyl transferase141 Rv2958c, (MTCY349.30), len: 428 aa. Possible glycosyl transferase (see citation below), highly similar to Q9CD88|ML0128 putative glycosyl transferase from Mycobacterium leprae (435 aa), FASTA scores: opt: 2116,E(): 5.8e-126, (75.05% identity in 417 aa overlap); and Q9CD91|ML0125 putative glycosyl transferase from Mycobacterium leprae (438 aa), FASTA scores: opt: 2104,E(): 3.3e-125, (74.65% identity in 418 aa overlap). Also shows some similarity to variety of glycosyl transferases e.g. Q9RYI3 putative glycosyltransferase from Deinococcus radiodurans (418 aa), FASTA scores: opt: 317, E(): 1.9e-12,(31.0% identity in 297 aa overlap); Q9S1V2 putative glycosyl transferase from Streptomyces coelicolor (407 aa),FASTA scores: opt: 264, E(): 4.1e-09, (27.2% identity in 342 aa overlap); P72650|CRTX|SLR1125 zeaxanthin glucosyl transferase from Synechocystis sp. strain PCC 6803 (419 aa), FASTA scores: opt: 251, E(): 2.8e-08, (26.8% identity in 295 aa overlap); etc. Very similar to P95130|MTCY349.25 from Mycobacterium tubeG->-,G->CGG,G->GACGAT,G->GGA,G->GGAT,G->GGTACGA,G->GGTACGAT,G->TGTACGG,Not found

13069 1418870 0.95 A,L,T|A,P,T0.99,0.0,0.0|0.01,0.95,0.02Rv1269c Conserved probable secreted protein29 Rv1269c, (MTCY50.13), len: 124 aa. Conserved probable exported protein with putative N-terminal signal sequence. Similar to Mycobacterium tuberculosis protein Rv1813c|Y0DU_MYCTU|Q50620 hypothetical protein cy1a11.30 (137 aa), FASTA scores: E(): 9e-21, (41.6% identity in 137 aa overlap).Not found

33168 3899451 0.95 H,P,R|P 0.97,0.01,0.0|1.0Rv3480c Possible triacylglycerol synthase (diacylglycerol acyltransferase)318 Rv3480c, (MTCY13E12.33c), len: 497 aa. Possible triacylglycerol synthase (See Daniel et al., 2004), similar to many from Mycobacterium tuberculosis strains H37Rv and CDC1551 e.g. O69701|Y1D4_MYCTU|Rv3734c|MT3839|MTV025.082c (454 aa), FASTA scores: opt: 520, E(): 2e-23, (39.95% identity in 488 aa overlap); Q10554|Y895_MYCTU|Rv0895|MTCY31.23 (505 aa), FASTA scores: opt: 434, E(): 2.7e-18, (34.2% identity in 497 aa overlap); AAK45165|MT0919 (520 aa), FASTA scores: opt: 434, E(): 2.7e-18, (34.2% identity in 497 aa overlap); etc. Also similar to Q9X7A8|MLCB1610.05|ML1244 conserved membrane protein from Mycobacterium leprae (491 aa), FASTA scores: opt: 272, E(): 1e-08, (28.85% identity in 485 aa overlap); and Q9RIU8|CM11.13c hypothetical 47.1 KDA protein from Streptomyces coelicolor (446 aa), FASTA scores: opt: 254,E(): 1.1e-07, (30.4% identity in 497 aa overlap). Seems to belong to the UPF0089 family.Not found,T->TAGGACGACGG,T->TGACG,T->TGGACGACGG

36441 4206013 0.95 F,C|F,C 0.99,0.0|0.01,0.98Rv3761c fadE36 302 Possible acyl-CoA dehydrogenase FadE36A->-,A->A,A->AC,A->C,A->CAAA

557 49692 0.94 G,A|G,E 0.99,0.0|0.02,0.97Rv0045c Possible hydrolase83 Rv0045c, (MTCY21D4.08c), len: 298 aa. Possible hydrolase, showing similarity with others. Also similar to Mycobacterium tuberculosis proteins Rv3473c, Rv1123c,Rv1938, Rv3617, Rv3670, etc.C->-,C->A,C->C,C->CGTG,C->CTG,C->G,Not found

28053 3311579 0.94 L,P|P 0.99,0.0|1.0Rv2958c Possible glycosyl transferase141 Rv2958c, (MTCY349.30), len: 428 aa. Possible glycosyl transferase (see citation below), highly similar to Q9CD88|ML0128 putative glycosyl transferase from Mycobacterium leprae (435 aa), FASTA scores: opt: 2116,E(): 5.8e-126, (75.05% identity in 417 aa overlap); and Q9CD91|ML0125 putative glycosyl transferase from Mycobacterium leprae (438 aa), FASTA scores: opt: 2104,E(): 3.3e-125, (74.65% identity in 418 aa overlap). Also shows some similarity to variety of glycosyl transferases e.g. Q9RYI3 putative glycosyltransferase from Deinococcus radiodurans (418 aa), FASTA scores: opt: 317, E(): 1.9e-12,(31.0% identity in 297 aa overlap); Q9S1V2 putative glycosyl transferase from Streptomyces coelicolor (407 aa),FASTA scores: opt: 264, E(): 4.1e-09, (27.2% identity in 342 aa overlap); P72650|CRTX|SLR1125 zeaxanthin glucosyl transferase from Synechocystis sp. strain PCC 6803 (419 aa), FASTA scores: opt: 251, E(): 2.8e-08, (26.8% identity in 295 aa overlap); etc. Very similar to P95130|MTCY349.25 from Mycobacterium tubeA->-,A->ACGG,A->ATGTACG,A->ATGTACGG

37405 4326464 0.94 I,N,T|N 0.97,0.01,0.0|1.0Rv3854c ethA 337 Monooxygenase EthAA->-,A->ACG,A->ATGTGT

7511 802427 0.93 P,R|- 0.99,0.0|1.0Rv0703 rplW 99 50S ribosomal protein L23 RplWC->ATCC,C->CCAGGGCAATGC,C->CCGGCCTAGCCCGGCGACGATGCAGAGCGAAGCGATGAGGAGGAGCAGGGCAATG,C->CCGGCCTAGCCCGGCGACGATGCAGAGCGAAGCGATGAGGAGGAGCAGGGCAATGCGGCCTAGCCCGGCGACGATGCAGAGCGAAGCGATGAGGAGGAGCAGGGCAATGCGGCCTAGCCCGGCGACGA,C->CCGGCCTAGCCCGGCGACGATGCAGAGCGAAGCGATGAGGAGGAGCAGGGCAATGCGGCCTAGCCCGGCGACGATGCAGAGCGAAGCGATGAGGAGGAGCAGGGCAATGCGGCCTAGCCCGGCGACGATGCAGAGCGAAGCGATGAGGAGGAGCAGGGCAATGCGGCCTAGCCCGGCGACGA,C->CGGCAATG,C->CTG,C->T

18924 2133470 0.93 E,M,Q|M 0.99,0.0,0.0|1.0Rv1883c hypothetical protein75 Rv1883c, (MTCY180.35), len: 153 aa. Conserved hypothetical protein, some similarity to hypothetical proteins e.g. Rv2778c|AL008967|MTV002.43 from Mycobacterium tuberculosis (156 aa), FASTA score: opt: 212, E(): 3.1e-08,(34.4% identity in 151 aa overlap). Also similar to U75434|SAU75434_3 Nsh-OrfB from Streptomyces actuosus (173 aa), FASTA score: opt: 207, E(): 1.8e-07, (40.2% identity in 102 aa overlap).C->CCCATGCCGTCACCGC,C->CCCATGCCGTCCCCCC,C->CCCATGCCGTCCCCGC,C->CCCATGCCGTCGCCTG,C->CCCTC,C->CGCAGGCCGTCACCGCGCA,C->CGCATCCCGTCACCCCGCAT,C->CGCATCCCGTCACCTGGCAT,C->CGCATGACGTCACCTAGCAT,C->CGCATGCCGCCACCCCGCAT,C->CGCATGCCGCCACTTCGCAT,C->CGCATGCCGTAACCTTGCAT,C->CGCATGCCGTCACCACGCAT,C->CGCATGCCGTCACCCCGCAT,C->CGCATGCCGTCACCGCGCAT,C->CGCATGCCGTCACCTA,C->CGCATGCCGTCACCTAGCAT,C->CGCATGCCGTCACCTCGCAT,C->CGCATGCCGTCACCTGGCAT,C->CGCATGCCGTCACCTT,C->CGCATGCCGTCACCTTGCAT,C->CGCATGCCGTCACTTCGCAT,C->CGCATGCCGTCCCCCCGCAT,C->CGCATGCCGTCGCCTAGCAT,C->CGCATGCCGTCGCCTTGCAT,C->CGCATGCGGTCACCCCGCAT,C->CGCATGGCGTCACCTGGCAT,C->CGCATTCCGTCACCTAGCAT,C->CGCCTGCCGTCACCGCGC,C->GGCATGCCGTCACCGC

10775 1168717 0.92 E,A,V|G 0.99,0.0,0.0|1.0Rv1046c Hypothetical protein171 Rv1046c, (MTCY10G2.03), len: 174 aa. Hypothetical unknown protein. Start changed since first submission (-65 aa). This region is a possible MT-complex-specific genomic island (See Becq et al., 2007).Not found,T->TA,T->TCCC,T->TG,T->TT,T->TTC,T->TTTCCGGGGCTCTCAGACATCGGCCTCGTGGCGGTGTGCGCGGCGGCATGTGGCTCTGTGATCTCTTGCGCGAGCGCCGATTGCGAATTTCGTCCGGCGAAAAGTGACCGCTCCGTGACCTTAATGCAAGAGGTGTGTGGTGTGGAGAGGGGCGGGAGGAAGGGAGTGAGGCGACGGTGTCGAGATGCAGCGAGGATTGGTGGACTTCCGGTAGTTGTTTAACAAGGCCCCGGAGACCAGGGGGCGAGGGAGAGCGCGGGCCGACTTGGGTGGGTGAGCCTGGCTTGGGCTGGTGCGTGAGCGGAGGATCGCTGGTGGCCCCGTAGTTGGCGTTGGCCTGCGGACGTGCCGCGCCTGCGAGGGATTCGTCAATCTTCCTGTTGATGTCGCCCGTGCCACGTCGGTGAGATGTCGAAGGGATGTGACCTGGTGCGTTCGCGAACAGCTGCTGACCACGGCCACCGACGGCGCTCAACTGTCGTCGATTCCATCCCACCCGTGCTTGGACTTTCAAACTGTCCGGCGCCGATGGGGAAACCTGGTGTTTGGCCGGAACGTGGCGCCGAGCCTCGATAATATCAGCAGTTACGTCCAGGGGTGTGGTGTACGGGAAGGTAAGGCCGGTGGGCGTGTCGTAGCCCAGTAGTGGGCGGTCATCGCGTGATCCTTCGAAACGACCAGCAAAAGTCAATCGAAGGAAATGACGCAATGACCTCTTCTCATCTTATCGACGCCGAGCAGCTTCTGGCTGACCAACTCGCACAGGCGAGCCCGGATCTGCTGCGCGGGCTGCTCTCGACGTTCATCGCCGCCTTGATGGGGGCTGAAGCCGACGCCCTGTGCGGGGCGGGCTACCGCGAACGCAGCGATGAGCGGTCCAATCAGCGCAACGGCTACCGCCACCGTGATTTCGACACCCGTGCCGCAACCATCGACGTCGCGATCCCCAAGCTGCGCCAGGGCAGCTATTTCCCGGAC

18926 2133472 0.9 L,F,Y|Y 0.99,0.0,0.0|1.0Rv1883c hypothetical protein74 Rv1883c, (MTCY180.35), len: 153 aa. Conserved hypothetical protein, some similarity to hypothetical proteins e.g. Rv2778c|AL008967|MTV002.43 from Mycobacterium tuberculosis (156 aa), FASTA score: opt: 212, E(): 3.1e-08,(34.4% identity in 151 aa overlap). Also similar to U75434|SAU75434_3 Nsh-OrfB from Streptomyces actuosus (173 aa), FASTA score: opt: 207, E(): 1.8e-07, (40.2% identity in 102 aa overlap).C->CAGGCCGTCACCGCGCA,C->CAGGCCGTCACCTCGGA,C->CATACCGTCACCTCCCATACCGTC,C->CATACCGTCACCTCGAATACCGTC,C->CATCCCGTCACCCCGCAT,C->CATCCCGTCACCTCGGAT,C->CATCCCGTCACCTCTCAT,C->CATCCCGTCACCTGGCAT,C->CATGACGTCACCTAGCAT,C->CATGACGTCACCTCGAAT,C->CATGCCATCACCTCCCAT,C->CATGCCCTCCCCTCTCAT,C->CATGCCGCCACCCCGCAT,C->CATGCCGCCACTTCGCAT,C->CATGCCGGCCCCCCCCAT,C->CATGCCGTAACCTTGCAT,C->CATGCCGTCACCACGCAT,C->CATGCCGTCACCCCGCAT,C->CATGCCGTCACCGCGCAT,C->CATGCCGTCACCTACCAT,C->CATGCCGTCACCTAGAAT,C->CATGCCGTCACCTAGCAT,C->CATGCCGTCACCTCACAT,C->CATGCCGTCACCTCCAAT,C->CATGCCGTCACCTCCCAT,C->CATGCCGTCACCTCGAAT,C->CATGCCGTCACCTCGCAT,C->CATGCCGTCACCTCGGAT,C->CATGCCGTCACCTCGTAT,C->CATGCCGTCACCTCTCAT,C->CATGCCGTCACCTGGCAT,C->CATGCCGTCACCTTGCAT,C->CATGCCGTCACTTCGCAT,C->CATGCCGTCCCCCCGCAT,C->CATGCCGTCCCCTCCCAT,C->CATGCCGTCCCCTCGAAT,C->CATGCCGTCCCCTCTCAT,C->CATGCCGTCGCCTAGCAT,C->CATGCCGTCGCCTTGCAT,C->CATGCCGTGATCTCCCAT,C->CATGCGGTCACCCCGCAT,C->CATGGCGTCACCTCTGAT,C->CATGGCGTCACCTGGCAT,C->CATTCCGTCACCTAGCAT,C->CCTGCCGTCACCGCGC,C->CGTGCCGTCCCCTCCC,C->CTT

13067 1418868 0.88 S,P,Q,R|L,Q,R0.96,0.02,0.0,0.0|0.97,0.01,0.01Rv1269c Conserved probable secreted protein29 Rv1269c, (MTCY50.13), len: 124 aa. Conserved probable exported protein with putative N-terminal signal sequence. Similar to Mycobacterium tuberculosis protein Rv1813c|Y0DU_MYCTU|Q50620 hypothetical protein cy1a11.30 (137 aa), FASTA scores: E(): 9e-21, (41.6% identity in 137 aa overlap).A->AAGGAGCCA,A->ACGGAGCCA,A->ACGGCGCCA,A->ACGGGAGCCA,A->ACTGAGCCA,A->AGAGAGCCAG,A->AGCGAGCCAG,A->AGGAAGCCAGG,A->AGGAAGCCGGG,A->AGGAGCCAGG,A->AGGCAGCCAGG,A->AGGGAACCAGGG,A->AGGGACCCAGGG,A->AGGGACGCAGGG,A->AGGGAGACAGGG,A->AGGGAGCAAGGG,A->AGGGAGCACGGG,A->AGGGAGCAGGG,A->AGGGAGCCAGGG,A->AGGGAGCCAGGGG,A->AGGGAGCCCAGGG,A->AGGGAGCCCGGG,A->AGGGAGCCGGGG,A->AGGGAGCCTGGG,A->AGGGAGCGAGGG,A->AGGGAGCGCGGG,A->AGGGAGCGGGGG,A->AGGGAGCTAGGG,A->AGGGAGGCAGGG,A->AGGGAGGCCGGG,A->AGGGAGTCAGGG,A->AGGGATCCAGGG,A->AGGGCGCCAGGG,A->AGGGGCCCAGGG,A->AGGGGGCCAGGG,A->AGGGGGGCAGGG,A->AGGGGGTCAGGG,A->AGGGTAGCCAGGGT,A->AGGGTGCCAGGGTG,A->AGGTAGCCAGG,A->AGTGAGCCAG,A->ATGGAGCCA,Not found

8585 916684 0.86 R|R,L 1.0|0.03,0.96Rv0823c Possible transcriptional regulatory protein322 Rv0823c, (MTV043.15c), len: 389 aa. Possible transcriptional regulator (resembles nitrogen regulation protein), equivalent (but longer 24 aa in N-terminus) to MLU15182_31|U15182|NtrB NtrB protein from Mycobacterium leprae (384 aa), FASTA scores: opt: 2070, E(): 0, (82.3% identity in 384 aa overlap) (see citation below). Also highly similar to CAB63312.1|AL133471|SCC82.03c hypothetical protein from Streptomyces coelicolor (406 aa); and to many transcriptional regulators members of UPF0034 family (NIFR3/SMM1) e.g. D26185|BAC180K_143 protein similar to transcriptional regulator (nitrogen regulation protein) from Bacillus subtilis (333 aa), FASTA scores: opt: 609,E(): 1.4e-32, (38.3% identity in 326 aa overlap); NP_349795.1|NC_003030 NifR3 family enzyme from Clostridium acetobutylicum (321 aa); etc. Contains PS01136 Uncharacterized protein family UPF0034 signature.Not found

18925 2133468 0.85 P,*,C,R,W|C,W0.91,0.0,0.04,0.0,0.04|0.98,0.01Rv1883c hypothetical protein76 Rv1883c, (MTCY180.35), len: 153 aa. Conserved hypothetical protein, some similarity to hypothetical proteins e.g. Rv2778c|AL008967|MTV002.43 from Mycobacterium tuberculosis (156 aa), FASTA score: opt: 212, E(): 3.1e-08,(34.4% identity in 151 aa overlap). Also similar to U75434|SAU75434_3 Nsh-OrfB from Streptomyces actuosus (173 aa), FASTA score: opt: 207, E(): 1.8e-07, (40.2% identity in 102 aa overlap).G->GCAGGCCGTCACCGCGCA,G->GCATACCGTCACCTCCCATACCGTC,G->GCATCCCGTCACCCCGCAT,G->GCATCCCGTCACCTCTCAT,G->GCATCCCGTCACCTGGCAT,G->GCATGACGTCACCTAGCAT,G->GCATGCCATCACCTCCCAT,G->GCATGCCCTCCCCTCTCAT,G->GCATGCCGCCACCCCGCAT,G->GCATGCCGCCACTTCGCAT,G->GCATGCCGGCCCCCCCCAT,G->GCATGCCGTAACCTTGCAT,G->GCATGCCGTCACCACGCAT,G->GCATGCCGTCACCCCGCAT,G->GCATGCCGTCACCGCGCAT,G->GCATGCCGTCACCTACCAT,G->GCATGCCGTCACCTAGCAT,G->GCATGCCGTCACCTCA,G->GCATGCCGTCACCTCACAT,G->GCATGCCGTCACCTCCCAT,G->GCATGCCGTCACCTCGCAT,G->GCATGCCGTCACCTCT,G->GCATGCCGTCACCTCTCAT,G->GCATGCCGTCACCTGGCAT,G->GCATGCCGTCACCTTGCAT,G->GCATGCCGTCACTTCGCAT,G->GCATGCCGTCCCCCCGCAT,G->GCATGCCGTCCCCTCCCAT,G->GCATGCCGTCCCCTCTCAT,G->GCATGCCGTCGCCTAGCAT,G->GCATGCCGTCGCCTTGCAT,G->GCATGCCGTGATCTCCCAT,G->GCATGCGGTCACCCCGCAT,G->GCATGGCGTCACCTGGCAT,G->GCATTCCGTCACCTAGCAT,G->GCCTGCCGTCACCGCGC,G->GCGTGCCGTCCCCTCCC,G->GCTTGCCGTCACCTCTC,G->GTATGCCGTCACCTCC,Not found

22313 2534564 0.81 P,L|L,R 0.9,0.09|0.03,0.96Rv2262c hypothetical protein330 Rv2262c, (MTV022.12c), len: 360 aa. Conserved hypothetical protein, with function unknown but some similarity to N-terminal 70% of P23930|P77703|LNT_ECOLI|cute|B0657 apolipoprotein N-acyltransferase from Escherichia coli strain K12 (512 aa), FASTA scores: opt: 239, E(): 1.6e-07, (30.4% identity in 359 aa overlap). Note that neighboring ORF shows similarity to N -terminal part of PCC6803 apolipoprotein N-acyltransferase from Synechocystis sp., suggesting possibility of frameshift. Sequence of clones from two sources has been checked but no error found. Appear to be two extra bases at position 1876970 compared to CDC1551 strain.A->-,A->A,A->AACCCTTCG,A->AAGCAGAAG,A->ACG,A->AGCGGC,A->AGG,A->AGTGCAGCGG,A->C,A->CACATATTCGCCAAACGGAACCAACCGGGTCTTCCGGTAGCTGCCCACAGCTTCGTGCGCGCCGACAAGCACCGCCGACTTGTAGATTCCCCCGTCCGGTGCC,A->CACATATTCGCCAAACGGAACCAACCGGGTCTTCCGGTAGCTGCCCACAGCTTCGTGCGCGCCGACAAGCACCGCCGACTTGTAGATTCCCCCGTCCGGTGCCGGGGCGTCGACGTTGACCAACAAATCCGCGCCCACCCGCTGTGACT,A->G,A->T  

Appendix 8: The most discriminative polymorphisms to distinguish between resistant and 

susceptible strains in lineage 2. 
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'id Position Power Alleles Allelic_frequenciesLocus Gene Codon AnnotationMolType

9946 1082349 0.99 G,D|G,D 0.99,0.0|0.0,0.99Rv0971c echA7 79 Probable enoyl-CoA hydratase EchA7 (enoyl hydrase) (unsaturated acyl-CoA hydratase) (crotonase)T->-,T->C,T->T,T->TCAC,T->TCACCAC

12689 1368322 0.99 G,P,R|P 0.99,0.0,0.0|1.0Rv1225c hypothetical protein134 Rv1225c, (MTCI61.08c), len: 276 aa. Conserved hypothetical protein, some similarity to other hypothetical proteins e.g. AE001078|AE001078_2 Archaeoglobus fulgidus (265 aa), FASTA scores: opt: 339, E(): 5.1e-15, (27.1% identity in 262 aa overlap), and to NAGD_ECOLI|P15302 nagd protein from Escherichia coli (250 aa), FASTA scores: opt: 167, E(): 6.4e-12, (24.8% identity in 258 aa overlap). Also weakly similar to Mycobacterium tuberculosis hypothetical protein Rv3400|MTCY78.28c (29.1% identity in 251 aa overlap).C->C,C->CC,C->CG,C->CGGG

17347 1955760 0.99 F,R,V|L,R 0.99,0.0,0.0|0.99,0.0Rv1730c Possible penicillin-binding protein496 Rv1730c, (MTCY04C12.15c), len: 517 aa. Possible penicillin-binding protein, similar to others e.g. PBP4_NOCLA|Q06317 penicillin-binding protein 4 (pbp-4) from Nocardia lactamdurans (381 aa), FASTA scores: opt: 643,E(): 3.8e-32, (33.8% identity in 370 aa overlap); etc. Also similar to other Mycobacterium tuberculosis hypothetical penicillin binding proteins and esterases e.g. Rv1923,Rv1497, etc.C->-,C->C,C->CG,C->CTCGCGCCGCAAACCAAGCCGGCTGGTGCTGTGCTATTGGCGTCGGAACAGACGGCCGTGCTGGCTACAGAACCAGGCGATGTTGCCGTCCGGCCCGCGCAC,C->CTCGCGCCGCAAACCAAGCCGGCTGGTGCTGTGCTATTGGCGTCGGAACAGACGGCCGTGCTGGCTACAGAACCAGGCGATGTTGCCGTCCGGCCCGCGCACGTTGGAGCGACTGCCGGTGGGCTTGTTGTCGGGTCCAAGGTCGAGCCCATAGTCGGGCCGATAGAAGGCGAGGCCCAGATTGGCGCTGTTTTGGCCATCCGGGTTGGCATCGTCGGTGCTCATGCTTCCAGCAAGCTGGCCGTCCCTGGCT,C->GCCCGGTTCCTCCTCGCGCCGCAAACCAAGCCGGCTGGTGCTGTGCTATTGGCGTCGGAACAGACGGCCGTGCTGGCTACAGAACCAGGCGATGTTGCCGTCCGGCCCGCGCAC,C->TGCTATTGGCGTCGGAACAGACGGCCGTGCTGGCTACAGAACCAGGCGATGTTGCCGTCCGGCCCGCGCAC

17355 1955913 0.99 N,A|A,K 0.99,0.0|0.99,0.0Rv1730c Possible penicillin-binding protein445 Rv1730c, (MTCY04C12.15c), len: 517 aa. Possible penicillin-binding protein, similar to others e.g. PBP4_NOCLA|Q06317 penicillin-binding protein 4 (pbp-4) from Nocardia lactamdurans (381 aa), FASTA scores: opt: 643,E(): 3.8e-32, (33.8% identity in 370 aa overlap); etc. Also similar to other Mycobacterium tuberculosis hypothetical penicillin binding proteins and esterases e.g. Rv1923,Rv1497, etc.C->-,C->C,C->CG,C->CT,C->CTC,C->CTGC,C->CTT,C->CTTC,C->CTTCCC,C->CTTCCGG,C->CTTCT,C->CTTCTC,C->CTTCTCGACC,C->CTTCTCGAG,C->CTTCTCGAGC,C->CTTCTCGAGCTCG,C->CTTCTCGAGCTCGC,C->GTCGGGCCGATAGAAGGCGAGGCCCAGATTGGCGCTGTTTTGGCCATCCGGGTTGGCATCGTCGGTGCTCATGCTTCCAGCAAGCTGGCCGTCCCTGGCT

22338 2536688 0.99 S,Q|S,Q 0.99,0.0|0.0,0.99Rv2264c Conserved hypothetical proline rich protein555 Rv2264c, (MTV022.14c), len: 592 aa. Conserved hypothetical Pro-rich protein, similar to hypothetical proteins Rv0312 (MTCY63.17, 620 aa and Rv0350) that has highly Pro-, Thr-rich C-terminus. Contains PS00343 Gram-positive cocci surface proteins 'anchoring' hexapeptide. FASTA scores: Z96800|MTCY63_17 Mycobacterium tuberculosis cosmid (620 aa) opt: 1075, E(): 8.8e-24; (38.9% identity in 627 aa overlap). Predicted to be an outer membrane protein (See Song et al., 2008).A->A,A->ACGTGGTCGCCGGCGGCTG,A->G

26530 3100148 0.99 N,S|N,S 0.99,0.0|0.0,0.99Rv2790c ltp1 8 Probable lipid-transfer protein Ltp1T->T,T->TCGA,T->TCGAC

26920 3156201 0.99 G,P,R|P 0.99,0.0,0.0|1.0Rv2848c cobB 441 Probable cobyrinic acid A,C-diamide synthase CobBC->CG,C->CGGGG

10486 1121690 0.98 I|I,G 1.0|0.01,0.98Rv1004c Probable membrane protein154 Rv1004c, (MTCI237.20c), len: 419 aa. Probable membrane protein. Contains repetitive sequences, which have similarities with elastin, and possible N-terminal signal sequence.Not found

20855 2325759 0.98 F,V|F,V 0.99,0.0|0.01,0.98Rv2067c hypothetical protein38 Rv2067c, (MTCY49.06c), len: 407 aa. Conserved protein, similar to many.A->A,A->C,Not found

21931 2470342 0.98 Q,P|Q,P 0.99,0.0|0.0,0.99Rv2205c hypothetical protein41 Rv2205c, (MTCY190.16c), len: 358 aa. Conserved hypothetical protein. Very similar to YHAD_ECOLI|P23524 hypothetical protein (YHAD (E.coli) / YXAA (S14A) (B.subtilis) family) (41.6% identity in 154 aa overlap),and to other members of the glycerate kinase family. Start changed since first submission; protein now 122 aa shorter,owing to extension of Rv2206. Nucleotide position 2470149 in the genome sequence has been corrected, T:C resulting in E105E.T->C,T->T,T->TG,T->TGGGGG

26358 3072705 0.98 I,D|I,D 0.99,0.0|0.01,0.98Rv2762c hypothetical protein118 Rv2762c, (MTV002.27c), len: 139 aa. Conserved hypothetical protein, similar to C-terminus of hypothetical proteins: Q9A380|CC3324 from Caulobacter crescentus (409 aa), FASTA scores: opt: 181, E(): 9.8e-05, (43.55% identity in 101 aa overlap); Q98KQ4|MLR1373 from Rhizobium loti (Mesorhizobium loti) (399 aa), FASTA scores: opt: 174, E(): 0.00028, (46.35% identity in 82 aa overlap); and Q9HZZ9|PA2844 from Pseudomonas aeruginosa (402 aa), FASTA scores: opt: 158, E(): 0.0033, (40.0% identity in 80 aa overlap).T->T,T->TC,T->TCCCCCC,T->TCCCCCCCC

26534 3100154 0.98 S,G,R,V|G 0.99,0.0,0.0,0.0|1.0Rv2790c ltp1 6 Probable lipid-transfer protein Ltp1A->-,A->A,A->AA,A->AC,A->ACACGAC,A->ACC,A->ACCC,A->ACCCC,A->ACCCGACCC,A->ACCCGCCCC,A->ACCCGTCCC,A->ACCCT,A->G

38408 4408087 0.97 R,P|R,P 0.99,0.0|0.01,0.98Rv3919c gid 39 Probable glucose-inhibited division protein B GidC->-,C->C,C->CGG,C->CGGG,C->G

38409 4408100 0.94 L,A|L,A 0.99,0.0|0.01,0.98Rv3919c gid 35 Probable glucose-inhibited division protein B GidG->-,G->G,G->GC,G->GCCCC

19116 2155168 0.63 S,T|S,I,N,T0.99,0.0|0.19,0.0,0.02,0.77Rv1908c katG 315 Catalase-peroxidase-peroxynitritase T KatGC->A,C->G,C->T

297 28366 0.99 I,-|- 0.99,0.0|1.0Rv0023 Possible transcriptional regulatory protein0 Rv0023, (MTCY10H4.23), len: 256 aa. Possible transcriptional regulator. Contains probable helix-turn helix motif from aa 19 to 40 (Score 1615, +4.69 SD).A->-,A->A,A->AT

5114 477898 0.99 L,P|L,P 0.99,0.0|0.0,0.99Rv0399c lpqK 220 Possible conserved lipoprotein LpqKA->A,A->AG,Not found

9946 1082349 0.99 G,D|G,D 0.99,0.0|0.0,0.99Rv0971c echA7 79 Probable enoyl-CoA hydratase EchA7 (enoyl hydrase) (unsaturated acyl-CoA hydratase) (crotonase)T->-,T->C,T->T,T->TCAC,T->TCACCAC

10486 1121690 0.99 I|I,G 1.0|0.0,0.99Rv1004c Probable membrane protein154 Rv1004c, (MTCI237.20c), len: 419 aa. Probable membrane protein. Contains repetitive sequences, which have similarities with elastin, and possible N-terminal signal sequence.Not found

12689 1368322 0.99 P|P,G,R 1.0|0.0,0.99,0.0Rv1225c hypothetical protein134 Rv1225c, (MTCI61.08c), len: 276 aa. Conserved hypothetical protein, some similarity to other hypothetical proteins e.g. AE001078|AE001078_2 Archaeoglobus fulgidus (265 aa), FASTA scores: opt: 339, E(): 5.1e-15, (27.1% identity in 262 aa overlap), and to NAGD_ECOLI|P15302 nagd protein from Escherichia coli (250 aa), FASTA scores: opt: 167, E(): 6.4e-12, (24.8% identity in 258 aa overlap). Also weakly similar to Mycobacterium tuberculosis hypothetical protein Rv3400|MTCY78.28c (29.1% identity in 251 aa overlap).C->C,C->CC,C->CG,C->CGGG

13935 1535147 0.99 D,A|D,A 0.99,0.0|0.0,0.99Rv1363c Possible membrane protein83 Rv1363c, (MTCY02B10.27c), len: 261 aa. Possible membrane protein, similar to Mycobacterium tuberculosis hypothetical proteins Rv1362c|MTCY02B10.26c (25.9% identity in 216 aa overlap); Rv1972|MTV051.10 and Rv0177 etc.C->-,C->C,C->CTCATAGTCG,C->CTCATAGTCGTCATAGTC

26358 3072705 0.99 I,D|I,D 0.99,0.0|0.0,0.99Rv2762c hypothetical protein118 Rv2762c, (MTV002.27c), len: 139 aa. Conserved hypothetical protein, similar to C-terminus of hypothetical proteins: Q9A380|CC3324 from Caulobacter crescentus (409 aa), FASTA scores: opt: 181, E(): 9.8e-05, (43.55% identity in 101 aa overlap); Q98KQ4|MLR1373 from Rhizobium loti (Mesorhizobium loti) (399 aa), FASTA scores: opt: 174, E(): 0.00028, (46.35% identity in 82 aa overlap); and Q9HZZ9|PA2844 from Pseudomonas aeruginosa (402 aa), FASTA scores: opt: 158, E(): 0.0033, (40.0% identity in 80 aa overlap).T->T,T->TC,T->TCCCCCC,T->TCCCCCCCC

26530 3100148 0.99 N,S|N,S 0.99,0.0|0.0,0.99Rv2790c ltp1 8 Probable lipid-transfer protein Ltp1T->T,T->TCGA,T->TCGAC

26920 3156201 0.99 P|P,G,R 1.0|0.0,0.99,0.0Rv2848c cobB 441 Probable cobyrinic acid A,C-diamide synthase CobBC->CG,C->CGGGG

37728 4359135 0.99 M,I|M,I 0.99,0.0|0.0,0.99Rv3879c espK 217 ESX-1 secretion-associated protein EspK Alanine and proline rich proteinNot found,T->-,T->C,T->T,T->TCGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATC,T->TGGGGCTCCCGGGGTGATCGGGGTTCCCGGCGTGATC,T->TGGGGTTACCGGGGTGATCGGGGTTCCCGGCGTGATC,T->TGGGGTTCCCGGCGTGATC,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGG,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGGCCTGATC,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGAGTCGGGGTTCCCGGGGTGATCGGGGTTCCCGG,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATC,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATCGGGGTTCCCGGGGTGATCGGGGTTCCCGGGGTGATCGGGGTTCCCGG,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATCGTGGGGTTCCCGGGGTGATCGGGGTTCCCGG,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGCTC,T->TGGGGTTCCCGGGTGATCGGGGTTCCCGGCGTGATCGGGGTTCCCGGG,T->TGGGGTTCCCTGGGTGATCGGGGTTCCCGGCGTGATC,T->TGGGGTTCCGGGGTGATCGGGGTTCCCGGCGTGATC,T->TGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATCGGG,T->TTGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATC,T->TTGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATCGGGGTTCCCGGNNNNNNNNNN

8317 868157 0.98 Q,E|Q,E 0.99,0.0|0.0,0.99Rv0774c Probable conserved exported protein66 Rv0774c, (MTCY369.19c), len: 303 aa. Possible conserved exported protein with hydrophobic region near N-terminus, highly similar, except in N-terminus, to Rv0519c|Z97831|MTY20G10.09c|O33364 hypothetical protein from Mycobacterium tuberculosis (300 aa), FASTA scores: opt: 1092, E(): 0, (57.9% identity in 299 aa overlap). Contains PS00061 Short-chain alcohol dehydrogenase family signature, and PS00120 Lipases, serine active site. So could be a lipase. Start changed since first submission (-9 aa). Predicted to be an outer membrane protein (See Song et al., 2008).Not found

20855 2325759 0.98 F,V|F,V 0.99,0.0|0.0,0.99Rv2067c hypothetical protein38 Rv2067c, (MTCY49.06c), len: 407 aa. Conserved protein, similar to many.A->A,A->C,Not found

37881 4370537 0.98 V,G|V,G 0.99,0.0|0.0,0.99Rv3887c eccD2 383 ESX conserved component EccD2 ESX-2 type VII secretion system protein Probable transmembrane proteinA->-,A->A,A->AC,Not found

38408 4408087 0.98 P,R|P,R 0.99,0.0|0.0,0.99Rv3919c gid 39 Probable glucose-inhibited division protein B GidC->-,C->C,C->CGG,C->CGGG,C->G

38409 4408100 0.93 A,L|A,L 0.99,0.0|0.0,0.99Rv3919c gid 35 Probable glucose-inhibited division protein B GidG->-,G->G,G->GC,G->GCCCC

19116 2155168 0.71 S|S,I,N,T 1.0|0.23,0.0,0.01,0.74Rv1908c katG 315 Catalase-peroxidase-peroxynitritase T KatGC->A,C->G,C->T

20176 2263623 2.0 I|G,R 1.0|0.5,0.5Rv2016 Hypothetical protein66 Rv2016, (MTV018.03), len: 191 aa. Hypothetical protein.C->-,C->CCGGGGCGG,C->CGCGG,C->CGG

22321 2535431 2.0 G|D,V 1.0|0.5,0.5Rv2262c hypothetical protein41 Rv2262c, (MTV022.12c), len: 360 aa. Conserved hypothetical protein, with function unknown but some similarity to N-terminal 70% of P23930|P77703|LNT_ECOLI|cute|B0657 apolipoprotein N-acyltransferase from Escherichia coli strain K12 (512 aa), FASTA scores: opt: 239, E(): 1.6e-07, (30.4% identity in 359 aa overlap). Note that neighboring ORF shows similarity to N -terminal part of PCC6803 apolipoprotein N-acyltransferase from Synechocystis sp., suggesting possibility of frameshift. Sequence of clones from two sources has been checked but no error found. Appear to be two extra bases at position 1876970 compared to CDC1551 strain.C->C,C->CAGGC,C->CAGGT,C->CAGGTCATACGCCC,C->CAGGTCG,C->CAGGTCGTA,C->CAGGTCGTACGCCC,C->CAGGTCGTACGCCCCGAACC,C->CAGGTCGTACGCCCCGATGA,C->CAGGTTGTACGCCC

22437 2550012 2.0 V|C,G 1.0|0.5,0.5Rv2277c Possible glycerolphosphodiesterase7 Rv2277c, (MTCY339.33), len: 301 aa. Possible glycerolphosphodiesterase, similar to e.g. UGPQ_ECOLI P10908 glycerophosphoryldiester phosphodiesterase (cytosolic) (247 aa), FASTA scores, opt: 149, E(): 0.0061,(27.2% identity in 195 aa overlap). Start of protein uncertain, encoded by neighbouring IS6110 as given, is intact in Mycobacterium tuberculosis CDC1551G->-,G->GCCC,G->GCCCAA,G->GCCCAACAT,G->GCCCAACATAA,G->GCCCAACATAGCCGTCTTCAC,G->GCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAACGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGATAAAGTAAGTCGCGGTCGGGCACGCAGCGCAGCGTTGGAAAGNNNNNNNNNN,G->GCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAACGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGATAAAGTAAGTCGCGGTCGGGCACGCAGCGCAGCGTTGGAAAGTGAGGCCTCCGANNNNNNNNNN,G->GCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAACGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGATAAAGTAAGTCGCGGTCGGGCACGCAGCGCAGCGTTGGAAAGTGAGGCCTCCGATGAGTGAAATGACAGCTCGGTTTNNNNNNNNNN,G->GCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAACGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGATAAAGTAAGTCGCGGTCGGGCACGCAGCGCAGCGTTGGAAAGTGAGGCCTCCGATGAGTGAAATGACAGCTCGGTTTTCCGAAANNNNNNNNNN,G->GCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAACGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCT

2 5 1.0 R|T 1.0|1.0 Rv0001 dnaA 2 Chromosomal replication initiator protein DnaAT->A,T->C,T->G,T->TGACATACGTCGTTGAC,T->TGACCCAGGGAGATACGTCGTA,T->TGAGATACATCGTTGA,T->TGAGATACGTCGTTGA,T->TGAGTTCCGGCGTTGA,T->TGATACGTCGTTGA,T->TGATC

5 8 1.0 D|R 1.0|1.0 Rv0001 dnaA 3 Chromosomal replication initiator protein DnaAC->AGATACGTCGTTGAC,C->CACGACGTTGAC,C->CACGTCGCTGAC,C->CACGTCGTGGAC,C->CACGTCGTTGAC,C->CAGATACGTCGTTGAC,C->CATACGTCGTTGAA,C->CATACGTCGTTGAC,C->CCCAGGGAGATACGTCGTTGACC,C->CCGAGAACCAGGGAGATACGTCGTTGACCGA,C->CCTAACGAGAACCAGGGAGATACGTCGTTGACC,C->CGAC,C->CGGAGATACGTCGTTGAC,C->CGTCGGTGAC,C->CGTCGTTAAC,C->CGTCGTTGAC,C->CGTCGTTGACC,C->CGTTGAC,C->CTGAC,C->G,C->GAGATACGTCGTTGAC,C->GTCGTTGAC,C->T,C->TACGTCGTTGAC,C->TCGTTGAC,C->TGAC,C->TTGAC,Not found

73 7585 1.0 S|T 1.0|1.0 Rv0006 gyrA 95 DNA gyrase (subunit A) GyrA (DNA topoisomerase (ATP-hydrolysing)) (DNA topoisomerase II) (type II DNA topoisomerase)G->C

95 9304 1.0 G|D 1.0|1.0 Rv0006 gyrA 668 DNA gyrase (subunit A) GyrA (DNA topoisomerase (ATP-hydrolysing)) (DNA topoisomerase II) (type II DNA topoisomerase)G->A   
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'id Position Power Alleles Allelic_frequenciesLocus Gene Codon AnnotationMolType

2929 313889 0.99 R,A|R,A 0.99,0.0|0.0,0.99Rv0261c narK3 94 Probable integral membrane nitrite extrusion protein NarK3 (nitrite facilitator)G->G,G->GC,Not found

9905 1077624 0.99 A,V|A,G 0.99,0.0|0.0,0.99Rv0966c hypothetical protein71 Rv0966c, (MTCY10D7.08), len: 200 aa. Conserved protein, equivalent to AL035500|MLCL373_12 conserved hypothetical protein from Mycobacterium leprae (200 aa),FASTA scores: opt: 1080, E(): 0, (79.5% identity in 200 aa overlap). Also highly similar to SCE6.30c|CAB88834.1|AL353832 hypothetical protein from Streptomyces coelicolor (277 aa). Some similarity to Rv2862c|MTV007.08 conserved hypothetical protein from Mycobacterium tuberculosis (194 aa), FASTA scores: E(): 3.1e-06, (31.5% identity in 184 aa overlap). Equivalent to AAK45243.1 from Mycobacterium tuberculosis strain CDC1551 (230 aa) but shorter 30 aa. Note that Rv0966c has been shortened since first entry.G->-,G->A,G->G

13750 1519822 0.99 S,-,W|-,W 0.99,0.0,0.0|0.99,0.0Rv1353c Probable transcriptional regulatory protein55 Rv1353c, (MTCY02B10.17c), len: 261 aa. Probable transcriptional regulatory protein, similar to TER1_ECOLI|P03038 tetracycline repressor protein class a from Escherichia coli (216 aa), FASTA scores, opt: 231,E(): 1.6e-08, (31.3% identity in 211 aa overlap). Helix turn helix motif present at aa 3859 (+3.59 SD). Belongs to the TetR/AcrR family of transcriptional regulators.C->C,C->CGTC,C->CGTCACT,C->CGTCACTG,C->CGTCACTGA,C->CGTCACTGATGG,C->CGTCACTGATGGA,C->CGTCACTGATGGCGTCG,C->CGTCACTGATGGCGTCGAGATCTA,C->CGTCACTGATGGCGTCGAGATCTAA,C->CGTCACTGATGGCGTCGAGATCTAAGGTACACTCGACTCCGTGCTTACTATAGGCGCGAAGCGCACCCTGAAGGTATGTATTCCACAACGTGGGATCGAGCGCGGGTTGCGATACCACAAGCCGGCATTGCGCATCAGAAACCCACACACTGAGATTTTCCGAAAAATGCANNNNNNNNNN

13935 1535147 0.99 A,D|A,D 0.99,0.0|0.0,0.99Rv1363c Possible membrane protein83 Rv1363c, (MTCY02B10.27c), len: 261 aa. Possible membrane protein, similar to Mycobacterium tuberculosis hypothetical proteins Rv1362c|MTCY02B10.26c (25.9% identity in 216 aa overlap); Rv1972|MTV051.10 and Rv0177 etc.C->-,C->C,C->CTCATAGTCG,C->CTCATAGTCGTCATAGTC

17662 1987018 0.99 H,-|-,L 0.99,0.0|0.0,0.99Rv1755c plcD 227 Probable phospholipase C 4 (fragment) PlcDG->-,G->AGTACGCCTTCTTGTTGGCGGGTCCAGATGGCTTGCTCGATCGCGTCGAGGACCATGGAGGTGGCCATCGTGGAAGCGACCCGCCAGCCCAGGATCCTGCGAGCGTAGGCGTCGGTGACAAAGGCCACGTAGGCGAACCCTGCCCAGGTCGACACATAGGTGAGGTCTGCTACCCACAGCCGGTTAGGTGCTGGTGGTCCGAAGCGGCGCTGGACGAGATCGGCGGGACGGGCTGTGGCCGGATCAGCGATCGTGGTCCTGCGGGCTTTGCCGCGGGTGGTCCCGGACAGGCCGAGTTTGGTCATCAGCCGTTCGACGGTGCATCTGGCCACCTCGATGCCCTCACGGTTCAGGGTTAGCCACACTTTGCGGGCACCGTAAACACCGTAGTTGGCGGCGTGGACGCGGCTGATGTGCTCCTTGAGTTCGCCATCGCGCAGCTCGCGGCGGCTGGGCTCCCGGTTGATGTGGTCGTAGTAGGTCGATGGGGCGATCGGCACACCCAGCTCGGTCAGCTGTGTGCAGATCGACTCGACACCCCACCGCAAACCATCGGGGCCCTCGCGGTGGCCCTGATGATCGGCGATGAACCGGGTAATTAGCGTGCTGGCCGGTCGAGCTCGGCCGCGAAGAAAGCCGACGCGGTCTTTAAAATCGCGTTCGCCCTTCGCAATTCGGCGTTGTCCCGCCGCAAGCGCTTCAGCTCAGCGGATTCTTCGGTCGTGGTCCCGGGCCGTGCGCCGGCATCGACCTGCGCCTGGCGCACCCACTTACGCACCGTCTCCGCGCAGCCAACACCAAGTAGACGGGCGACCTCACTGATCGCTGCCCACTCCGAATCGTGCTGACCGCGGATCTCTGCGACCATCCGCACCGCCCGCTCACGCAGCTCCGGCGGGTACCTCCTCGATGAACCACCTGACATGACCCCATCCTTTCCAAGAACTGGAGTCTCCGGACATGCCGGGGCGGTTCANNNNNNNNNNTGAACCGCCCCGGTGAGTCCGGAGACTCTC

18995 2141551 0.99 D,N|D,S 0.99,0.0|0.0,0.99Rv1894c hypothetical protein107 Rv1894c, (MTCY180.24), len: 376 aa. Conserved hypothetical protein, weak similarity to some oxidoreductases e.g. Q01284 2-nitropropane dioxygenase precursor (378 aa), FASTA results: opt: 204, E(): 5.8e-06,(34.3% identity in 140 aa overlap). Similar to hypothetical Mycobacterium tuberculosis proteins e.g. Rv3553|MTCY03C7.02c (355 aa), FASTA results: opt: 296, E(): 1.6e-10, (32.9% identity in 167 aa overlap); Rv1533 (375 aa) (48.1% identity in 376 aa overlap); Rv0021c, Rv2781c.C->-,C->C,C->T

30391 3709338 0.99 E,-,A|- 0.99,0.0,0.0|1.0Rv3323c moaX 126 Probable MoaD-MoaE fusion protein MoaXT->G,T->T,T->TNNNNNNNNNN,T->TTGAA,T->TTGAAC,T->TTGAACCG,T->TTGAACCGC,T->TTGAACCGCCC,T->TTGAACCGCCCC,T->TTGAACCGCCCCCG,T->TTGAACCGCCCCG,T->TTGAACCGCCCCGG,T->TTGAACCGCCCCGGCATGTCCGGAGACTCCAGTTCTTGGAAAGGATGGGGTCATGTCAGGTGGTTCATCGAGGAGGTACCCGCCGGAGCTGCGTGAGCGGGCGGTGCGGATGGTCGCAGAGATCCGCGGTCAGCACGATTCGGAGTGGGCAGCGATCAGTGAGGTCGCCCGTCTACTTGGTGTTGGCTGCGCGGAGACGGTGCGTAAGTGGGTGCGCCAGGCGCAGGTCGATGCCGGCGCACGGCCCGGGACCACGACCGAAGAATCCGCTGAGCTGAAGCGCTTGCGGCGGGACAACGCCGAATTGCGAAGGGCGAACGCGATTTTAAAGACCGCGTCGGCTTTCTTCGCGGCCGAGCTCGACCGGCCAGCACGCTAATTACCCGGTTCATCGCCGATCATCAGGGCCACCGCGAGGGCCCCGATGGTTTGCGGTGGGGTGTCGAGTCGATCTGCACACAGCTGACCGAGCTGGGTGTGCCGATCGCCCCATCGACCTACTACGACCACATCAACCGGGAGCCCAGCCGCCGCGAGCTGCGCGATGGCGAACTCAAGGAGCACATCAGCCGCGTCCACGCCGCCAACTACGGTGTTTACGGTGCCCGCAAAGTGTGGCTAACCCTGAACCGTGAGGGCATCGAGGTGGCCAGATGCACCGTCGAACGGCTGATGACCAAACTCGGCCTGTCCGGGACCACCCGCGGCAAAGCCCGCAGGACCACGATCGCTGATCCGGCCACAGCCCGTCCCGCCGATCTCGTCCAGCGCCGCTTCGGACCACCAGCACCTAACCGGCTGTGGGTAGCAGACCTCACCTATGTGTCGACCTGGGCAGGGTTCGCCTACGTGGCCTTTGTCACCGACG

32287 3832353 0.99 A,P|A,P 0.99,0.0|0.0,0.99Rv3413c Unknown alanine and proline rich protein232 Rv3413c, (MTCY78.16), len: 299 aa. Unknown ala-,pro-rich protein.Not found

33213 3904957 0.99 H,-,D|-,G 0.99,0.0,0.0|0.0,0.99Rv3485c Probable short-chain type dehydrogenase/reductase204 Rv3485c, (MTCY13E12.38c), len: 314 aa. Probable short-chain dehydrogenase/reductase, similar, but longer 41 aa, to P71824|Rv0769|MTCY369.14 putative short-chain type dehydrogenase/reductase CY369.14 from Mycobacterium tuberculosis (248 aa), FASTA scores: opt: 462, E(): 1.8e-19, (34.0% identity in 253 aa overlap). Also similar to various dehydrogenases e.g. P25529|HDHA_ECOLI|HSDH|B1619 NAD-dependent 7 alpha-hydroxysteroid dehydrogenase (SDR family) from Escherichia coli strain K12 (alias BAB35750|ECS2327 or AAG56608|HDHA for strain O157:H7) (255 aa), FASTA scores: opt: 462, E(): 1.8e-19, (34.7% identity in 248 aa overlap); Q9FD15|RUBG putative reductase (SDR family) from Streptomyces collinus (249 aa), FASTA scores: opt: 446, E(): 1.5e-18, (36.1% identity in 255 aa overlap); BAB51974|MLL5540 putative dehydrogenase from Rhizobium loti (Mesorhizobium loti) (253 aa), FASTA scores: opt: 442, E(): 2.5e-18, (36.25% identity in 251 aa overlap); Q08632|SDR1_PICAB short-chain type dehydrogenase/reductase (SDR family) fC->C,C->CGCG,C->CGCGCA,C->CGCGCAAGCGCGAGCGCAAGGTAACCACCCGCGGAATCACCGGCCAACACGATCTGTTCCGGCCGGTATCCGCGCGCCCGCAACCATTGGTATGCATCGTGGCAGTCGTCGAGCGCCATCCCCAGCGAATGCTTAGGGATCAGCCGATAGTCGACTATCAACACGGGTGATTCGGCAAATCCTGACAGCGCGTTGACGATCCTGCTGTGCGAATTCGGCCCGCANNNNNNNNNN,C->CGCGCAAGCGCGAGCGCAAGGTAACCACCCGCGGAATCACCGGCCAACACGATCTGTTCCGGCCGGTATCCGCGCGCCCGCAACCATTGGTATGCATCGTGGCAGTCGTCGAGCGCCATCCCCAGCGAATGCTTAGGGATCAGCCGATAGTCGACTATCAACACGGGTGATTCGGCAAATCCTGACAGNNNNNNNNNN,C->CGCGCAAGCGCGAGCGCAAGGTAACCACCCGCGGAATCACCGGCCAACACGATCTGTTCCGGCCGGTATCCGCGCGCCCGCAACCATTGGTATGCATCGTGGCANNNNNNNNNN

37204 4303055 0.99 A,W|A,W 0.99,0.0|0.0,0.99Rv3828c Possible resolvase115 Rv3828c, (MTCY409.02), len: 203 aa. Possible resolvase within IS1537 element, similar to others e.g. Q97X40|SSO1915 first ORF in transposon ISC1913 from Sulfolobus solfataricus (213 aa), FASTA scores: opt: 275,E(): 1.6e-11, (30.6% identity in 196 aa overlap); Q9V1M0|PAB2076 resolvase related protein from Pyrococcus abyssi (212 aa), FASTA scores: opt: 254, E(): 4.2e-10,(29.95% identity in 197 aa overlap); Q9RMU7|ORFA putative transposase (belongs to the MerR family of transcriptional regulators) from Helicobacter pylori (Campylobacter pylori) (217 aa), FASTA scores: opt: 243, E(): 2.3e-09, (31.8% identity in 154 aa overlap); etc. Also highly similar to proteins from Mycobacterium tuberculosis e.g. O33334|Rv2792c|MTV002.57c resolvase (193 aa), FASTA scores: opt: 970, E(): 1.5e-58, (79.25% identity in 193 aa overlap); O07773|Rv0605|MTCY19H5.17c putative resolvase (202 aa), FASTA scores: opt: 964, E(): 4e-58, (76.25% identity in 202 aa overlap); P95116|Rv2979c|MTCY349.08 hypothetical 21.4 KDA protein (194 aa), FAC->C,C->CA,C->CAAAAA,Not found

37733 4359174 0.99 P,T|P,T 0.99,0.0|0.0,0.99Rv3879c espK 204 ESX-1 secretion-associated protein EspK Alanine and proline rich proteinNot found

15634 1721425 0.98 G,R|G,R 0.99,0.0|0.01,0.98Rv1526c Probable glycosyltransferase213 Rv1526c, (MTCY19G5.02), len: 426 aa. Probable glycosyltransferase, highly similar to G467196 Protein L518_C2_147 from Mycobacterium leprae (421 aa), FASTA scores, opt: 1497, E(): 0, (55.0% identity in 424 aa overlap); similar to G452504 rhamnosyltransferase (24.7% identity in 433 aa overlap); and P96565|U84350 glycosyltransferase GTFE from Amycolatopsis orientalis (408 aa), E(): 3.4e-24, (28.4% identity in 429 aa overlap), also high similarity to Rv1524|MTCY19G5.04c (58.7 % identity in 416 aa overlap).Not found

22401 2545196 0.98 -,Q,R|-,Q 0.99,0.0,0.0|0.0,0.99Rv2270 lppN 167 Probable lipoprotein LppNC->C,C->CGCC,C->CGCCAGC,C->CGCCAGCCTA,C->CGCCAGCCTATGCCGCCA,C->CGCCAGCCTATGCCGCCAAGCCGGCCACCCCCGAAGAGGTTGCCCAACTGCTGAAGGCCGCCTCTGAAAACGGTGTGCCGGTGACGGCCCGCGGGTCCGGGTGCGGCTTGTCGGGGGCCGCACGACCAGTCGAGGGTGGGCTGCTGATCTCGTTCGACCGGATGAACAAGGTCCTCGAGGTCGACACCGCCAACCAAGTCGCCGTCGTGCAGCCCGGGGTGGCGTTGACCGACCTGGACGCCGCTACCGCCGATACCGGGCTGCGGTACACGGNNNNNNNNNN,C->CGCCAGCCTATGCCGCCAAGCCGGCCACCCCCGAAGAGGTTGCCCAACTGCTGAAGGCCGCCTCTGAAAACGGTGTGCCGGTGACGGCCCGCGGGTCCGGGTGCGGCTTGTCGGGGGCCGCACGACCAGTCGAGGGTGGGCTGCTGATCTCGTTCGACCGGATGAACAAGGTCCTCGAGGTCGACACCGCCAACCAAGTCGCCGTCGTGCAGCCCGGGGTGGCGTTGACCGACCTGGACGCCGCTACCGCCGATACCGGGCTGCGGTACACGGTTTACCCGGGCGAGCTGTCCTCCAGCGTCGGCGGGAATGTCGGAACCAACGCCGGCGGGATGCGCGCGGTCAAGTACGGAGTGGCCCGCCATAACGTGCTCGGGTTGCAAGCGGTATTGCCCACCGGCGAGATCATCCGAACCGGCGGCAGGATGGCCAAGGTGTCCACCGGCTACGACCTCACCCAGCTGATCATCGGCTCGGAGGGCACCCTGGCCTTGGTCACCGAGGTGATCGTCAAGCTGCATCCGCGGCTCGACCACAACGCCAGCGTGCTCGCCCCGTTCGCCGACTTCGACCAAGTCATGGCGGCGGTGCCCAAGATCCTCGCCAGCGGCCTGGCACCTGACATCCTGGAGTACATTGACAACACTTCGATGGCCGCACTCATCTCCACTCAG

26358 3072705 0.98 I,D|I,D 0.99,0.0|0.0,0.99Rv2762c hypothetical protein118 Rv2762c, (MTV002.27c), len: 139 aa. Conserved hypothetical protein, similar to C-terminus of hypothetical proteins: Q9A380|CC3324 from Caulobacter crescentus (409 aa), FASTA scores: opt: 181, E(): 9.8e-05, (43.55% identity in 101 aa overlap); Q98KQ4|MLR1373 from Rhizobium loti (Mesorhizobium loti) (399 aa), FASTA scores: opt: 174, E(): 0.00028, (46.35% identity in 82 aa overlap); and Q9HZZ9|PA2844 from Pseudomonas aeruginosa (402 aa), FASTA scores: opt: 158, E(): 0.0033, (40.0% identity in 80 aa overlap).T->T,T->TC,T->TCCCCCC,T->TCCCCCCCC

37322 4314991 0.98 R,P|R,P 0.99,0.0|0.0,0.99Rv3842c glpQ1 191 Probable glycerophosphoryl diester phosphodiesterase GlpQ1 (glycerophosphodiester phosphodiesterase)C->C,C->CC,C->CG

6844 706086 0.97 A,T|A,R 0.99,0.0|0.01,0.98Rv0611c Hypothetical protein87 Rv0611c, (MTCY19H5.10), len: 127 aa. Hypothetical unknown protein. Note that first start has been taken although this overlaps slightly with the upstream ORF. This region is a possible MT-complex-specific genomic island (See Becq et al., 2007).C->C,C->T,Not found

38387 4407851 0.96 R,A|R,A 0.99,0.0|0.01,0.98Rv3919c gid 118 Probable glucose-inhibited division protein B GidG->-,G->G,G->GC,G->GCCCC,G->T

9962 1083551 0.9 A,V|A,G 0.99,0.0|0.01,0.98Rv0972c fadE12 67 Acyl-CoA dehydrogenase FadE12G->-,G->A,G->G,Not found

2929 313889 0.99 A,R|A,R 0.99,0.0|0.0,0.99Rv0261c narK3 94 Probable integral membrane nitrite extrusion protein NarK3 (nitrite facilitator)G->G,G->GC,Not found

9905 1077624 0.99 A,V|A,G 0.99,0.0|0.0,0.99Rv0966c hypothetical protein71 Rv0966c, (MTCY10D7.08), len: 200 aa. Conserved protein, equivalent to AL035500|MLCL373_12 conserved hypothetical protein from Mycobacterium leprae (200 aa),FASTA scores: opt: 1080, E(): 0, (79.5% identity in 200 aa overlap). Also highly similar to SCE6.30c|CAB88834.1|AL353832 hypothetical protein from Streptomyces coelicolor (277 aa). Some similarity to Rv2862c|MTV007.08 conserved hypothetical protein from Mycobacterium tuberculosis (194 aa), FASTA scores: E(): 3.1e-06, (31.5% identity in 184 aa overlap). Equivalent to AAK45243.1 from Mycobacterium tuberculosis strain CDC1551 (230 aa) but shorter 30 aa. Note that Rv0966c has been shortened since first entry.G->-,G->A,G->G

13750 1519822 0.99 S,-,W|-,W 0.99,0.0,0.0|0.99,0.0Rv1353c Probable transcriptional regulatory protein55 Rv1353c, (MTCY02B10.17c), len: 261 aa. Probable transcriptional regulatory protein, similar to TER1_ECOLI|P03038 tetracycline repressor protein class a from Escherichia coli (216 aa), FASTA scores, opt: 231,E(): 1.6e-08, (31.3% identity in 211 aa overlap). Helix turn helix motif present at aa 3859 (+3.59 SD). Belongs to the TetR/AcrR family of transcriptional regulators.C->C,C->CGTC,C->CGTCACT,C->CGTCACTG,C->CGTCACTGA,C->CGTCACTGATGG,C->CGTCACTGATGGA,C->CGTCACTGATGGCGTCG,C->CGTCACTGATGGCGTCGAGATCTA,C->CGTCACTGATGGCGTCGAGATCTAA,C->CGTCACTGATGGCGTCGAGATCTAAGGTACACTCGACTCCGTGCTTACTATAGGCGCGAAGCGCACCCTGAAGGTATGTATTCCACAACGTGGGATCGAGCGCGGGTTGCGATACCACAAGCCGGCATTGCGCATCAGAAACCCACACACTGAGATTTTCCGAAAAATGCANNNNNNNNNN

13935 1535147 0.99 A,D|A,D 0.99,0.0|0.0,0.99Rv1363c Possible membrane protein83 Rv1363c, (MTCY02B10.27c), len: 261 aa. Possible membrane protein, similar to Mycobacterium tuberculosis hypothetical proteins Rv1362c|MTCY02B10.26c (25.9% identity in 216 aa overlap); Rv1972|MTV051.10 and Rv0177 etc.C->-,C->C,C->CTCATAGTCG,C->CTCATAGTCGTCATAGTC

14665 1625332 0.99 R,A|A,T 0.99,0.0|0.99,0.0Rv1446c opcA 12 Putative OXPP cycle protein OpcAC->C,C->CGGCGG,C->CGGCGGCGG,C->CGGT,C->CGGTGGCGG,C->CGGTGGT,C->CGGTGGTGGTGGTGGTG,C->CGGTGGTGGTGGTGGTGGTG

17662 1987018 0.99 H,-|-,L 0.99,0.0|0.0,0.99Rv1755c plcD 227 Probable phospholipase C 4 (fragment) PlcDG->-,G->AGTACGCCTTCTTGTTGGCGGGTCCAGATGGCTTGCTCGATCGCGTCGAGGACCATGGAGGTGGCCATCGTGGAAGCGACCCGCCAGCCCAGGATCCTGCGAGCGTAGGCGTCGGTGACAAAGGCCACGTAGGCGAACCCTGCCCAGGTCGACACATAGGTGAGGTCTGCTACCCACAGCCGGTTAGGTGCTGGTGGTCCGAAGCGGCGCTGGACGAGATCGGCGGGACGGGCTGTGGCCGGATCAGCGATCGTGGTCCTGCGGGCTTTGCCGCGGGTGGTCCCGGACAGGCCGAGTTTGGTCATCAGCCGTTCGACGGTGCATCTGGCCACCTCGATGCCCTCACGGTTCAGGGTTAGCCACACTTTGCGGGCACCGTAAACACCGTAGTTGGCGGCGTGGACGCGGCTGATGTGCTCCTTGAGTTCGCCATCGCGCAGCTCGCGGCGGCTGGGCTCCCGGTTGATGTGGTCGTAGTAGGTCGATGGGGCGATCGGCACACCCAGCTCGGTCAGCTGTGTGCAGATCGACTCGACACCCCACCGCAAACCATCGGGGCCCTCGCGGTGGCCCTGATGATCGGCGATGAACCGGGTAATTAGCGTGCTGGCCGGTCGAGCTCGGCCGCGAAGAAAGCCGACGCGGTCTTTAAAATCGCGTTCGCCCTTCGCAATTCGGCGTTGTCCCGCCGCAAGCGCTTCAGCTCAGCGGATTCTTCGGTCGTGGTCCCGGGCCGTGCGCCGGCATCGACCTGCGCCTGGCGCACCCACTTACGCACCGTCTCCGCGCAGCCAACACCAAGTAGACGGGCGACCTCACTGATCGCTGCCCACTCCGAATCGTGCTGACCGCGGATCTCTGCGACCATCCGCACCGCCCGCTCACGCAGCTCCGGCGGGTACCTCCTCGATGAACCACCTGACATGACCCCATCCTTTCCAAGAACTGGAGTCTCCGGACATGCCGGGGCGGTTCANNNNNNNNNNTGAACCGCCCCGGTGAGTCCGGAGACTCTC

18995 2141551 0.99 D,N|D,S 0.99,0.0|0.0,0.99Rv1894c hypothetical protein107 Rv1894c, (MTCY180.24), len: 376 aa. Conserved hypothetical protein, weak similarity to some oxidoreductases e.g. Q01284 2-nitropropane dioxygenase precursor (378 aa), FASTA results: opt: 204, E(): 5.8e-06,(34.3% identity in 140 aa overlap). Similar to hypothetical Mycobacterium tuberculosis proteins e.g. Rv3553|MTCY03C7.02c (355 aa), FASTA results: opt: 296, E(): 1.6e-10, (32.9% identity in 167 aa overlap); Rv1533 (375 aa) (48.1% identity in 376 aa overlap); Rv0021c, Rv2781c.C->-,C->C,C->T

26530 3100148 0.99 N,S|N,S 0.99,0.0|0.0,0.99Rv2790c ltp1 8 Probable lipid-transfer protein Ltp1T->T,T->TCGA,T->TCGAC

28211 3343384 0.99 K,R|K,R 0.99,0.0|0.0,0.99Rv2986c hupB 146 DNA-binding protein HU homolog HupB (histone-like protein) (HLP) (21-kDa laminin-2-binding protein)T->C,T->T

30391 3709338 0.99 E,-,A|E,-,G0.99,0.0,0.0|0.0,0.0,0.99Rv3323c moaX 126 Probable MoaD-MoaE fusion protein MoaXT->G,T->T,T->TNNNNNNNNNN,T->TTGAA,T->TTGAAC,T->TTGAACCG,T->TTGAACCGC,T->TTGAACCGCCC,T->TTGAACCGCCCC,T->TTGAACCGCCCCCG,T->TTGAACCGCCCCG,T->TTGAACCGCCCCGG,T->TTGAACCGCCCCGGCATGTCCGGAGACTCCAGTTCTTGGAAAGGATGGGGTCATGTCAGGTGGTTCATCGAGGAGGTACCCGCCGGAGCTGCGTGAGCGGGCGGTGCGGATGGTCGCAGAGATCCGCGGTCAGCACGATTCGGAGTGGGCAGCGATCAGTGAGGTCGCCCGTCTACTTGGTGTTGGCTGCGCGGAGACGGTGCGTAAGTGGGTGCGCCAGGCGCAGGTCGATGCCGGCGCACGGCCCGGGACCACGACCGAAGAATCCGCTGAGCTGAAGCGCTTGCGGCGGGACAACGCCGAATTGCGAAGGGCGAACGCGATTTTAAAGACCGCGTCGGCTTTCTTCGCGGCCGAGCTCGACCGGCCAGCACGCTAATTACCCGGTTCATCGCCGATCATCAGGGCCACCGCGAGGGCCCCGATGGTTTGCGGTGGGGTGTCGAGTCGATCTGCACACAGCTGACCGAGCTGGGTGTGCCGATCGCCCCATCGACCTACTACGACCACATCAACCGGGAGCCCAGCCGCCGCGAGCTGCGCGATGGCGAACTCAAGGAGCACATCAGCCGCGTCCACGCCGCCAACTACGGTGTTTACGGTGCCCGCAAAGTGTGGCTAACCCTGAACCGTGAGGGCATCGAGGTGGCCAGATGCACCGTCGAACGGCTGATGACCAAACTCGGCCTGTCCGGGACCACCCGCGGCAAAGCCCGCAGGACCACGATCGCTGATCCGGCCACAGCCCGTCCCGCCGATCTCGTCCAGCGCCGCTTCGGACCACCAGCACCTAACCGGCTGTGGGTAGCAGACCTCACCTATGTGTCGACCTGGGCAGGGTTCGCCTACGTGGCCTTTGTCACCGACG

32287 3832353 0.99 A,P|A,P 0.99,0.0|0.0,0.99Rv3413c Unknown alanine and proline rich protein232 Rv3413c, (MTCY78.16), len: 299 aa. Unknown ala-,pro-rich protein.Not found

33213 3904957 0.99 H,-,D|-,G 0.99,0.0,0.0|0.0,0.99Rv3485c Probable short-chain type dehydrogenase/reductase204 Rv3485c, (MTCY13E12.38c), len: 314 aa. Probable short-chain dehydrogenase/reductase, similar, but longer 41 aa, to P71824|Rv0769|MTCY369.14 putative short-chain type dehydrogenase/reductase CY369.14 from Mycobacterium tuberculosis (248 aa), FASTA scores: opt: 462, E(): 1.8e-19, (34.0% identity in 253 aa overlap). Also similar to various dehydrogenases e.g. P25529|HDHA_ECOLI|HSDH|B1619 NAD-dependent 7 alpha-hydroxysteroid dehydrogenase (SDR family) from Escherichia coli strain K12 (alias BAB35750|ECS2327 or AAG56608|HDHA for strain O157:H7) (255 aa), FASTA scores: opt: 462, E(): 1.8e-19, (34.7% identity in 248 aa overlap); Q9FD15|RUBG putative reductase (SDR family) from Streptomyces collinus (249 aa), FASTA scores: opt: 446, E(): 1.5e-18, (36.1% identity in 255 aa overlap); BAB51974|MLL5540 putative dehydrogenase from Rhizobium loti (Mesorhizobium loti) (253 aa), FASTA scores: opt: 442, E(): 2.5e-18, (36.25% identity in 251 aa overlap); Q08632|SDR1_PICAB short-chain type dehydrogenase/reductase (SDR family) fC->C,C->CGCG,C->CGCGCA,C->CGCGCAAGCGCGAGCGCAAGGTAACCACCCGCGGAATCACCGGCCAACACGATCTGTTCCGGCCGGTATCCGCGCGCCCGCAACCATTGGTATGCATCGTGGCAGTCGTCGAGCGCCATCCCCAGCGAATGCTTAGGGATCAGCCGATAGTCGACTATCAACACGGGTGATTCGGCAAATCCTGACAGCGCGTTGACGATCCTGCTGTGCGAATTCGGCCCGCANNNNNNNNNN,C->CGCGCAAGCGCGAGCGCAAGGTAACCACCCGCGGAATCACCGGCCAACACGATCTGTTCCGGCCGGTATCCGCGCGCCCGCAACCATTGGTATGCATCGTGGCAGTCGTCGAGCGCCATCCCCAGCGAATGCTTAGGGATCAGCCGATAGTCGACTATCAACACGGGTGATTCGGCAAATCCTGACAGNNNNNNNNNN,C->CGCGCAAGCGCGAGCGCAAGGTAACCACCCGCGGAATCACCGGCCAACACGATCTGTTCCGGCCGGTATCCGCGCGCCCGCAACCATTGGTATGCATCGTGGCANNNNNNNNNN

37733 4359174 0.99 P,T|P,T 0.99,0.0|0.0,0.99Rv3879c espK 204 ESX-1 secretion-associated protein EspK Alanine and proline rich proteinNot found

6844 706086 0.98 A,T|A,R 0.99,0.0|0.0,0.99Rv0611c Hypothetical protein87 Rv0611c, (MTCY19H5.10), len: 127 aa. Hypothetical unknown protein. Note that first start has been taken although this overlaps slightly with the upstream ORF. This region is a possible MT-complex-specific genomic island (See Becq et al., 2007).C->C,C->T,Not found

9155 964771 0.98 V|V,P 1.0|0.0,0.99Rv0867c rpfA 256 Possible resuscitation-promoting factor RpfANot found,T->-,T->C,T->CGCCAGGTCGGCGGGCGCGGGTGGNNNNNNNNNN,T->T

9464 1002282 0.98 A,G|A,G 0.99,0.0|0.0,0.99Rv0897c Probable oxidoreductase45 Rv0897c, (MTCY31.25c), len: 535 aa. Possible oxidoreductase, similar to various oxidoreductases from diverse organisms e.g. CAB94055.1|AL358672 putative oxidoreductase from Streptomyces coelicolor (540 aa); NP_147877.1|NC_000854 phytoene dehydrogenase from Aeropyrum pernix (549 aa); Q01671|CRTD_RHOSH methoxyneurosporene dehydrogenase from Rhodobacter sphaeroides (495 aa), FASTA scores: opt: 139, E(): 2.6e-06, (23.8% identity in 538 aa overlap); etc. Also similar to Rv1432, Rv2997, and Rv3829c from Mycobacterium tuberculosis.G->G,G->GC,G->GCCCCCCCC

15634 1721425 0.98 G,R|G,R 0.99,0.0|0.0,0.99Rv1526c Probable glycosyltransferase213 Rv1526c, (MTCY19G5.02), len: 426 aa. Probable glycosyltransferase, highly similar to G467196 Protein L518_C2_147 from Mycobacterium leprae (421 aa), FASTA scores, opt: 1497, E(): 0, (55.0% identity in 424 aa overlap); similar to G452504 rhamnosyltransferase (24.7% identity in 433 aa overlap); and P96565|U84350 glycosyltransferase GTFE from Amycolatopsis orientalis (408 aa), E(): 3.4e-24, (28.4% identity in 429 aa overlap), also high similarity to Rv1524|MTCY19G5.04c (58.7 % identity in 416 aa overlap).Not found

28018 3308313 0.98 H,P|H,P 0.99,0.0|0.0,0.99Rv2955c hypothetical protein78 Rv2955c, (MTCY349.34), len: 321 aa. Conserved protein, similar to others e.g. Q98NV5|MLL9724 hypothetical protein from Rhizobium loti (Mesorhizobium loti) (284 aa),FASTA scores: opt: 231, E(): 6.5e-08, (34.6% identity in 182 aa overlap); Q9AGG2|NLPE1 NLPE1 from Rhizobium etli (249 aa), FASTA scores: opt: 212, E(): 1.1e-06, (27.85% identity in 255 aa overlap); Q9KXY2 hypothetical 31.3 KDA protein from Streptomyces coelicolor(291 aa), FASTA scores: opt: 211, E(): 1.4e-06, (30.9% identity in 249 aa overlap); etc. This region is a possible MT-complex-specific genomic island (See Becq et al., 2007).T->-,T->T,T->TG,T->TGG,T->TGGG,T->TGGGGGG,T->TGGGGGGGG,T->TT

37204 4303055 0.98 A,W|A,W 0.99,0.0|0.0,0.99Rv3828c Possible resolvase115 Rv3828c, (MTCY409.02), len: 203 aa. Possible resolvase within IS1537 element, similar to others e.g. Q97X40|SSO1915 first ORF in transposon ISC1913 from Sulfolobus solfataricus (213 aa), FASTA scores: opt: 275,E(): 1.6e-11, (30.6% identity in 196 aa overlap); Q9V1M0|PAB2076 resolvase related protein from Pyrococcus abyssi (212 aa), FASTA scores: opt: 254, E(): 4.2e-10,(29.95% identity in 197 aa overlap); Q9RMU7|ORFA putative transposase (belongs to the MerR family of transcriptional regulators) from Helicobacter pylori (Campylobacter pylori) (217 aa), FASTA scores: opt: 243, E(): 2.3e-09, (31.8% identity in 154 aa overlap); etc. Also highly similar to proteins from Mycobacterium tuberculosis e.g. O33334|Rv2792c|MTV002.57c resolvase (193 aa), FASTA scores: opt: 970, E(): 1.5e-58, (79.25% identity in 193 aa overlap); O07773|Rv0605|MTCY19H5.17c putative resolvase (202 aa), FASTA scores: opt: 964, E(): 4e-58, (76.25% identity in 202 aa overlap); P95116|Rv2979c|MTCY349.08 hypothetical 21.4 KDA protein (194 aa), FAC->C,C->CA,C->CAAAAA,Not found

37322 4314991 0.98 R,P|R,P 0.99,0.0|0.0,0.99Rv3842c glpQ1 191 Probable glycerophosphoryl diester phosphodiesterase GlpQ1 (glycerophosphodiester phosphodiesterase)C->C,C->CC,C->CG  

Appendix 10: The most discriminative polymorphisms to distinguish between resistant and 
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'id Position Power Alleles Allelic_frequenciesLocus Gene Codon AnnotationMolType

69 7570 1.0 A|V 1.0|1.0 Rv0006 gyrA 90 DNA gyrase (subunit A) GyrA (DNA topoisomerase (ATP-hydrolysing)) (DNA topoisomerase II) (type II DNA topoisomerase)C->A,C->G,C->T

150 14861 1.0 G|V 1.0|1.0 Rv0012 Probable conserved membrane protein258 Rv0012, (MTCY10H4.12), len: 262 aa. Probable conserved membrane protein. Belongs to superfamily DUF881. Contains probable N-terminal signal sequence.G->A,G->G,G->GC,G->T

156 15117 1.0 I|M 1.0|1.0 Rv0013 trpG 68 Possible anthranilate synthase component II TrpG (glutamine amidotransferase)C->G

171 16119 1.0 R|L 1.0|1.0 Rv0014c pknB 451 Transmembrane serine/threonine-protein kinase B PknB (protein kinase B) (STPK B)C->A

182 17654 1.0 Q|P 1.0|1.0 Rv0015c pknA 370 Transmembrane serine/threonine-protein kinase A PknA (protein kinase A) (STPK A)T->G

183 17657 1.0 Q|R 1.0|1.0 Rv0015c pknA 369 Transmembrane serine/threonine-protein kinase A PknA (protein kinase A) (STPK A)T->C

327 30943 1.0 S|P 1.0|1.0 Rv0026 hypothetical protein408 Rv0026, (MTCY10H4.26), len: 448 aa. Conserved hypothetical protein, showing some similarity to other proteins from Mycobacterium tuberculosis: Rv0025 FASTA score: (35.4% identity in 113 aa overlap) and Rv0739 (268 aa), FASTA score: (32.4% identity in 142 aa overlap).C->T

401 36008 1.0 D|H 1.0|1.0 Rv0032 bioF2 572 Possible 8-amino-7-oxononanoate synthase BioF2 (AONS) (8-amino-7-ketopelargonate synthase) (7-keto-8-amino-pelargonic acid synthetase) (7-KAP synthetase) (L-alanine--pimelyl CoA ligase)G->C

423 37305 1.0 S|W 1.0|1.0 Rv0035 fadD34 16 Probable fatty-acid-CoA ligase FadD34 (fatty-acid-CoA synthetase) (fatty-acid-CoA synthase)C->G

426 37334 1.0 T|S 1.0|1.0 Rv0035 fadD34 26 Probable fatty-acid-CoA ligase FadD34 (fatty-acid-CoA synthetase) (fatty-acid-CoA synthase)A->T

482 42281 1.0 C|F 1.0|1.0 Rv0039c Possible conserved transmembrane protein24 Rv0039c, (MTCY21D4.02c, MTCY10H4.39c), len: 115 aa. Possible conserved transmembrane protein. A core mycobacterial gene; conserved in mycobacterial strains (See Marmiesse et al., 2004).C->A

503 44768 1.0 R|G 1.0|1.0 Rv0041 leuS 403 Probable leucyl-tRNA synthetase LeuS (leucine--tRNA ligase) (LEURS)A->G

550 49360 1.0 V|I 1.0|1.0 Rv0045c Possible hydrolase194 Rv0045c, (MTCY21D4.08c), len: 298 aa. Possible hydrolase, showing similarity with others. Also similar to Mycobacterium tuberculosis proteins Rv3473c, Rv1123c,Rv1938, Rv3617, Rv3670, etc.C->C,C->T

556 49690 1.0 G|H 1.0|1.0 Rv0045c Possible hydrolase84 Rv0045c, (MTCY21D4.08c), len: 298 aa. Possible hydrolase, showing similarity with others. Also similar to Mycobacterium tuberculosis proteins Rv3473c, Rv1123c,Rv1938, Rv3617, Rv3670, etc.G->-,G->G,G->GC

743 69871 1.0 F|L 1.0|1.0 Rv0064 Probable conserved transmembrane protein418 Rv0064, (MTV030.07), len: 979 aa. Probable conserved transmembrane protein, similar to many. Contains probable coiled-coil domain from aa 948 to 976.C->-,C->T

754 70267 1.0 V|F 1.0|1.0 Rv0064 Probable conserved transmembrane protein550 Rv0064, (MTV030.07), len: 979 aa. Probable conserved transmembrane protein, similar to many. Contains probable coiled-coil domain from aa 948 to 976.G->-,G->T,T->-

798 73200 1.0 N|D 1.0|1.0 Rv0066c icd2 438 Probable isocitrate dehydrogenase [NADP] Icd2 (oxalosuccinate decarboxylase) (IDH) (NADP+-specific ICDH) (IDP)T->C

893 79558 1.0 A|P 1.0|1.0 Rv0071 Possible maturase25 Rv0071, (MTV030.14), len: 235 aa. Possible maturase,similar to many proteins of the group II intron maturase family. Contains 5 VDP repeats at N-terminus, these are also found in two Streptococcus plasmid hypothetical proteins Q52246|X17092 and Q54942|X66468.G->-,G->C,G->CCGGTGGAG,G->CCNNNNNNNNNNCGGTGGACCCGGTGGACCCGGTGGACCCGGTGGACCCGGTGGACCCGGTGGACGCCGTGGTCGCC,G->GCGGGGGACC,G->GCGGTGGAC,G->GCGGTGGACC,G->GCGGTGGACCC,G->GCGGTGGACCCGGTGGACGC,G->NNNNNNNNNNCGGTGGACCCGGTGGACCCGGTGGACCCGGTGGACCCGGTGGACCCGGTGGACGCCGTGGTCGCC

899 79571 1.0 A|V 1.0|1.0 Rv0071 Possible maturase29 Rv0071, (MTV030.14), len: 235 aa. Possible maturase,similar to many proteins of the group II intron maturase family. Contains 5 VDP repeats at N-terminus, these are also found in two Streptococcus plasmid hypothetical proteins Q52246|X17092 and Q54942|X66468.C->-,C->G,C->GGTGGACCCGGTGGACCCGGTGGACCCGGTGGACCCGGTGGACCCGGTGGACGCCGTGGTCGCC,C->NNNNCGGTGGACCCGGTGGACCCGGTGGACCCGGTGGACCCGGTGGACCCGGTGGACGCCGTGGTCGCC,C->T,C->TGGACCCGGTGGACCCGGTGGACCCGGTGGACCCGGTGGACCCGGTGGACGCCGTGGTCGCC

1141 103756 1.0 P|H 1.0|1.0 Rv0094c hypothetical protein303 Rv0094c, (MTCY251.13c), len: 317 aa. Member of 13E12 repeat family, showing some similarity to U15187|MLU15187_7 from Mycobacterium leprae (94 aa), FASTA score: (49.4% identity in 79 aa overlap).G->A,G->GGTG,G->T,G->TCGTGGTGGTGGAAGGTGTTGGTGCGGGGTTGGCCGTGGTCGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTTGTTGTGGGTGGTCCAGCCTTTTTCGGCGAGTCGGTTGTCGGGGCCGCAGGCCAGGGTCAGCTCGGTGATGTCGGTGCGTCCGGTGCTGGTCCAGGCGGTGACGTGGTGGGCTTGGCTGTGGTAGGCCGGTGCGTCACAGCCGGGTTTGGTGCAGCCGCGGTCGTTGGCGAACAGCATGATCCGCTGGGCCGGGGAGGCTAGGCGTTTGGTGTGATACAGCGCCAGGGGTGTGCCGTGGTCGAAGATCGCCTGGGGGTACCTCCCGCTTGCGGGGGAGTAGTGGTGGGCGTGGCTGGTCATGCGGATCACATCGGCCATGGGTAGCAGGGTGCCGCCGCCGGTGAAGCCCTTGCCGGCGCCGGTTTGCAGGTCGGTCAGGGTGGTGGTGACCACGATCGAGACGGGAAGACCGTTGTGTTGGCCCAGTTTCCCGGAGGCGATCAGCGCGCGCAGCCCGGCCAGCAGCCCGTCGTGGTTGCGTTGGGCTTGGCTGCGGGTGTCGCGGTCGATGGCGGCCGCATCGGGGGTGGTGTCGATGACCGGGGTGTGGTCGTCGGGGTTGGTCGCGCCGGGGGCGGCCAGTTTGGCTAGCACGGCTTCAAAGGTGGCCCGCGCTTGGGGGGTCAGGTAGCCACTTAGCCGTGACATGCCGTCGTATTGCTGGTTGCTCAGGGTGATGCCGCGTTTGCGGGCGCGTTCGGTGTCGGTGAGGTCGCCGTCGGGGTGTAGCCAGTCCATGACCCGCTGGGCGTAGCGGGCCAGCTCGTCGGGACGATATTGAGCGGCTTTGCCGGCCAGGTCGGCTTCGGCGGCCTGGCGGGTGGACACATCCACCGCGGCGGGCAGGTGGGCGAAAAAGGGCGCGAATCACTTTGATGTGCGCCTCGCCGATCAGGCCCTGGCGTTGGGCGGTGGCGGTG

1190 104936 1.0 T|A 1.0|1.0 Rv0095c hypothetical protein94 Rv0095c, (MTCY251.14c), len: 136 aa. Member of 13E12 repeat, also partially similar to AF0418|AF041819_8 from Mycobacterium bovis BCG (222 aa), FASTA score: (89.6% identity in 96 aa overlap).G->-,G->AAAGG,G->TGTGCTGGGCCGCCGGTAGCCGGCGCGCCAAGCATTCCAGACGTTCCAGAGACCGCAGCCGTTCCGGGGTGCTCAGCACCTCAAAGG,T->-,T->C,T->GCGTGACCCACCGCCGGTAGCCGGCGCA

1191 104940 1.0 Q|H 1.0|1.0 Rv0095c hypothetical protein93 Rv0095c, (MTCY251.14c), len: 136 aa. Member of 13E12 repeat, also partially similar to AF0418|AF041819_8 from Mycobacterium bovis BCG (222 aa), FASTA score: (89.6% identity in 96 aa overlap).C->-,C->A,C->GACCCACCGCCGGTAGCCGGCGCA,G->-,G->CTGGGCCGCCGGTAGCCGGCGCGCCAAGCATTCCAGACGTTCCAGAGACCGCAGCCGTTCCGGGGTGCTCAGCACCTCAAAGG,G->G

1192 104941 1.0 Q|R 1.0|1.0 Rv0095c hypothetical protein92 Rv0095c, (MTCY251.14c), len: 136 aa. Member of 13E12 repeat, also partially similar to AF0418|AF041819_8 from Mycobacterium bovis BCG (222 aa), FASTA score: (89.6% identity in 96 aa overlap).C->-,C->TGGGCCGCCGGTAGCCGGCGCGCCAAGCATTCCAGACGTTCCAGAGACCGCAGCCGTTCCGGGGTGCTCAGCACCTCAAAGG,T->-,T->ACCCACCGCCGGTAGCCGGCGCA,T->C

1193 104942 1.0 Q|E 1.0|1.0 Rv0095c hypothetical protein92 Rv0095c, (MTCY251.14c), len: 136 aa. Member of 13E12 repeat, also partially similar to AF0418|AF041819_8 from Mycobacterium bovis BCG (222 aa), FASTA score: (89.6% identity in 96 aa overlap).G->-,G->C,G->CCCACCGCCGGTAGCCGGCGCA,T->-,T->GGGCCGCCGGTAGCCGGCGCGCCAAGCATTCCAGACGTTCCAGAGACCGCAGCCGTTCCGGGGTGCTCAGCACCTCAAAGG

1194 104943 1.0 H|Q 1.0|1.0 Rv0095c hypothetical protein92 Rv0095c, (MTCY251.14c), len: 136 aa. Member of 13E12 repeat, also partially similar to AF0418|AF041819_8 from Mycobacterium bovis BCG (222 aa), FASTA score: (89.6% identity in 96 aa overlap).Not found

1195 104944 1.0 A|V 1.0|1.0 Rv0095c hypothetical protein91 Rv0095c, (MTCY251.14c), len: 136 aa. Member of 13E12 repeat, also partially similar to AF0418|AF041819_8 from Mycobacterium bovis BCG (222 aa), FASTA score: (89.6% identity in 96 aa overlap).G->-,G->A,G->CACCGCCGGTAGCCGGCGCA,G->GACCCA,G->GACCCACC,G->GCCA,G->GCCACC,G->GCCCACC,G->GCCGCCGGTAGCCGGCGCGCCAAGCATTCCAGACGTTCCAGAGACCGCAGCCGTTCCGGGGTGCTCAGCACCTCAAAGG

1196 104962 1.0 A|V 1.0|1.0 Rv0095c hypothetical protein85 Rv0095c, (MTCY251.14c), len: 136 aa. Member of 13E12 repeat, also partially similar to AF0418|AF041819_8 from Mycobacterium bovis BCG (222 aa), FASTA score: (89.6% identity in 96 aa overlap).C->-,C->GCCAAGCATTCCAGACGTTCCAGAGACCGCAGCCGTTCCGGGGTGCTCAGCACCTCAAAGG,G->-,G->A,G->CA,G->GGTTCACA,G->NNNNNNNNNNACGTGTGCCCGACCGCCGGTAGCCGGCGCACCAAGCATTCCAGACGTTCCAGAGACCGCAGCCGTTCCGGGGTGGTCAACACCTCAAAAG

1198 105007 1.0 S|T 1.0|1.0 Rv0095c hypothetical protein70 Rv0095c, (MTCY251.14c), len: 136 aa. Member of 13E12 repeat, also partially similar to AF0418|AF041819_8 from Mycobacterium bovis BCG (222 aa), FASTA score: (89.6% identity in 96 aa overlap).C->-,C->CATTCCAGACGTTCCAGAGACCGCAGCCGTTCCGGGGTGGTCAACACCTCAAAAG,C->CTCGCTGGCTTGGGTGTCGAGTTGGTTGATCAACGTGTGCCCGACCGCCGGTAGCCGGCGCACCAAGCATTCCAGACGTTCCAGAGACCGCAGCCGTTCTGGGGTGGTCAACACCTCAAAAG,C->G,G->-,G->CTCAGCACCTCAAAGG

1208 105139 1.0 G|V 1.0|1.0 Rv0095c hypothetical protein26 Rv0095c, (MTCY251.14c), len: 136 aa. Member of 13E12 repeat, also partially similar to AF0418|AF041819_8 from Mycobacterium bovis BCG (222 aa), FASTA score: (89.6% identity in 96 aa overlap).C->A,C->T

1332 123454 1.0 Q|* 1.0|1.0 Rv0104 hypothetical protein380 Rv0104, (MTCY251.23), len: 504 aa. Conserved hypothetical protein, showing weak similarity with other cAMP-dependent protein kinases e.g. AAC37564.1|M65066 cAMP-dependent protein kinase RI-beta regulatory subunit from Homo sapiens (380 aa); etc.C->T

1336 123520 1.0 Y|H 1.0|1.0 Rv0104 hypothetical protein402 Rv0104, (MTCY251.23), len: 504 aa. Conserved hypothetical protein, showing weak similarity with other cAMP-dependent protein kinases e.g. AAC37564.1|M65066 cAMP-dependent protein kinase RI-beta regulatory subunit from Homo sapiens (380 aa); etc.T->C

1486 139297 1.0 G|V 1.0|1.0 Rv0115 hddA 262 Possible D-alpha-D-heptose-7-phosphate kinase HddAG->T

1504 141623 1.0 D|N 1.0|1.0 Rv0117 oxyS 142 Oxidative stress response regulatory protein OxySG->A

1519 143207 1.0 S|G 1.0|1.0 Rv0118c oxcA 224 Probable oxalyl-CoA decarboxylase OxcAT->C

1546 146236 1.0 K|N 1.0|1.0 Rv0120c fusA2 513 Probable elongation factor G FusA2 (EF-G)Not found

1555 147262 1.0 N|K 1.0|1.0 Rv0120c fusA2 171 Probable elongation factor G FusA2 (EF-G)G->T

1752 163705 1.0 P|S 1.0|1.0 Rv0136 cyp138 114 Probable cytochrome P450 138 Cyp138C->CT,C->T

1753 163706 1.0 P|L 1.0|1.0 Rv0136 cyp138 114 Probable cytochrome P450 138 Cyp138C->T

1786 166565 1.0 I|V 1.0|1.0 Rv0139 Possible oxidoreductase247 Rv0139, (MTCI5.13), len: 340 aa. Possible oxidoreductase, similar to others e.g. O34285|HPNA HPNA protein from Zymomonas mobilis (337 aa), FASTA scores: opt: 507, E (): 5.8e-27, (31.1% identity in 328 aa overlap); TRE_STRGR|P29782 dtdp-glucose 4,6-dehydratase (328 aa),FASTA scores: opt: 254, E(): 2.6e-10, (29.0% identity in 307 aa overlap).A->G

Appendix 11: The most discriminative polymorphisms to distinguish between resistant and 

susceptible strains in lineage 4.1. 
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'id Position Power Alleles Allelic_frequenciesLocus Gene Codon AnnotationMolType

7235 761155 0.89 S,L,W|L 0.92,0.06,0.0|1.0Rv0667 rpoB 450 DNA-directed RNA polymerase (beta chain) RpoB (transcriptase beta chain) (RNA polymerase beta subunit)C->A,C->G,C->T

1180 104824 0.63 S,I|S,I 0.98,0.01|0.33,0.66Rv0095c hypothetical protein131 Rv0095c, (MTCY251.14c), len: 136 aa. Member of 13E12 repeat, also partially similar to AF0418|AF041819_8 from Mycobacterium bovis BCG (222 aa), FASTA score: (89.6% identity in 96 aa overlap).C->-,C->A,C->ACCC,C->CAGCGTGCCGCCCAGTTCTTCCTCGCTGGCTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCC,C->CAGTTCTTCCTCGCTGGCTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCCACCGCCGGTAGCCGGCGCA,C->CCCAGTTCTTCCTCGCTGGCTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCCACCGCCGGTAGCCGGCGCA,C->CCTCGCTGGCTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCCA,C->CTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCCA,C->GATGCGCCGGGCGGCG,C->GATGCGTA,C->GATGCGTAGGGCGGCG,C->GATGCGTAGGGCGGCGTCGGGCTTGGTGATGCGTAACCGGTTGGCCAGCGCGCAGCACAGCGTGCCGCCCAGTTCTTCCTCGCTGGCTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCCACCGCCGGTAGCCGGCGCA,C->GGCGATGCGTAGGGCGGCGTCGGGCTTGGTGATGCGTAA,C->GGGCGGCG,C->GGGTGTCGAGTTGGTTGATCAACGCGTGACCCACCGCCGGTAGCCGGCGCA,C->GTGACCC,C->TCTTCCTCGCTGGCTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCCACCGCCGGTAGCCGGCGCA,C->TTCCAGAGACCGCAGCCGTTCCGGGGTGGTCAACACCTCAAAA,G->-,G->CGAGTTGGTTGATCAACGTGTGCTGGGCCGCCGGTAGCCGGCGCGCCAAGCATTCCAGACGTTCCAGAGACCGCAGCCGTTCCGGGGTGCTCAGCACCTCAAAGG,G->CGCCAAGCATTCCAGACGTTCCAGAGACCGCAGCCGTTCCGGGGTGCTCAGCACCTCAAAGG,G->CTGCGTCGGCCGGCTTCGGGCTTGGTGATGCGCAGCCGGTTGGCCAGCGCGCAGCACAGCGTGCCGCCCAGTTCTTCCT

7235 761155 0.6 S,L,W|L 0.93,0.05,0.0|1.0Rv0667 rpoB 450 DNA-directed RNA polymerase (beta chain) RpoB (transcriptase beta chain) (RNA polymerase beta subunit)C->A,C->G,C->T

 

Appendix 12: The most discriminative polymorphisms to distinguish between resistant and 

susceptible strains in lineage 4 (Cameroon). 
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'id Position Power Alleles Allelic_frequenciesLocus Gene Codon AnnotationMolType

7230 761109 1.0 D|Y 1.0|1.0 Rv0667 rpoB 435 DNA-directed RNA polymerase (beta chain) RpoB (transcriptase beta chain) (RNA polymerase beta subunit)G->-,G->C,G->G,G->T,G->TGG

7239 761277 1.0 I|L 1.0|1.0 Rv0667 rpoB 491 DNA-directed RNA polymerase (beta chain) RpoB (transcriptase beta chain) (RNA polymerase beta subunit)A->C,A->G,A->T

20387 2288727 1.0 L|R 1.0|1.0 Rv2043c pncA 172 Pyrazinamidase/nicotinamidase PncA (PZase)A->-,A->C,A->G

36777 4247469 1.0 Y|S 1.0|1.0 Rv3795 embB 319 Integral membrane indolylacetylinositol arabinosyltransferase EmbB (arabinosylindolylacetylinositol synthase)A->C,A->G

36943 4269124 1.0 A|V 1.0|1.0 Rv3806c ubiA 237 Decaprenylphosphoryl-5-phosphoribose (DPPR) synthase (decaprenyl-phosphate 5-phosphoribosyltransferase)G->A

38071 4383142 0.92 C,P|P 0.92,0.07|1.0Rv3897c hypothetical protein167 Rv3897c, (MTCY15F10.15), len: 210 aa. Conserved hypothetical protein, highly similar in part to Q10691|YK83_MYCTU|Rv2083|MT2145|MTCY49.22 hypothetical 30.8 KDA protein from Mycobacterium tuberculosis (314 aa) FASTA scores: opt: 815, E(): 4.7e-26, (73.05% identity in 167 aa overlap). Similarity to MTCY49.22 suggests that this is a continuation of MTCY15F10.14. There is a frameshift mutation near 3'-end with respect to this sequence as well,similarity to MTCY49.22 continues in an overlapping ORF. Sequence appears to be correct.A->-,A->AAACGG,A->AACCAGG,A->AACCGG,A->ACACGG,A->ACCCGG,A->ACCCGGG,A->ACCGG,A->AGACGGG,A->AGCAGGGC,A->AGCCCG,A->AGCCCGGCCCG,A->AGCCGAGCC,A->AGCCGCGCC,A->AGCCGG,A->AGCCGGG,A->AGCCGGGCC,A->AGCCGGGGCC,A->AGCGGG,A->AGCGGGGC,A->AGGCGG,A->AGGCGGG,A->AGTCGGG,A->ATCCGG

35656 4095000 0.71 D,T|T 0.83,0.16|1.0Rv3655c hypothetical protein101 Rv3655c, (MTV025.003c), len: 125 aa. Hypothetical protein, with similarity to Q9X917|SCH5.15c hypothetical 15.2 KDA protein from Streptomyces coelicolor (150 aa) FASTA scores: opt: 211, E(): 7.7e-07, (39.65% identity in 111 aa overlap). Equivalent to AAK48119 from Mycobacterium tuberculosis strain CDC1551 (99 aa) but longer 26 aa at the C-terminus.Not found,T->-,T->T,T->TG,T->TGACCCCGGCTCG

9145 964674 0.64 S,P|P 0.81,0.18|1.0Rv0867c rpfA 288 Possible resuscitation-promoting factor RpfAA->-,A->G,A->GCGCCAGTTCGGCGGGAGCTGCCGGGAGGGGTTCACCCAGCGGCGCGGGCAGGTCGTTTACGGCAAGTTCCACGGGTGGTGCCAGGTCGGCGGGCGCGGGTGGCGCCAGGTCGGCGGGCGCGGGTGGNNNNNNNNNN,A->GCGCGGGTGGTGCCAGGTCGGCGGGTGGTGCCGGGTCGGCGGGAGCTGCCGGGAGGGGTTCACCCAGCGGTGCGGGCAGGTCGTTNNNNNNNNNN

12535 1341624 0.64 Q,K|K 0.81,0.18|1.0Rv1199c Possible transposase328 Rv1199c, (MTCI364.11c), len: 415 aa. Possible transposase for IS1081, identical to TRA1_MYCBO|P35882 transposase for insertion sequence element (415 aa); region identical to MTCY441.35 (100.0% identity in 261 aa overlap); and almost identical to MTCY10G2.02c (415 aa) (99.8% identity in 415 aa overlap). Contains PS01007 Transposases, Mutator family, signature, PS00435 Peroxidases proximal heme-ligand signature.G->T

16028 1779280 0.64 V,P|P 0.81,0.18|1.0Rv1572c hypothetical protein7 Rv1572c, (MTCY336.31B), len: 34 aa. Partial ORF,part of REP13E12 repeat element; 3' end of Rv1587c (MTCY336.17) after phage-like element (see citation below). Similar to C-terminal ends of other REP13E12 repeat elements e.g. Rv1148, Rv1945, Rv3467, etc. Length extended since first submission (+7 aa). This region is a possible MT-complex-specific genomic island (See Becq et al.,2007).C->-,C->C,C->CG,C->CGAGG,C->CGAGGCGGGG,C->CGAGGT,C->CGAGGTG,C->CGAGGTGG,C->CGAGGTGGGA,C->CGAGGTGGGG,C->CGAGGTGGGGT,C->CGAGGTGGGGTGG,C->CGAGGTGGGGTGGT,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGT,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTT,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTTGTTGTGGGTGGTCCAGCCTTTTTCGGCGAGTCGGTTGTCGGGGTCGCAGGCCAGGGTGAGG,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTTTTTGCGGGTGGTCCAGCCTTTTTCGGCGAGTCGGTTGTCGGGGT,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTTTTTGCGGGTGGTCCAGCCTTTTTCGGCGAGTCGGTTGTCGGGGTCGCAGGCCAGGGTGAGG,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTTTTTGCGGGTGGTCCAGCCTTTTTCGGCGAGTCGGTTGTCGGGGTCGCAGGCCAGGGTGAGGTCGGTGATGTCGGTGCGTCCGGTGCTGGTCCAGGCGGTGACGTGGTGGGCTTGGCTGTGGTAGGCCGGTGCGTCACAGCCGGGTTTGGTGCAGCCGCGGTCGTTGGCGAACAGCATGATCCGCTGGGCCGGGGAGGCTAGGCGTTTGGTGTGATACAGCGCCAGGGGTGTGCCGTGGTCGAAGATCGCCTGGGGGTACCTCCCGCTTGCGGGGGAGTAGTGGTGGGCGTGGCTGGTCATGCGGATCACATCGGCCATGGGTAGCAGGGTGCCGCCGCCGGTGAAGCCCTTGCCGGCGCCGGTTTGCAGGTCGGTCAGGGTGGTGGTGACCACGATCGAGACGGGAAGACCGTTGTGTTGGCCCAGTT

  

Appendix 13: The most discriminative polymorphisms to distinguish between resistant and 

susceptible strains in lineage 4 (Ghana). 
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'id Position Power Alleles Allelic_frequenciesLocus Gene Codon AnnotationMolType

15572 1715967 1.6 L,*,P|*,P 0.8,0.06,0.13|0.5,0.5Rv1522c mmpL12 549 Probable conserved transmembrane transport protein MmpL12A->-,A->A,A->AGG,A->AGGGG,Not found

19999 2239363 1.6 R,K,N|I,N 0.85,0.07,0.07|0.5,0.5Rv1996 Universal stress protein family protein120 Rv1996, (MTCY39.23c), len: 317 aa. Universal stress protein family protein. Similar to several Mycobacterium tuberculosis hypothetical proteins e.g. Rv2005c|Q10851|YK05_MYCTU (295 aa), FASTA scores: opt: 775,E(): 0, (50.3% identity in 316 aa overlap); Rv2026c (294 aa) (47.9% identity in 311 aa overlap); and Rv2623, etc. Also similar to SCJ1.30c|AL109962 hypothetical protein from Streptomyces coelicolor (328 aa). Predicted possible vaccine candidate (See Zvi et al., 2008).C->-,C->CA,C->CAA,C->CAATCGGTGGTCGACA,C->CAATCGGTGGTCGACAA,C->CATCGGTGGTCGACA,C->CATCGGTGGTCGACAA

13750 1519822 1.06 L,W|F,W 0.8,0.2|0.5,0.5Rv1353c Probable transcriptional regulatory protein55 Rv1353c, (MTCY02B10.17c), len: 261 aa. Probable transcriptional regulatory protein, similar to TER1_ECOLI|P03038 tetracycline repressor protein class a from Escherichia coli (216 aa), FASTA scores, opt: 231,E(): 1.6e-08, (31.3% identity in 211 aa overlap). Helix turn helix motif present at aa 3859 (+3.59 SD). Belongs to the TetR/AcrR family of transcriptional regulators.C->C,C->CGTC,C->CGTCACT,C->CGTCACTG,C->CGTCACTGA,C->CGTCACTGATGG,C->CGTCACTGATGGA,C->CGTCACTGATGGCGTCG,C->CGTCACTGATGGCGTCGAGATCTA,C->CGTCACTGATGGCGTCGAGATCTAA,C->CGTCACTGATGGCGTCGAGATCTAAGGTACACTCGACTCCGTGCTTACTATAGGCGCGAAGCGCACCCTGAAGGTATGTATTCCACAACGTGGGATCGAGCGCGGGTTGCGATACCACAAGCCGGCATTGCGCATCAGAAACCCACACACTGAGATTTTCCGAAAAATGCANNNNNNNNNN

18927 2133473 1.0 I|R 1.0|1.0 Rv1883c hypothetical protein74 Rv1883c, (MTCY180.35), len: 153 aa. Conserved hypothetical protein, some similarity to hypothetical proteins e.g. Rv2778c|AL008967|MTV002.43 from Mycobacterium tuberculosis (156 aa), FASTA score: opt: 212, E(): 3.1e-08,(34.4% identity in 151 aa overlap). Also similar to U75434|SAU75434_3 Nsh-OrfB from Streptomyces actuosus (173 aa), FASTA score: opt: 207, E(): 1.8e-07, (40.2% identity in 102 aa overlap).A->ACGCCGTCACCTCGCG,A->AGGCCGTCACCGCGCA,A->AGGCCGTCACCTCGGA,A->ATACCGTCACCTCCCATACCGTC,A->ATACCGTCACCTCGAATACCGTC,A->ATACCGTCACCTCGCCTACCGTC,A->ATCCCGTCACCCCGCAT,A->ATCCCGTCACCTCGGAT,A->ATCCCGTCACCTCTCAT,A->ATCCCGTCACCTGGCAT,A->ATGACGTCACCTAGCAT,A->ATGACGTCACCTCGAAT,A->ATGACGTCACCTCGCCT,A->ATGCCATCACCTCCCAT,A->ATGCCCTCACCTCGCCT,A->ATGCCCTCCCCTCTCAT,A->ATGCCGCCACCCCGCAT,A->ATGCCGCCACTTCGCAT,A->ATGCCGGCCCCCCCCAT,A->ATGCCGTAACCTTGCAT,A->ATGCCGTCACCACGCAT,A->ATGCCGTCACCCCGCAT,A->ATGCCGTCACCGCGCAT,A->ATGCCGTCACCTACCAT,A->ATGCCGTCACCTAGAAT,A->ATGCCGTCACCTAGCAT,A->ATGCCGTCACCTCACAT,A->ATGCCGTCACCTCCAAT,A->ATGCCGTCACCTCCCAT,A->ATGCCGTCACCTCCCCT,A->ATGCCGTCACCTCGAAT,A->ATGCCGTCACCTCGCACT,A->ATGCCGTCACCTCGCAT,A->ATGCCGTCACCTCGCC,A->ATGCCGTCACCTCGCCT,A->ATGCCGTCACCTCGCG,A->ATGCCGTCACCTCGCGT,A->ATGCCGTCACCTCGCTT,A->ATGCCGTCACCTCGGAT,A->ATGCCGTCACCTCGTAT,A->ATGCCGTCACCTCTCAT,A->ATGCCGTCACCTGGCAT,A->ATGCCGTCACCTTGCAT,A->ATGCCGTCACTTCGCAT,A->ATGCCGTCCCCCCGCAT,A->ATGCCGTCCCCTCCCAT,A->ATGCCGTCCCCTCGAAT,A->ATGCCGTCCCCTCGCCT,A-

21044 2339617 1.0 A|T 1.0|1.0 Rv2082 hypothetical protein303 Rv2082, (MTCY49.21), len: 721 aa. Conserved hypothetical protein. Similar to Mycobacterium tuberculosis Rv0029, and to Rv3899c and Rv3900c which may be frameshifted.G->-,G->CCAGCGCCCCCGCCGTTGGTGTTGGTGGCCCGTCAGTACCGGCCGCTGGCATGCCGCCA,G->GA,G->GAGCGGCG,G->GCCA,G->GCCGCCA,G->GGTCAAAAGCGACCAAAGCGAGCAAGTCGCCGATACGGTGAACTATTTGCGGGATCGGCTGACCGAGATCGCACAATCCGGCAATCAGCAAATCAACCAAATCCTGGCCGGCAAAGGGCCGATAGAGGCCAAAGTTGCCGCGGTGAACGCCGTCATCGAGCAGTCGAATGCCATGGCCGACCATGTGGGAGCAACCGCGATGTCCAACATTATCGACGCGACGCAACGAGTGTTCGACGAGACCATCGGTGGTGACGCCCACACCTGGTTGCGTGACCACGGTGTAAGCCTCGACACTCCCGCGCGGCCACGCCCAGTGACCGCTGAAGACATGACTTCTATGACGGCGAACTCGCCTGCAGGATCCCCATTCGGTGCTGCTCCGTCTGCGCCCAGTCATTCGACGACAACCAGCGGCCCGCCGACAGCTCCAACACCAACATCACCATTCGGCACTGCTCCCATGCCGCCCGGCCCACCCCCACCGGGTACCGTCTCACCACCCCTACCCCCCAGCGCCCCCGCCGTTGGTGTTGGTGGCCCGTCAGTACCGGCCGCTGGCATGCCGCCA,G->TGCCGCGGTGAACGCCGTCATCGAGCAGTCGAATGCCATGGCCGACCATGTGGGAGCAACCGCGATGTCCAACATTATCGACGCGACGCAACGAGTGTTCGACGAGACCATCGGTGGTGACGCCCACACCTGGTTGCGTGACCACGGTGTAAGCCTCGACACTCCCGCGCGGCCACGCCCAGTGACCGCTGAAGACATGACTTCTATGACGGCGAACTCGCCTGCAGGATCCCCATTCGGTGCTGCTCCGTCTGCGCCCAGTCATTCGACGACAACCAGCGGCCCGCCGACAGCTCCAACACCAACATCACCATTCGGCACTGCTCCCATGCCGCCCGGCC

21531 2413615 1.0 D|E 1.0|1.0 Rv2154c ftsW 437 FtsW-like protein FtsWNot found

22309 2534559 1.0 R|L 1.0|1.0 Rv2262c hypothetical protein332 Rv2262c, (MTV022.12c), len: 360 aa. Conserved hypothetical protein, with function unknown but some similarity to N-terminal 70% of P23930|P77703|LNT_ECOLI|cute|B0657 apolipoprotein N-acyltransferase from Escherichia coli strain K12 (512 aa), FASTA scores: opt: 239, E(): 1.6e-07, (30.4% identity in 359 aa overlap). Note that neighboring ORF shows similarity to N -terminal part of PCC6803 apolipoprotein N-acyltransferase from Synechocystis sp., suggesting possibility of frameshift. Sequence of clones from two sources has been checked but no error found. Appear to be two extra bases at position 1876970 compared to CDC1551 strain.A->-,A->AG,Not found

22380 2542964 1.0 N|T 1.0|1.0 Rv2268c cyp128 438 Probable cytochrome P450 128 Cyp128Not found

26733 3131468 1.0 L|Y 1.0|1.0 Rv2823c hypothetical protein103 Rv2823c, (MTCY16B7.19), len: 809 aa. Conserved protein, similar in part to others e.g. Q9X2D1|TM1811Thermotoga maritima (717 aa), FASTA scores: opt: 401, E(): 3.6e-18, (27.15% identity in 773 aa overlap); O27154|MTH1082 conserved hypothetical protein from Methanothermobacter thermautotrophicus (822 aa), FASTA scores: opt: 306, E(): 6e-12, (25.55% identity in 872 aa overlap); Q59066|MJ1672 hypothetical protein from Methanococcus jannaschii (800 aa), FASTA scores: opt: 302,E(): 1.1e-11, (24.9% identity in 812 aa overlap); etc. This region is a possible MT-complex-specific genomic island (See Becq et al., 2007).G->GACGGCGACG,G->GCCGGCGATT,G->GGCGATG,G->GGCGGCGACG,G->GGCGGCGAGG,G->GGCGGCGATT,G->GTCCGCGAGGT,G->GTCGACGTTGT,G->GTCGGAGAGGT,G->GTCGGCCATCT,G->GTCGGCGAAGT,G->GTCGGCGACAT,G->GTCGGCGACGT,G->GTCGGCGAGGT,G->GTCGGCGATAT,G->GTCGGCGATC,G->GTCGGCGATCT,G->GTCGGCGATGGT,G->GTCGGCGATGT,G->GTCGGCGATT,G->GTCGGCGATTT,G->GTCGGCGGCGT,G->GTCGGCGGGCT,G->GTCGGCGGGGT,G->GTCGGCGTTGT,G->GTCGGCTATCT,G->GTCGGGGAGGT,G->GTCGGGGTGGT,G->GTCGGGGTTGT,G->GTCGTCGACGT,G->GTCGTCGATTT,G->GTGGGCGACGT

36915 4263501 1.0 T|P 1.0|1.0 Rv3802c Probable conserved membrane protein289 Rv3802c, (MTV026.07c), len: 336 aa. Probable conserved membrane protein, with a N-terminal signal sequence followed by Pro-rich region. Equivalent to Q9CDB3|ML0099 hypothetical protein from Mycobacterium leprae (336 aa) FASTA scores: opt: 1759, E(): 1.1e-85,(75.5% identity in 335 aa overlap). A core mycobacterial gene; conserved in mycobacterial strains (See Marmiesse et al., 2004). Predicted to be an outer membrane protein (See Song et al., 2008).Not found,T->G

37865 4369612 1.0 A|P 1.0|1.0 Rv3886c mycP2 187 Probable alanine and proline rich membrane-anchored mycosin MycP2 (serine protease) (subtilisin-like protease) (subtilase-like) (mycosin-2)G->-,G->C,G->G,G->GTGCC,Not found

5 8 0.93 D,R,Y|R,Y 0.63,0.18,0.18|0.5,0.5Rv0001 dnaA 3 Chromosomal replication initiator protein DnaAC->AGATACGTCGTTGAC,C->CACGACGTTGAC,C->CACGTCGCTGAC,C->CACGTCGTGGAC,C->CACGTCGTTGAC,C->CAGATACGTCGTTGAC,C->CATACGTCGTTGAA,C->CATACGTCGTTGAC,C->CCCAGGGAGATACGTCGTTGACC,C->CCGAGAACCAGGGAGATACGTCGTTGACCGA,C->CCTAACGAGAACCAGGGAGATACGTCGTTGACC,C->CGAC,C->CGGAGATACGTCGTTGAC,C->CGTCGGTGAC,C->CGTCGTTAAC,C->CGTCGTTGAC,C->CGTCGTTGACC,C->CGTTGAC,C->CTGAC,C->G,C->GAGATACGTCGTTGAC,C->GTCGTTGAC,C->T,C->TACGTCGTTGAC,C->TCGTTGAC,C->TGAC,C->TTGAC,Not found

5634 552507 0.93 C|S 1.0|1.0 Rv0461 Probable transmembrane protein161 Rv0461, (MTV038.05), len: 174 aa (start uncertain). Probable transmembrane protein. Nucleotide position 552085 in the genome sequence has been corrected, A:G resulting in Q20Q.A->AATA,A->ACAAC,A->ACCAC,A->ACGAC,A->ACTACT,A->ACTCCT,A->ACTGCTGC,A->ACTTCT,Not found

9838 1069151 0.93 V,G|G 0.93,0.06|1.0Rv0957 purH 316 Probable bifunctional purine biosynthesis protein PurH: phosphoribosylaminoimidazolecarboxamide formyltransferase (AICAR transformylase) (5'-phosphoribosyl-5-aminoimidazole-4-carboxamide formyltransferase) + inosinemonophosphate cyclohydrolase (imp cyclohydrolase) (inosinicase) (imp synthetase) (ATIC)Not found,T->G

18925 2133468 0.93 C,*|W 0.93,0.06|1.0Rv1883c hypothetical protein76 Rv1883c, (MTCY180.35), len: 153 aa. Conserved hypothetical protein, some similarity to hypothetical proteins e.g. Rv2778c|AL008967|MTV002.43 from Mycobacterium tuberculosis (156 aa), FASTA score: opt: 212, E(): 3.1e-08,(34.4% identity in 151 aa overlap). Also similar to U75434|SAU75434_3 Nsh-OrfB from Streptomyces actuosus (173 aa), FASTA score: opt: 207, E(): 1.8e-07, (40.2% identity in 102 aa overlap).G->GCAGGCCGTCACCGCGCA,G->GCATACCGTCACCTCCCATACCGTC,G->GCATCCCGTCACCCCGCAT,G->GCATCCCGTCACCTCTCAT,G->GCATCCCGTCACCTGGCAT,G->GCATGACGTCACCTAGCAT,G->GCATGCCATCACCTCCCAT,G->GCATGCCCTCCCCTCTCAT,G->GCATGCCGCCACCCCGCAT,G->GCATGCCGCCACTTCGCAT,G->GCATGCCGGCCCCCCCCAT,G->GCATGCCGTAACCTTGCAT,G->GCATGCCGTCACCACGCAT,G->GCATGCCGTCACCCCGCAT,G->GCATGCCGTCACCGCGCAT,G->GCATGCCGTCACCTACCAT,G->GCATGCCGTCACCTAGCAT,G->GCATGCCGTCACCTCA,G->GCATGCCGTCACCTCACAT,G->GCATGCCGTCACCTCCCAT,G->GCATGCCGTCACCTCGCAT,G->GCATGCCGTCACCTCT,G->GCATGCCGTCACCTCTCAT,G->GCATGCCGTCACCTGGCAT,G->GCATGCCGTCACCTTGCAT,G->GCATGCCGTCACTTCGCAT,G->GCATGCCGTCCCCCCGCAT,G->GCATGCCGTCCCCTCCCAT,G->GCATGCCGTCCCCTCTCAT,G->GCATGCCGTCGCCTAGCAT,G->GCATGCCGTCGCCTTGCAT,G->GCATGCCGTGATCTCCCAT,G->GCATGCGGTCACCCCGCAT,G->GCATGGCGTCACCTGGCAT,G->GCATTCCGTCACCTAGCAT,G->GCCTGCCGTCACCGCGC,G->GCGTGCCGTCCCCTCCC,G->GCTTGCCGTCACCTCTC,G->GTATGCCGTCACCTCC,Not found

18931 2133479 0.93 E,G|G 0.93,0.06|1.0Rv1883c hypothetical protein72 Rv1883c, (MTCY180.35), len: 153 aa. Conserved hypothetical protein, some similarity to hypothetical proteins e.g. Rv2778c|AL008967|MTV002.43 from Mycobacterium tuberculosis (156 aa), FASTA score: opt: 212, E(): 3.1e-08,(34.4% identity in 151 aa overlap). Also similar to U75434|SAU75434_3 Nsh-OrfB from Streptomyces actuosus (173 aa), FASTA score: opt: 207, E(): 1.8e-07, (40.2% identity in 102 aa overlap).T->TCAC,T->TCACC,T->TCACCTC,T->TCACCTCC,T->TCACCTCCC,T->TCACCTCCCATACCGTC,T->TCACCTCGAAGCCCGGC,T->TCACCTCGAATACCGTC,T->TCACCTCGCATACAGTC,T->TCACCTCGCATACCACC,T->TCACCTCGCATACCATC,T->TCACCTCGCATACCCCC,T->TCACCTCGCATACCCTC,T->TCACCTCGCATACCGC,T->TCACCTCGCATACCGCC,T->TCACCTCGCATACCGG,T->TCACCTCGCATACCTAC,T->TCACCTCGCATACCTCC,T->TCACCTCGCATACTGTC,T->TCACCTCGCATATCGTC,T->TCACCTCGCATCCCCG,T->TCACCTCGCATCCCGG,T->TCACCTCGCATCCCGTC,T->TCACCTCGCATGCCTTC,T->TCACCTCGCATTCCGTC,T->TCACCTCGCCTACCGTC,T->TCACCTGCCATCCCGTC

19489 2180817 0.93 M,R|K 0.93,0.06|1.0Rv1928c Probable short-chain type dehydrogenase/reductase134 Rv1928c, (MTCY09F9.36), len: 255 aa. Probable short-chain dehydrogenase/reductase, highly similar to others e.g. NP_228109.1|NC_000853 oxidoreductase (short chain dehydrogenase/reductase family) from Thermotoga maritima (257 aa); T41116 short chain dehydrogenase from Schizosaccharomyces pombe (261 aa); P87219|SOU1_CANAL sorbitol utilization protein (SDR family) from Candida albicans (281 aa); P25529|HDHA_ECOLI 7-alpha-hydroxysteroid dehydrogenase from Escherichia coli (255 aa), FASTA scores: opt: 541, E(): 1.2e-27, (37.5% identity in 251 aa overlap); etc. Also similar to many mycobacterial tuberculosis proteins e.g. Rv1350, Rv0927c, Rv2002, Rv0769, Rv2766c,etc. Contains PS00061 Short-chain alcohol dehydrogenase family signature. Belongs to the short-chain dehydrogenases/reductases (SDR) family.A->-,A->A,A->ACC,A->ACCT,A->ACCTCGCCTTG,A->ACGCCTTG,A->AGCA,A->C,A->G,A->T

23545 2705439 0.93 A,G|G 0.93,0.06|1.0Rv2407 hypothetical protein248 Rv2407, (MTCY253.13c), len: 273 aa. Conserved hypothetical protein, highly similar (but longer at N-terminus) to AAK46775|MT2479 putative arylsulfatase from Mycobacterium tuberculosis strain CDC1551 (224 aa) FASTA scores: opt: 1433, E(): 2.5e-81, (96.43% identity in 224 aa overlap); O33130|MLCL536.01 hypothetical protein from Mycobacterium leprae (220 aa), FASTA scores: opt: 658, E(): 1.5e-33, (56.75% identity in 215 aa overlap). Also similar to AAK23160|CC1176 Metallo-beta-lactamase family protein from Caulobacter crescentus (317 aa), FASTA scores: opt: 286, E(): 1.8e-10, (33% identity in 291 aa overlap). And similar to other hypothetical proteins eg Q49744|B1937_C1_163 hypothetical 22.6 KDA protein (precursor) from Mycobacterium leprae (211 aa), FASTA scores: opt: 623, E(): 2.1e-31, (56.3% identity in 206 aa overlap); O27859|MTH1831 conserved protein from Methanothermobacter thermautotrophicus (307 aa), FASTA scores: opt: 268, E(): 2.3e-09, (28.35% identity in 307 aa overlap); etc.C->G,Not found

23840 2751960 0.93 L,P|P 0.93,0.06|1.0Rv2450c rpfE 74 Probable resuscitation-promoting factor RpfEA->AG,A->G

23841 2751963 0.93 N,T|T 0.93,0.06|1.0Rv2450c rpfE 73 Probable resuscitation-promoting factor RpfET->G

25801 2993862 0.93 V,G|G 0.93,0.06|1.0Rv2677c hemY 44 Probable protoporphyrinogen oxidase HemY (protoporphyrinogen-IX oxidase) (protoporphyrinogenase) (PPO)A->C,Not found

27165 3190151 0.93 L,W|W 0.93,0.06|1.0Rv2879c hypothetical protein1 Rv2879c, (MTCY274.10c), len: 189 aa. Conserved hypothetical protein, similar to others e.g. C-terminus of Q9RVT6|DR0936 conserved hypothetical protein from Deinococcus radiodurans (346 aa), FASTA scores: opt: 505,E(): 1e-26, (46.5% identity in 185 aa overlap); O34617|YLON_BACSU hypothetical 41.6 KDA protein from Bacillus subtilis (363 aa), FASTA scores: opt: 459, E(): 1.2e-24, (40.5% identity in 185 aa overlap); YFGB_ECOLI|P36979 hypothetical 43.1 kDa protein from Escherichia coli (384 aa), FASTA scores, opt: 410, E(): 2.8e-21, (41.7% identity in 187 aa overlap); etc. Appears to be a frame shift with respect to following ORF but we can detect no error in the cosmid sequence to account for this.Not found

27693 3262948 0.93 V,G|G 0.93,0.06|1.0Rv2934 ppsD 234 Phenolpthiocerol synthesis type-I polyketide synthase PpsDNot found,T->G

27708 3266044 0.93 V,G|G 0.93,0.06|1.0Rv2934 ppsD 1266 Phenolpthiocerol synthesis type-I polyketide synthase PpsDNot found,T->G

36943 4269124 0.93 A,V|V 0.93,0.06|1.0Rv3806c ubiA 237 Decaprenylphosphoryl-5-phosphoribose (DPPR) synthase (decaprenyl-phosphate 5-phosphoribosyltransferase)G->A

37867 4369618 0.93 A,P|P 0.93,0.06|1.0Rv3886c mycP2 185 Probable alanine and proline rich membrane-anchored mycosin MycP2 (serine protease) (subtilisin-like protease) (subtilase-like) (mycosin-2)G->A,Not found

1033 91805 0.86 A,G|G 0.86,0.13|1.0Rv0083 Probable oxidoreductase469 Rv0083, (MTV030.27, MTCY251.01), len: 640 aa. Probable oxidoreductase, showing some similarity to other various oxidoreductases. Nucleotide position 91071 in the genome sequence has been corrected, T:C resulting in I224I.Not found

1244 109635 0.86 R,*|* 0.86,0.13|1.0Rv0099 fadD10 494 Possible fatty-acid-CoA ligase FadD10 (fatty-acid-CoA synthetase) (fatty-acid-CoA synthase)Not found

1300 118429 0.86 P,Q|Q 0.86,0.13|1.0Rv0102 Probable conserved integral membrane protein239 Rv0102, (MTCY251.21), len: 661 aa. Probable conserved integral membrane protein, highly similar to P53525|Y102_MYCLE|ML1998|NP_302349.1|NC_002677 possible membrane protein from Mycobacterium leprae (659 aa), FASTA scores: opt: 3107, E(): 0, (70.2% identity in 662 aa overlap). Also similar to others e.g. CAC01497.1|AL391017 putative integral membrane protein from Streptomyces coelicolor (316 aa); etc. Contains PS00343 Gram-positive cocci surface proteins 'anchoring' hexapeptide.C->A,Not found

5633 552501 0.86 Y,C,S|S 0.86,0.06,0.06|1.0Rv0461 Probable transmembrane protein159 Rv0461, (MTV038.05), len: 174 aa (start uncertain). Probable transmembrane protein. Nucleotide position 552085 in the genome sequence has been corrected, A:G resulting in Q20Q.A->-,A->AATA,A->ACCAC,A->ACTACTACTACT,A->ACTCCT,A->ACTGCT,A->ACTTCT,A->AGTA,A->ATTA

5821 584045 0.86 A,P|P 0.86,0.13|1.0Rv0493c hypothetical protein216 Rv0493c, (MTCY20G9.19), len: 329 aa. Conserved protein, showing some similarity to U00018_33|B2168_F2_93 from Mycobacterium leprae (167 aa), FASTA scores: opt: 166,E(): 0.00077, (35.9% identity in 131 aa overlap).C->G,C->T

6652 679865 0.86 F,V|V 0.86,0.13|1.0Rv0584 Possible conserved exported protein213 Rv0584, (MTV039.22), len: 877 aa. Possible conserved exported protein, similar to other hypothetical proteins which are not necessarily secreted e.g. CAB61925.1|AL133278 putative secreted protein from Streptomyces coelicolor (772 aa); AAD51075.1|AF175722_1|AF175722 immunoreactive 89kD antigen PG87 from Porphyromonas gingivalis (781 aa), FASTA scores: opt: 637, E(): 2.1e-30, (29.1% identity in 794 aa overlap); etc. Contains PS00699 Nitrogenases component 1 alpha and beta subunits signature 1. Has potential N-terminal signal peptide. Predicted to be an outer membrane protein (See Song et al., 2008).Not found

9248 970823 0.86 L,V|V 0.86,0.13|1.0Rv0873 fadE10 107 Probable acyl-CoA dehydrogenase FadE10Not found

13788 1524566 0.86 T,S|S 0.86,0.13|1.0Rv1356c Hypothetical protein86 Rv1356c, (MTCY02B10.20c), len: 263 aa. Hypothetical unknown protein. This region is a possible MT-complex-specific genomic island (See Becq et al.,2007).Not found

15574 1715969 0.86 Q,*|* 0.86,0.13|1.0Rv1522c mmpL12 549 Probable conserved transmembrane transport protein MmpL12Not found

17787 1990716 0.86 A,G|G 0.86,0.13|1.0Rv1759c wag22 621 PE-PGRS family protein Wag22A->-,C->-,G->-,G->C,Not found

18502 2064958 0.86 T,P|P 0.86,0.13|1.0Rv1820 ilvG 54 Probable acetolactate synthase IlvG (acetohydroxy-acid synthase)(ALS)A->C,Not found

19996 2239350 0.86 A,V|V 0.86,0.13|1.0Rv1996 Universal stress protein family protein116 Rv1996, (MTCY39.23c), len: 317 aa. Universal stress protein family protein. Similar to several Mycobacterium tuberculosis hypothetical proteins e.g. Rv2005c|Q10851|YK05_MYCTU (295 aa), FASTA scores: opt: 775,E(): 0, (50.3% identity in 316 aa overlap); Rv2026c (294 aa) (47.9% identity in 311 aa overlap); and Rv2623, etc. Also similar to SCJ1.30c|AL109962 hypothetical protein from Streptomyces coelicolor (328 aa). Predicted possible vaccine candidate (See Zvi et al., 2008).C->-,C->T

19997 2239352 0.86 N,D|D 0.86,0.13|1.0Rv1996 Universal stress protein family protein117 Rv1996, (MTCY39.23c), len: 317 aa. Universal stress protein family protein. Similar to several Mycobacterium tuberculosis hypothetical proteins e.g. Rv2005c|Q10851|YK05_MYCTU (295 aa), FASTA scores: opt: 775,E(): 0, (50.3% identity in 316 aa overlap); Rv2026c (294 aa) (47.9% identity in 311 aa overlap); and Rv2623, etc. Also similar to SCJ1.30c|AL109962 hypothetical protein from Streptomyces coelicolor (328 aa). Predicted possible vaccine candidate (See Zvi et al., 2008).A->-,A->G   
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'id Position Power Alleles Allelic_frequenciesLocus Gene Codon AnnotationMolType

7625 820620 0.99 P,H|P,H 0.99,0.0|0.0,0.99Rv0728c serA2 286 Possible D-3-phosphoglycerate dehydrogenase SerA2 (phosphoglycerate dehydrogenase) (PGDH)T->-,T->T,T->TG,T->TGGGGG

10866 1187298 0.99 L,P|L,P 0.99,0.0|0.0,0.99Rv1064c lpqV 9 Possible lipoprotein LpqVA->A,A->AG

18931 2133479 0.99 E,G|P,T 0.99,0.0|0.0,0.99Rv1883c hypothetical protein72 Rv1883c, (MTCY180.35), len: 153 aa. Conserved hypothetical protein, some similarity to hypothetical proteins e.g. Rv2778c|AL008967|MTV002.43 from Mycobacterium tuberculosis (156 aa), FASTA score: opt: 212, E(): 3.1e-08,(34.4% identity in 151 aa overlap). Also similar to U75434|SAU75434_3 Nsh-OrfB from Streptomyces actuosus (173 aa), FASTA score: opt: 207, E(): 1.8e-07, (40.2% identity in 102 aa overlap).T->TCAC,T->TCACC,T->TCACCTC,T->TCACCTCC,T->TCACCTCCC,T->TCACCTCCCATACCGTC,T->TCACCTCGAAGCCCGGC,T->TCACCTCGAATACCGTC,T->TCACCTCGCATACAGTC,T->TCACCTCGCATACCACC,T->TCACCTCGCATACCATC,T->TCACCTCGCATACCCCC,T->TCACCTCGCATACCCTC,T->TCACCTCGCATACCGC,T->TCACCTCGCATACCGCC,T->TCACCTCGCATACCGG,T->TCACCTCGCATACCTAC,T->TCACCTCGCATACCTCC,T->TCACCTCGCATACTGTC,T->TCACCTCGCATATCGTC,T->TCACCTCGCATCCCCG,T->TCACCTCGCATCCCGG,T->TCACCTCGCATCCCGTC,T->TCACCTCGCATGCCTTC,T->TCACCTCGCATTCCGTC,T->TCACCTCGCCTACCGTC,T->TCACCTGCCATCCCGTC

15995 1774033 0.93 A|A,Q 1.0|0.0,0.99Rv1566c Possible Inv protein197 Rv1566c, (MTCY336.37), len: 230 aa. Possible inv protein, probably exported as has QQAPV repeats at C-terminus. Similar to Q49634 inv protein from Mycobacterium leprae (246 aa), FASTA scores: opt: 957, E(): 0, (70.0% identity in 207 aa overlap); also to putative invasins 1,2 (O07390, O07391) from Mycobacterium avium. Slightly similar to C-terminus of P60_LISMO|P21171 Listeria invasion-associated protein p60 precursor. Also similar to Mycobacterium tuberculosis p60 homologues Rv1477, Rv1478,Rv0024, Rv2190c. Predicted to be an outer membrane protein (See Song et al., 2008).T->-,T->C,T->T,T->TTGGACGGGCGCTTGC

10866 1187298 0.99 L,P|L,P 0.99,0.0|0.0,0.99Rv1064c lpqV 9 Possible lipoprotein LpqVA->A,A->AG

18675 2094916 0.99 S,H|A,T 0.99,0.0|0.99,0.0Rv1844c gnd1 92 Probable 6-phosphogluconate dehydrogenase Gnd1Not found

18931 2133479 0.99 E,G|A,P,T 0.99,0.0|0.0,0.0,0.99Rv1883c hypothetical protein72 Rv1883c, (MTCY180.35), len: 153 aa. Conserved hypothetical protein, some similarity to hypothetical proteins e.g. Rv2778c|AL008967|MTV002.43 from Mycobacterium tuberculosis (156 aa), FASTA score: opt: 212, E(): 3.1e-08,(34.4% identity in 151 aa overlap). Also similar to U75434|SAU75434_3 Nsh-OrfB from Streptomyces actuosus (173 aa), FASTA score: opt: 207, E(): 1.8e-07, (40.2% identity in 102 aa overlap).T->TCAC,T->TCACC,T->TCACCTC,T->TCACCTCC,T->TCACCTCCC,T->TCACCTCCCATACCGTC,T->TCACCTCGAAGCCCGGC,T->TCACCTCGAATACCGTC,T->TCACCTCGCATACAGTC,T->TCACCTCGCATACCACC,T->TCACCTCGCATACCATC,T->TCACCTCGCATACCCCC,T->TCACCTCGCATACCCTC,T->TCACCTCGCATACCGC,T->TCACCTCGCATACCGCC,T->TCACCTCGCATACCGG,T->TCACCTCGCATACCTAC,T->TCACCTCGCATACCTCC,T->TCACCTCGCATACTGTC,T->TCACCTCGCATATCGTC,T->TCACCTCGCATCCCCG,T->TCACCTCGCATCCCGG,T->TCACCTCGCATCCCGTC,T->TCACCTCGCATGCCTTC,T->TCACCTCGCATTCCGTC,T->TCACCTCGCCTACCGTC,T->TCACCTGCCATCCCGTC

37728 4359135 0.99 I,M|I,M 0.99,0.0|0.0,0.99Rv3879c espK 217 ESX-1 secretion-associated protein EspK Alanine and proline rich proteinNot found,T->-,T->C,T->T,T->TCGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATC,T->TGGGGCTCCCGGGGTGATCGGGGTTCCCGGCGTGATC,T->TGGGGTTACCGGGGTGATCGGGGTTCCCGGCGTGATC,T->TGGGGTTCCCGGCGTGATC,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGG,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGGCCTGATC,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGAGTCGGGGTTCCCGGGGTGATCGGGGTTCCCGG,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATC,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATCGGGGTTCCCGGGGTGATCGGGGTTCCCGGGGTGATCGGGGTTCCCGG,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATCGTGGGGTTCCCGGGGTGATCGGGGTTCCCGG,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGCTC,T->TGGGGTTCCCGGGTGATCGGGGTTCCCGGCGTGATCGGGGTTCCCGGG,T->TGGGGTTCCCTGGGTGATCGGGGTTCCCGGCGTGATC,T->TGGGGTTCCGGGGTGATCGGGGTTCCCGGCGTGATC,T->TGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATCGGG,T->TTGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATC,T->TTGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATCGGGGTTCCCGGNNNNNNNNNN

7625 820620 0.98 P,H|P,H 0.99,0.0|0.0,0.99Rv0728c serA2 286 Possible D-3-phosphoglycerate dehydrogenase SerA2 (phosphoglycerate dehydrogenase) (PGDH)T->-,T->T,T->TG,T->TGGGGG

22338 2536688 0.98 Q,S|Q,S 0.99,0.0|0.0,0.99Rv2264c Conserved hypothetical proline rich protein555 Rv2264c, (MTV022.14c), len: 592 aa. Conserved hypothetical Pro-rich protein, similar to hypothetical proteins Rv0312 (MTCY63.17, 620 aa and Rv0350) that has highly Pro-, Thr-rich C-terminus. Contains PS00343 Gram-positive cocci surface proteins 'anchoring' hexapeptide. FASTA scores: Z96800|MTCY63_17 Mycobacterium tuberculosis cosmid (620 aa) opt: 1075, E(): 8.8e-24; (38.9% identity in 627 aa overlap). Predicted to be an outer membrane protein (See Song et al., 2008).A->A,A->ACGTGGTCGCCGGCGGCTG,A->G

15995 1774033 0.92 A|A,Q 1.0|0.0,0.99Rv1566c Possible Inv protein197 Rv1566c, (MTCY336.37), len: 230 aa. Possible inv protein, probably exported as has QQAPV repeats at C-terminus. Similar to Q49634 inv protein from Mycobacterium leprae (246 aa), FASTA scores: opt: 957, E(): 0, (70.0% identity in 207 aa overlap); also to putative invasins 1,2 (O07390, O07391) from Mycobacterium avium. Slightly similar to C-terminus of P60_LISMO|P21171 Listeria invasion-associated protein p60 precursor. Also similar to Mycobacterium tuberculosis p60 homologues Rv1477, Rv1478,Rv0024, Rv2190c. Predicted to be an outer membrane protein (See Song et al., 2008).T->-,T->C,T->T,T->TTGGACGGGCGCTTGC

19116 2155168 0.67 S|S,I,N,T 1.0|0.23,0.0,0.0,0.75Rv1908c katG 315 Catalase-peroxidase-peroxynitritase T KatGC->A,C->G,C->T

10866 1187298 0.99 L,P|L,P 0.99,0.0|0.0,0.99Rv1064c lpqV 9 Possible lipoprotein LpqVA->A,A->AG

18931 2133479 0.99 E,G|P,T 0.99,0.0|0.0,0.99Rv1883c hypothetical protein72 Rv1883c, (MTCY180.35), len: 153 aa. Conserved hypothetical protein, some similarity to hypothetical proteins e.g. Rv2778c|AL008967|MTV002.43 from Mycobacterium tuberculosis (156 aa), FASTA score: opt: 212, E(): 3.1e-08,(34.4% identity in 151 aa overlap). Also similar to U75434|SAU75434_3 Nsh-OrfB from Streptomyces actuosus (173 aa), FASTA score: opt: 207, E(): 1.8e-07, (40.2% identity in 102 aa overlap).T->TCAC,T->TCACC,T->TCACCTC,T->TCACCTCC,T->TCACCTCCC,T->TCACCTCCCATACCGTC,T->TCACCTCGAAGCCCGGC,T->TCACCTCGAATACCGTC,T->TCACCTCGCATACAGTC,T->TCACCTCGCATACCACC,T->TCACCTCGCATACCATC,T->TCACCTCGCATACCCCC,T->TCACCTCGCATACCCTC,T->TCACCTCGCATACCGC,T->TCACCTCGCATACCGCC,T->TCACCTCGCATACCGG,T->TCACCTCGCATACCTAC,T->TCACCTCGCATACCTCC,T->TCACCTCGCATACTGTC,T->TCACCTCGCATATCGTC,T->TCACCTCGCATCCCCG,T->TCACCTCGCATCCCGG,T->TCACCTCGCATCCCGTC,T->TCACCTCGCATGCCTTC,T->TCACCTCGCATTCCGTC,T->TCACCTCGCCTACCGTC,T->TCACCTGCCATCCCGTC

22515 2564368 0.97 G|G,A 1.0|0.01,0.98Rv2293c hypothetical protein222 Rv2293c, (MTCY339.17), len: 246 aa. Conserved hypothetical protein; some similarity to hypothetical protein (299 aa) AAK24237.1| (AE005897) belonging to phosphorylase family [Caulobacter crescentus] (33% identity in 131 aa overlap). Possible lipoprotein: signal peptide at N-terminusG->-,G->C,G->GC,G->GCC,G->GG

15995 1774033 0.94 A|A,Q 1.0|0.0,0.99Rv1566c Possible Inv protein197 Rv1566c, (MTCY336.37), len: 230 aa. Possible inv protein, probably exported as has QQAPV repeats at C-terminus. Similar to Q49634 inv protein from Mycobacterium leprae (246 aa), FASTA scores: opt: 957, E(): 0, (70.0% identity in 207 aa overlap); also to putative invasins 1,2 (O07390, O07391) from Mycobacterium avium. Slightly similar to C-terminus of P60_LISMO|P21171 Listeria invasion-associated protein p60 precursor. Also similar to Mycobacterium tuberculosis p60 homologues Rv1477, Rv1478,Rv0024, Rv2190c. Predicted to be an outer membrane protein (See Song et al., 2008).T->-,T->C,T->T,T->TTGGACGGGCGCTTGC

10866 1187298 0.99 L,P|L,P 0.99,0.0|0.0,0.99Rv1064c lpqV 9 Possible lipoprotein LpqVA->A,A->AG

7625 820620 0.98 P,H|P,H 0.99,0.0|0.0,0.99Rv0728c serA2 286 Possible D-3-phosphoglycerate dehydrogenase SerA2 (phosphoglycerate dehydrogenase) (PGDH)T->-,T->T,T->TG,T->TGGGGG

22338 2536688 0.98 Q,S|Q,S 0.99,0.0|0.0,0.99Rv2264c Conserved hypothetical proline rich protein555 Rv2264c, (MTV022.14c), len: 592 aa. Conserved hypothetical Pro-rich protein, similar to hypothetical proteins Rv0312 (MTCY63.17, 620 aa and Rv0350) that has highly Pro-, Thr-rich C-terminus. Contains PS00343 Gram-positive cocci surface proteins 'anchoring' hexapeptide. FASTA scores: Z96800|MTCY63_17 Mycobacterium tuberculosis cosmid (620 aa) opt: 1075, E(): 8.8e-24; (38.9% identity in 627 aa overlap). Predicted to be an outer membrane protein (See Song et al., 2008).A->A,A->ACGTGGTCGCCGGCGGCTG,A->G

15995 1774033 0.92 A|A,Q 1.0|0.0,0.99Rv1566c Possible Inv protein197 Rv1566c, (MTCY336.37), len: 230 aa. Possible inv protein, probably exported as has QQAPV repeats at C-terminus. Similar to Q49634 inv protein from Mycobacterium leprae (246 aa), FASTA scores: opt: 957, E(): 0, (70.0% identity in 207 aa overlap); also to putative invasins 1,2 (O07390, O07391) from Mycobacterium avium. Slightly similar to C-terminus of P60_LISMO|P21171 Listeria invasion-associated protein p60 precursor. Also similar to Mycobacterium tuberculosis p60 homologues Rv1477, Rv1478,Rv0024, Rv2190c. Predicted to be an outer membrane protein (See Song et al., 2008).T->-,T->C,T->T,T->TTGGACGGGCGCTTGC

19116 2155168 0.62 S,T|S,I,N,T0.99,0.0|0.26,0.0,0.0,0.71Rv1908c katG 315 Catalase-peroxidase-peroxynitritase T KatGC->A,C->G,C->T
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'id Position Power Alleles Allelic_frequenciesLocus Gene Codon AnnotationMolType

8317 868157 0.97 Q,E|Q,E 0.99,0.0|0.01,0.98Rv0774c Probable conserved exported protein66 Rv0774c, (MTCY369.19c), len: 303 aa. Possible conserved exported protein with hydrophobic region near N-terminus, highly similar, except in N-terminus, to Rv0519c|Z97831|MTY20G10.09c|O33364 hypothetical protein from Mycobacterium tuberculosis (300 aa), FASTA scores: opt: 1092, E(): 0, (57.9% identity in 299 aa overlap). Contains PS00061 Short-chain alcohol dehydrogenase family signature, and PS00120 Lipases, serine active site. So could be a lipase. Start changed since first submission (-9 aa). Predicted to be an outer membrane protein (See Song et al., 2008).Not found

13935 1535147 0.96 D,A|D,A 0.99,0.0|0.02,0.97Rv1363c Possible membrane protein83 Rv1363c, (MTCY02B10.27c), len: 261 aa. Possible membrane protein, similar to Mycobacterium tuberculosis hypothetical proteins Rv1362c|MTCY02B10.26c (25.9% identity in 216 aa overlap); Rv1972|MTV051.10 and Rv0177 etc.C->-,C->C,C->CTCATAGTCG,C->CTCATAGTCGTCATAGTC

13935 1535147 0.98 D,A|D,A 0.99,0.0|0.0,0.99Rv1363c Possible membrane protein83 Rv1363c, (MTCY02B10.27c), len: 261 aa. Possible membrane protein, similar to Mycobacterium tuberculosis hypothetical proteins Rv1362c|MTCY02B10.26c (25.9% identity in 216 aa overlap); Rv1972|MTV051.10 and Rv0177 etc.C->-,C->C,C->CTCATAGTCG,C->CTCATAGTCGTCATAGTC

8317 868157 0.96 Q,E|Q,E 0.99,0.0|0.01,0.98Rv0774c Probable conserved exported protein66 Rv0774c, (MTCY369.19c), len: 303 aa. Possible conserved exported protein with hydrophobic region near N-terminus, highly similar, except in N-terminus, to Rv0519c|Z97831|MTY20G10.09c|O33364 hypothetical protein from Mycobacterium tuberculosis (300 aa), FASTA scores: opt: 1092, E(): 0, (57.9% identity in 299 aa overlap). Contains PS00061 Short-chain alcohol dehydrogenase family signature, and PS00120 Lipases, serine active site. So could be a lipase. Start changed since first submission (-9 aa). Predicted to be an outer membrane protein (See Song et al., 2008).Not found

8317 868157 0.95 Q,E|Q,E 0.99,0.0|0.03,0.96Rv0774c Probable conserved exported protein66 Rv0774c, (MTCY369.19c), len: 303 aa. Possible conserved exported protein with hydrophobic region near N-terminus, highly similar, except in N-terminus, to Rv0519c|Z97831|MTY20G10.09c|O33364 hypothetical protein from Mycobacterium tuberculosis (300 aa), FASTA scores: opt: 1092, E(): 0, (57.9% identity in 299 aa overlap). Contains PS00061 Short-chain alcohol dehydrogenase family signature, and PS00120 Lipases, serine active site. So could be a lipase. Start changed since first submission (-9 aa). Predicted to be an outer membrane protein (See Song et al., 2008).Not found

13935 1535147 0.97 D,A|D,A 0.99,0.0|0.02,0.97Rv1363c Possible membrane protein83 Rv1363c, (MTCY02B10.27c), len: 261 aa. Possible membrane protein, similar to Mycobacterium tuberculosis hypothetical proteins Rv1362c|MTCY02B10.26c (25.9% identity in 216 aa overlap); Rv1972|MTV051.10 and Rv0177 etc.C->-,C->C,C->CTCATAGTCG,C->CTCATAGTCGTCATAGTC

8317 868157 0.96 Q,E|Q,E 0.99,0.0|0.02,0.97Rv0774c Probable conserved exported protein66 Rv0774c, (MTCY369.19c), len: 303 aa. Possible conserved exported protein with hydrophobic region near N-terminus, highly similar, except in N-terminus, to Rv0519c|Z97831|MTY20G10.09c|O33364 hypothetical protein from Mycobacterium tuberculosis (300 aa), FASTA scores: opt: 1092, E(): 0, (57.9% identity in 299 aa overlap). Contains PS00061 Short-chain alcohol dehydrogenase family signature, and PS00120 Lipases, serine active site. So could be a lipase. Start changed since first submission (-9 aa). Predicted to be an outer membrane protein (See Song et al., 2008).Not found

 

Appendix 16: The most discriminative polymorphisms to distinguish between resistant and 

susceptible strains in lineage 4 (S-type). 
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'id Position Power Alleles Allelic_frequenciesLocus Gene Codon AnnotationMolType

22754 2604156 0.95 I,L|I,L 0.98,0.01|0.03,0.96Rv2330c lppP 23 Probable lipoprotein LppPT->-,T->T,T->TCAGTGCCAA,T->TCAGTGCCAACAGTGCCAA,T->TCAGTGCCAACAGTGCCAACAGTGCCA,T->TCAGTGCCAACAGTGCCAACAGTGCCAACAGTGCCAACAGTGCCA

22754 2604156 0.95 I,L|I,L 0.98,0.01|0.02,0.97Rv2330c lppP 23 Probable lipoprotein LppPT->-,T->T,T->TCAGTGCCAA,T->TCAGTGCCAACAGTGCCAA,T->TCAGTGCCAACAGTGCCAACAGTGCCA,T->TCAGTGCCAACAGTGCCAACAGTGCCAACAGTGCCAACAGTGCCA

22754 2604156 0.95 I,L|I,L 0.98,0.01|0.02,0.97Rv2330c lppP 23 Probable lipoprotein LppPT->-,T->T,T->TCAGTGCCAA,T->TCAGTGCCAACAGTGCCAA,T->TCAGTGCCAACAGTGCCAACAGTGCCA,T->TCAGTGCCAACAGTGCCAACAGTGCCAACAGTGCCAACAGTGCCA

Appendix 17: The most discriminative polymorphisms to distinguish between resistant and 

susceptible strains in lineage 4 (Tur). 
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'id Position Power Alleles Allelic_frequenciesLocus Gene Codon AnnotationMolType

7235 761155 1.0 S|L 1.0|1.0 Rv0667 rpoB 450 DNA-directed RNA polymerase (beta chain) RpoB (transcriptase beta chain) (RNA polymerase beta subunit)C->A,C->G,C->T

12520 1341099 1.0 I|V 1.0|1.0 Rv1198 esxL 32 Putative ESAT-6 like protein EsxL (ESAT-6 like protein 4)A->G

12523 1341114 1.0 T|A 1.0|1.0 Rv1198 esxL 37 Putative ESAT-6 like protein EsxL (ESAT-6 like protein 4)A->A,A->G

12524 1341120 1.0 S|G 1.0|1.0 Rv1198 esxL 39 Putative ESAT-6 like protein EsxL (ESAT-6 like protein 4)A->G

20435 2289213 1.0 Q|R 1.0|1.0 Rv2043c pncA 10 Pyrazinamidase/nicotinamidase PncA (PZase)T->C,T->G

36800 4249518 1.0 H|R 1.0|1.0 Rv3795 embB 1002 Integral membrane indolylacetylinositol arabinosyltransferase EmbB (arabinosylindolylacetylinositol synthase)A->G

37808 4363805 1.0 A|V 1.0|1.0 Rv3883c mycP1 318 Membrane-anchored mycosin MycP1 (serine protease) (subtilisin-like protease) (subtilase-like) (mycosin-1)G->A,G->T

19116 2155168 0.95 S,T|T 0.95,0.04|1.0Rv1908c katG 315 Catalase-peroxidase-peroxynitritase T KatGC->A,C->G,C->T

21030 2339448 0.91 S,T|T 0.91,0.08|1.0Rv2082 hypothetical protein247 Rv2082, (MTCY49.21), len: 721 aa. Conserved hypothetical protein. Similar to Mycobacterium tuberculosis Rv0029, and to Rv3899c and Rv3900c which may be frameshifted.G->-,G->ACAGCTCCAACACCAACATCACCATTCGGCACTGCTCCCATGCCGCCCGGCCCACCCCCACCGGGTACCGTCTCACCACCCCTACCCCCCAGCGCCCCCGCCGTTGGTGTTGGTGGCCCGTCAGTACCGGCCGCTGGCATGCCGCCA,G->C,G->CACCCCTACCCCCCAGCGCCCCCGCCGTTGGTGTTGGTGGCCCGTCAGTACCGGCCGCTGGCATGCCGCCA,G->GGCAGCCACCC,G->GTAGCAACGCGCCGATGTTGTCACTGGCAACGCCAGCGTTCGGTAGTAGCCAGCCGATGCCGGGCCCACCCCCACCATGTACCGTCTCACCACCCCTACCCCCCAGCGCCCCCGCCGTTGGTGTTGGTGGCCCGTCAGTACCGGCCGCTGGCATGCCGCCA,G->GTAGCAACGCGCCGATGTTGTCACTGGCAACGCCAGCGTTCGGTAGTAGCCAGCCGATGCCGGGCCCACCCCTACCATGTACCGTCTCACCACCCCTACCCCCCAGCGCCCCCGCCGTTGGTGTTGGTGGCCCGTCAGTACCGGCCGCTGGCATGCCGCCA,G->GTAGCAACGCGCCGATGTTGTCACTGGCAACGCCAGCGTTCGGTAGTAGCCAGCCGATGCCGGGCCCACCNNNNNNNNNNCCCCCACCATGTACCGTCTCACCACCCCTACCCCCCAGCGCCCCCGCCGTTGGTGTTGGTGGCCCGTCAGTACCGGCCGCTGGCATGCCGCCA,T->-

1001 89388 0.87 P,S|S 0.91,0.08|1.0Rv0080 hypothetical protein123 Rv0080, (MTV030.24), len: 152 aa. Conserved hypothetical protein. Belongs to pyridoxine 5'-phosphate (PNP) oxidase-like (PNPOx-like) superfamily.C->-,C->G,C->T

2214 216586 0.87 Q,H|H 0.91,0.08|1.0Rv0186 bglS 106 Probable beta-glucosidase BglS (gentiobiase) (cellobiase) (beta-D-glucoside glucohydrolase)A->C,A->G

26305 3065920 0.87 P,L|L 0.91,0.08|1.0Rv2752c hypothetical protein91 Rv2752c, (MTV002.17c), len: 558 aa. Conserved hypothetical protein, equivalent to Q9CBW5|ML1512 hypothetical protein from Mycobacterium leprae (558 aa),FASTA scores: opt: 3301, E(): 1.2e-195, (89.05% identity in 558 aa overlap). Also highly similar to other hypothetical proteins from a wide range of prokaryotes e.g. CAC19480|P54122|YOR4_CORGL from Corynebacterium glutamicum (Brevibacterium flavum) (718 aa), FASTA scores: opt: 2142,E(): 3.5e-124, (57.2% identity in 554 aa overlap) (N-terminus longer); O86842|SC9A10.09 from Streptomyces coelicolor (561 aa), FASTA scores: opt: 2077, E(): 2.9e-120, (55.95% identity in 556 aa overlap); Q9ZI80 from Streptomyces toyocaensis (528 aa), FASTA scores: opt: 1843,E(): 7.3e-106, (52.45% identity in 528 aa overlap) (N-terminus shorter 30 aa); etc.G->-,G->A,Not found

16149 1789446 0.83 V,I|I 0.9,0.09|1.0Rv1588c Partial REP13E12 repeat protein131 Rv1588c, (MTCY336.16), len: 222 aa. Partial REP13E12 repeat protein (see citation below), nearly identical to ORF's in other Rep13E12 repeats, including Rv0095c|MTCY251.14c|Y05E_MYCTU|Q10891 hypothetical 15.4 kd protein cy251.14 from Mycobacterium tuberculosis (136 aa),FASTA results: opt: 613, E(): 9.9e-29, (86.5% identity in 111 aa overlap). This region is a possible MT-complex-specific genomic island (See Becq et al.,2007).A->-,C->T,T->C

1294 117403 0.75 A,V|V 0.9,0.1|1.0Rv0101 nrp 2468 Probable peptide synthetase Nrp (peptide synthase)C->T

2335 232110 0.75 T,M|M 0.9,0.1|1.0Rv0196 Possible transcriptional regulatory protein155 Rv0196, (MTV033.04), len: 194 aa. Possible transcriptional regulatory protein, similar to two Bacillus subtilis regulators: P42105|YXAF_BACSU hypothetical 21.0 kDa protein (191 aa), FASTA scores: opt: 323, E(): 2.1e-15,(30.9% identity in 181 aa overlap); and Z99105|BSUB0002_9 negative regulator of the lincomycin operon (188 aa), FASTA scores: opt: 255, E(): 1e-10, (25.9 identity in 185 aa overlap).C->T

5440 524095 0.75 S,P|P 0.9,0.1|1.0Rv0435c Putative conserved ATPase147 Rv0435c, (MTCY22G10.32c), len: 728 aa. Putative conserved ATPase, similar to others e.g. SAV_SULAC|Q07590 sav protein involved in cell division from sulfolobus acidocaldarius (780 aa), FASTA scores: opt: 897, E(): 0,(34.5% identity in 693 aa overlap); NP_148637.1|7435761|B72479 transitional endoplasmic reticulum ATPase from Aeropyrum pernix (699 aa); etc. Also similar to Rv3610c and Rv2115c from Mycobacterium tuberculosis. Contains PS00017 ATP/GTP-binding site motif A (P-loop), and PS00674 AAA-protein family signature.A->G

7609 818798 0.75 N,K|K 0.9,0.1|1.0Rv0726c Possible S-adenosylmethionine-dependent methyltransferase282 Rv0726c, (MTCY210.45c), len: 367 aa. Possible S-adenosylmethionine-dependent methyltransferase (see Grana et al., 2007), highly similar to other proteins from Mycobacterium tuberculosis e.g. Q10552|Y893_MYCTU|Rv0893c|MT0917|MTCY31.21c (325 aa), FASTA scores: opt: 646, E(): 0, (38.3% identity in 329 aa overlap); Rv0731c|MTV041.05c (318 aa), Rv3399, etc. Also similar to proteins from Mycobacterium leprae and other organisms e.g. T35930 hypothetical protein SC9B5.10 from Streptomyces coelicolor (303 aa).Not found

10864 1186775 0.75 V,I|I 0.9,0.1|1.0Rv1063c hypothetical protein17 Rv1063c, (MTV017.16c), len: 360 aa. Conserved hypothetical protein, similar to P37053|YCHK_ECOLI hypothetical protein from Escherichia coli (314 aa), FASTA scores: opt: 487, E(): 7.2e-23, (32.7% identity in 321 aa overlap). Also partially similar to Rv3239c|MTCY20B11.14c. Belongs to the UPF0028 (SWS) family.C->T

13043 1416410 0.75 L,R|R 0.9,0.1|1.0Rv1267c embR 313 Probable transcriptional regulatory protein EmbRA->C

13117 1430158 0.75 A,T|T 0.9,0.1|1.0Rv1279 Probable dehydrogenase FAD flavoprotein GMC oxidoreductase33 Rv1279, (MTCY50.03c), len: 528 aa. Probable dehydrogenase, FAD flavoprotein GMC oxidoreductase, similar to several e.g. dBETA_ECOLI|P17444 choline dehydrogenase from Escherichia coli (556 aa), FASTA scores, opt: 1047,E(): 0, (37.7% identity in 541 aa overlap). Similar to Rv0697 putative Mycobacterium tuberculosis GMC oxidoreductase. Contains PS00623 GMC oxidoreductases signature 1, and PS00624 GMC oxidoreductases signature 2. Belongs to the GMC oxidoreductases family.G->A,G->C

13650 1502795 0.75 M,T|T 0.9,0.1|1.0Rv1334 mec 52 Possible hydrolaseT->-,T->C

15494 1706034 0.75 C,R|R 0.9,0.1|1.0Rv1514c hypothetical protein188 Rv1514c, (MTCY277.36c), len: 262 aa. Conserved hypothetical protein. Similar to other hypothetical proteins, and to WCAE_ECOLI|P71239 putative colanic acid biosynthesis glycosyl transferase (248 aa), FASTA scores: opt: 231, E(): 4.1e-08, (33.3% identity in 210 aa overlap). Also similar to Mycobacterium tuberculosis hypothetical glycosyltransferase, Rv2957.A->G

15498 1706262 0.75 K,E|E 0.9,0.1|1.0Rv1514c hypothetical protein112 Rv1514c, (MTCY277.36c), len: 262 aa. Conserved hypothetical protein. Similar to other hypothetical proteins, and to WCAE_ECOLI|P71239 putative colanic acid biosynthesis glycosyl transferase (248 aa), FASTA scores: opt: 231, E(): 4.1e-08, (33.3% identity in 210 aa overlap). Also similar to Mycobacterium tuberculosis hypothetical glycosyltransferase, Rv2957.T->C

15880 1757105 0.75 Q,P|P 0.9,0.1|1.0Rv1551 plsB1 554 Possible acyltransferase PlsB1A->C

15931 1763855 0.75 D,G|G 0.9,0.1|1.0Rv1559 ilvA 143 Probable threonine dehydratase IlvAA->G

20478 2294896 0.75 L,F|F 0.9,0.1|1.0Rv2048c pks12 4031 Polyketide synthase Pks12G->A

21787 2447282 0.75 E,D|D 0.9,0.1|1.0Rv2185c TB16.3 74 Conserved protein TB16.3T->G

22506 2562752 0.75 V,I|I 0.9,0.1|1.0Rv2290 lppO 52 Probable conserved lipoprotein LppOG->A

24071 2794793 0.75 M,I|I 0.9,0.1|1.0Rv2486 echA14 148 Probable enoyl-CoA hydratase EchA14 (enoyl hydrase) (unsaturated acyl-CoA hydratase) (crotonase)G->A

25095 2899538 0.75 D,A|A 0.9,0.1|1.0Rv2575 Possible conserved membrane glycine rich protein67 Rv2575, (MTCY227.26c), len: 293 aa. Possible conserved membrane gly-rich protein, highly similar to hypothetical proteins e.g. Q9RR98|DR2596 conserved hypothetical protein from Deinococcus radiodurans (313 aa),FASTA scores: opt: 734, E(): 2.8e-38, (42.95% identity in 291 aa overlap); Q9HV81|PA4717 from Pseudomonas aeruginosa (297 aa), FASTA scores: opt: 641, E(): 1.5e-32, (43.35% identity in 300 aa overlap); Q98IA4|MLL2493 from Rhizobium loti (Mesorhizobium loti) (306 aa), FASTA scores: opt: 628,E(): 1e-31, (38.45% identity in 307 aa overlap); etc. Contains PS00142 Neutral zinc metallopeptidases,zinc-binding region signature.A->C

26337 3069778 0.75 F,L|L 0.9,0.1|1.0Rv2756c hsdM 103 Possible type I restriction/modification system DNA methylase HsdM (M protein) (DNA methyltransferase)G->A,G->T

29053 3480435 0.75 H,R|R 0.9,0.1|1.0Rv3113 Possible phosphatase121 Rv3113, (MTCY164.23), len: 222 aa. Possible phosphatase, with weak similarity to other phosphatases e.g. Q9KYY0|SCE33.02c from Streptomyces coelicolor (223 aa), FASTA scores: opt: 368, E(): 1.2e-16, (32.9% identity in 222 aa overlap); and Q55039|GPH_SYNP7|CBBZ phosphoglycolate phosphatase from Synechococcus sp. strain PCC 7942 (Anacystis nidulans R2) (212 aa), FASTA scores: opt: 176, E(): 0.00025, (24.7% identity in 182 aa overlap). This region is a possible MT-complex-specific genomic island (See Becq et al., 2007).A->-,A->G

30315 3696179 0.75 V,A|A 0.9,0.1|1.0Rv3308 pmmB 439 Probable phosphomannomutase PmmB (phosphomannose mutase)T->C

33155 3898637 0.75 V,I|I 0.9,0.1|1.0Rv3479 Possible transmembrane protein940 Rv3479, (MTCY13E12.32), len: 1021 aa. Possible transmembrane protein, with hydrophobic stretches at C-terminus. Start changed since first submission (-54 aa). Alternative nucleotide at position 3896340 (T->G; L174R) has been observed.G->A

34621 3958797 0.75 A,V|V 0.9,0.1|1.0Rv3522 ltp4 117 Possible lipid transfer protein or keto acyl-CoA thiolase Ltp4C->T

36229 4179179 0.75 I,V|V 0.9,0.1|1.0Rv3729 Possible transferase299 Rv3729, (MTV025.077), len: 776 aa. Conserved hypothetical protein, possible transferase, similar to several hypothetical proteins and various transferases e.g. O26919|MTH831 molybdenum cofactor biosynthesis MOAA homolog from Methanobacterium thermoautotrophicum (497 aa), FASTA scores: opt: 697, E(): 4.8e-34, (30.7% identity in 492 aa overlap); Q58036|Y619_METJA|MJ0619 hypothetical protein from Methanococcus jannaschii (506 aa), FASTA scores: opt: 670, E(): 2e-32, (30.6% identity in 497 aa overlap); O27968|AF2316 conserved hypothetical protein from Archaeoglobus fulgidus (518 aa), FASTA scores: opt: 477,E(): 6.4e-21, (29.4% identity in 500 aa overlap); BAB60102|TVG0985801 molybdenum cofactor biosynthesis protein from Thermoplasma volcanium (606 aa), FASTA scores: opt: 402, E(): 2.1e-16, (28.1% identity in 509 aa overlap); etc. C-terminus similar to methyltransferases e.g. Q9S0N6|AVED C5-O-methyltransferase from Streptomyces avermitilis (283 aa), FASTA scores: opt: 298, E(): 1.9e-10,(31.5% identity in 292 aa ovA->G

36518 4214751 0.75 T,N|N 0.9,0.1|1.0Rv3769 Hypothetical protein46 Rv3769, (MTCY13D12.03), len: 90 aa. Hypothetical unknown protein, possible coiled-coil protein.Not found

36758 4245055 0.75 T,N|N 0.9,0.1|1.0Rv3794 embA 608 Integral membrane indolylacetylinositol arabinosyltransferase EmbA (arabinosylindolylacetylinositol synthase)Not found

37844 4367911 0.75 I,T|T 0.9,0.1|1.0Rv3885c eccE2 204 ESX conserved component EccE2 ESX-2 type VII secretion system protein Possible membrane proteinA->AC,A->G  

Appendix 18: The most discriminative polymorphisms to distinguish between resistant and 

susceptible strains in lineage 4 (Uganda). 
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'id Position Power Alleles Allelic_frequenciesLocus Gene Codon AnnotationMolType

20966 2338200 0.78 V|V,G 1.0|0.2,0.8Rv2081c Conserved transmembrane protein103 Rv2081c, (MTCY49.20c), len: 146 aa. Conserved transmembrane protein, similar to many. Hydrophobic stretch from aa 32-54.Not found

16498 1843567 0.66 I,P|A 0.94,0.05|1.0Rv1637c hypothetical protein43 Rv1637c, (MTCY01B2.29c,MTCY06H11.01c), len: 264 aa. Conserved protein, some similarity to others e.g. P05446|GLO2_RHOBL probable hydroxyacylglutathione hydrolase (255 aa), FASTA scores: opt: 252, E(): 2e-09, (39.0% identity in 146 aa overlap). Also similar to Q9Z505|AL035591|SCC54.20 putative hydrolase from Streptomyces coelicolor (218 aa), FASTA scores: opt: 732,E(): 0, (52.3% identity in 220 aa overlap). Also similar to Mycobacterium tuberculosis hypothetical proteins and putative glyoxylases e.g. Rv0634c, Rv3677c, Rv2581c,Rv2260.Not found

16502 1843636 0.87 H,*|D,I 0.94,0.05|0.8,0.2Rv1637c hypothetical protein20 Rv1637c, (MTCY01B2.29c,MTCY06H11.01c), len: 264 aa. Conserved protein, some similarity to others e.g. P05446|GLO2_RHOBL probable hydroxyacylglutathione hydrolase (255 aa), FASTA scores: opt: 252, E(): 2e-09, (39.0% identity in 146 aa overlap). Also similar to Q9Z505|AL035591|SCC54.20 putative hydrolase from Streptomyces coelicolor (218 aa), FASTA scores: opt: 732,E(): 0, (52.3% identity in 220 aa overlap). Also similar to Mycobacterium tuberculosis hypothetical proteins and putative glyoxylases e.g. Rv0634c, Rv3677c, Rv2581c,Rv2260.Not found

19478 2180650 0.85 S,G,R|H,R 0.85,0.02,0.12|0.8,0.2Rv1928c Probable short-chain type dehydrogenase/reductase190 Rv1928c, (MTCY09F9.36), len: 255 aa. Probable short-chain dehydrogenase/reductase, highly similar to others e.g. NP_228109.1|NC_000853 oxidoreductase (short chain dehydrogenase/reductase family) from Thermotoga maritima (257 aa); T41116 short chain dehydrogenase from Schizosaccharomyces pombe (261 aa); P87219|SOU1_CANAL sorbitol utilization protein (SDR family) from Candida albicans (281 aa); P25529|HDHA_ECOLI 7-alpha-hydroxysteroid dehydrogenase from Escherichia coli (255 aa), FASTA scores: opt: 541, E(): 1.2e-27, (37.5% identity in 251 aa overlap); etc. Also similar to many mycobacterial tuberculosis proteins e.g. Rv1350, Rv0927c, Rv2002, Rv0769, Rv2766c,etc. Contains PS00061 Short-chain alcohol dehydrogenase family signature. Belongs to the short-chain dehydrogenases/reductases (SDR) family.Not found,T->C,T->TGCC,T->TGCCG

16922 1894296 0.8 G,P|P,R 0.86,0.13|0.2,0.8Rv1668c Probable first part of macrolide-transport ATP-binding protein ABC transporter350 Rv1668c, (MTV047.04c), len: 372 aa. Probable first part of macrolide-transport ATP-binding protein ABC transporter (see citation below), similar to many ATP-binding proteins ABC transporter e.g. X80735|SEABCT_1|Q54072 Saccharopolyspora erythraea ertX gene (481 aa), FASTA scores: opt: 938, E(): 0, (45.6% identity in 353 aa overlap); etc. Similarity to other NBD components of ABC transporters suggests that Rv1667c and Rv1668c should be contiguous. However, sequence has been checked and no error found, also same sequence in Mycobacterium tuberculosis CSU93 and Mycobacterium bovis. Contains PS00211 ABC transporters family signature and two times PS00017 ATP/GTP-binding site motif A. Belongs to the ATP-binding transport protein family (ABC transporters).Not found

20966 2338200 0.78 V|V,G 1.0|0.2,0.8Rv2081c Conserved transmembrane protein103 Rv2081c, (MTCY49.20c), len: 146 aa. Conserved transmembrane protein, similar to many. Hydrophobic stretch from aa 32-54.Not found

16498 1843567 0.66 I,P|A 0.94,0.05|1.0Rv1637c hypothetical protein43 Rv1637c, (MTCY01B2.29c,MTCY06H11.01c), len: 264 aa. Conserved protein, some similarity to others e.g. P05446|GLO2_RHOBL probable hydroxyacylglutathione hydrolase (255 aa), FASTA scores: opt: 252, E(): 2e-09, (39.0% identity in 146 aa overlap). Also similar to Q9Z505|AL035591|SCC54.20 putative hydrolase from Streptomyces coelicolor (218 aa), FASTA scores: opt: 732,E(): 0, (52.3% identity in 220 aa overlap). Also similar to Mycobacterium tuberculosis hypothetical proteins and putative glyoxylases e.g. Rv0634c, Rv3677c, Rv2581c,Rv2260.Not found

1146 103793 0.99 D,Q,S|Q,R0.99,0.0,0.0|0.02,0.97Rv0094c hypothetical protein291 Rv0094c, (MTCY251.13c), len: 317 aa. Member of 13E12 repeat family, showing some similarity to U15187|MLU15187_7 from Mycobacterium leprae (94 aa), FASTA score: (49.4% identity in 79 aa overlap).C->CTGCT,C->CTGCTG,C->CTGCTGAA,C->CTGCTGAAGAACATTCCACGCCAGGAGATCAACCATGACCACCACACCAGCACGTTTCAACCACTTGGTGACGGTAACCGACCTGGAAACCGGTGACCGCGCCGTCTGCGACCGCGACCAGGTGGCCGAGACGATCCGGGCGTGGTTCCCGGACGCGCCCTTGGAGGTGAGGGAAGCGCTCGTTCGGCTGCAGGCCGCGTTGAANNNNNNNNNN,C->CTGCTGAAGAACATTCCACGCCAGGAGATCAACCATGACCACCACACCAGCACGTTTCAACCACTTGGTGACGGTAACCGACCTGGAAACCGGTGACCGCGCCGTCTGCGACCGCGACCAGGTGGCCGAGACGATCCGGGCGTGGTTCCCGGACGCGCCCTTGGAGGTGAGGGAAGCGCTCGTTCGGCTGCAGGCCGCGTTGAATCGGCACGAGCACACCGGCGAGCTCGNNNNNNNNNN,C->CTGCTGAAGAACATTCCACGCCAGGAGATCAACCATGACCACCACACCAGCACGTTTCAACCACTTGGTGACGGTAACCGACCTGGAAACCGGTGACCGCGCCGTCTGCGACCGCGACCAGGTGGCCGAGACGATCCGGGCGTGGTTCCCGGACGCGCCCTTGGAGGTGAGGGAAGCGCTCGTTCGGCTGCAGGCCGCGTTGAATCGGNNNNNNNNNN,C->CTGCTGAAGAACATTCCACGCCAGGAGATCAACCATGACCACCACACCAGCACGTTTCAACCACTTGGTGACGGTAACCGACCTGGAAACCGGTGACCGCGCCGTCTGCGACCGCGACCAGGTGGCCGAGACGATCCGGGCGTGGTTCCCGGACGCGCCCTTGGNNNNNNNNNN,C->CTGCTGAAGAACATTCCACGCCAGGAGATCAACCATGACCACCACACCAGCACGTTTCAACCACTTGGTGACGGTAACCGACCTGGAAACCGGTGACCGCGCCGTCTGCGACCGCGACCAGGTGGCCG

15571 1715939 0.99 A,Q|F,Q 0.99,0.0|0.02,0.97Rv1522c mmpL12 559 Probable conserved transmembrane transport protein MmpL12Not found

20966 2338200 0.97 V|V,G 1.0|0.02,0.97Rv2081c Conserved transmembrane protein103 Rv2081c, (MTCY49.20c), len: 146 aa. Conserved transmembrane protein, similar to many. Hydrophobic stretch from aa 32-54.Not found

22754 2604156 0.96 I,L,W|I,L 0.98,0.0,0.0|0.02,0.97Rv2330c lppP 23 Probable lipoprotein LppPT->-,T->T,T->TCAGTGCCAA,T->TCAGTGCCAACAGTGCCAA,T->TCAGTGCCAACAGTGCCAACAGTGCCA,T->TCAGTGCCAACAGTGCCAACAGTGCCAACAGTGCCAACAGTGCCA

38403 4408009 0.96 V,G|G 0.99,0.0|1.0Rv3919c gid 65 Probable glucose-inhibited division protein B GidA->AC,A->ACCCC,A->C,A->G

17822 1992320 0.95 Y,G,H|G 0.98,0.0,0.0|1.0Rv1759c wag22 87 PE-PGRS family protein Wag22Not found

18926 2133472 0.95 Y|* 1.0|1.0 Rv1883c hypothetical protein74 Rv1883c, (MTCY180.35), len: 153 aa. Conserved hypothetical protein, some similarity to hypothetical proteins e.g. Rv2778c|AL008967|MTV002.43 from Mycobacterium tuberculosis (156 aa), FASTA score: opt: 212, E(): 3.1e-08,(34.4% identity in 151 aa overlap). Also similar to U75434|SAU75434_3 Nsh-OrfB from Streptomyces actuosus (173 aa), FASTA score: opt: 207, E(): 1.8e-07, (40.2% identity in 102 aa overlap).C->CAGGCCGTCACCGCGCA,C->CAGGCCGTCACCTCGGA,C->CATACCGTCACCTCCCATACCGTC,C->CATACCGTCACCTCGAATACCGTC,C->CATCCCGTCACCCCGCAT,C->CATCCCGTCACCTCGGAT,C->CATCCCGTCACCTCTCAT,C->CATCCCGTCACCTGGCAT,C->CATGACGTCACCTAGCAT,C->CATGACGTCACCTCGAAT,C->CATGCCATCACCTCCCAT,C->CATGCCCTCCCCTCTCAT,C->CATGCCGCCACCCCGCAT,C->CATGCCGCCACTTCGCAT,C->CATGCCGGCCCCCCCCAT,C->CATGCCGTAACCTTGCAT,C->CATGCCGTCACCACGCAT,C->CATGCCGTCACCCCGCAT,C->CATGCCGTCACCGCGCAT,C->CATGCCGTCACCTACCAT,C->CATGCCGTCACCTAGAAT,C->CATGCCGTCACCTAGCAT,C->CATGCCGTCACCTCACAT,C->CATGCCGTCACCTCCAAT,C->CATGCCGTCACCTCCCAT,C->CATGCCGTCACCTCGAAT,C->CATGCCGTCACCTCGCAT,C->CATGCCGTCACCTCGGAT,C->CATGCCGTCACCTCGTAT,C->CATGCCGTCACCTCTCAT,C->CATGCCGTCACCTGGCAT,C->CATGCCGTCACCTTGCAT,C->CATGCCGTCACTTCGCAT,C->CATGCCGTCCCCCCGCAT,C->CATGCCGTCCCCTCCCAT,C->CATGCCGTCCCCTCGAAT,C->CATGCCGTCCCCTCTCAT,C->CATGCCGTCGCCTAGCAT,C->CATGCCGTCGCCTTGCAT,C->CATGCCGTGATCTCCCAT,C->CATGCGGTCACCCCGCAT,C->CATGGCGTCACCTCTGAT,C->CATGGCGTCACCTGGCAT,C->CATTCCGTCACCTAGCAT,C->CCTGCCGTCACCGCGC,C->CGTGCCGTCCCCTCCC,C->CTT

7511 802427 0.93 P,-,L|- 0.99,0.0,0.0|1.0Rv0703 rplW 99 50S ribosomal protein L23 RplWC->ATCC,C->CCAGGGCAATGC,C->CCGGCCTAGCCCGGCGACGATGCAGAGCGAAGCGATGAGGAGGAGCAGGGCAATG,C->CCGGCCTAGCCCGGCGACGATGCAGAGCGAAGCGATGAGGAGGAGCAGGGCAATGCGGCCTAGCCCGGCGACGATGCAGAGCGAAGCGATGAGGAGGAGCAGGGCAATGCGGCCTAGCCCGGCGACGA,C->CCGGCCTAGCCCGGCGACGATGCAGAGCGAAGCGATGAGGAGGAGCAGGGCAATGCGGCCTAGCCCGGCGACGATGCAGAGCGAAGCGATGAGGAGGAGCAGGGCAATGCGGCCTAGCCCGGCGACGATGCAGAGCGAAGCGATGAGGAGGAGCAGGGCAATGCGGCCTAGCCCGGCGACGA,C->CGGCAATG,C->CTG,C->T

16498 1843567 0.92 I,P|A 0.99,0.0|1.0Rv1637c hypothetical protein43 Rv1637c, (MTCY01B2.29c,MTCY06H11.01c), len: 264 aa. Conserved protein, some similarity to others e.g. P05446|GLO2_RHOBL probable hydroxyacylglutathione hydrolase (255 aa), FASTA scores: opt: 252, E(): 2e-09, (39.0% identity in 146 aa overlap). Also similar to Q9Z505|AL035591|SCC54.20 putative hydrolase from Streptomyces coelicolor (218 aa), FASTA scores: opt: 732,E(): 0, (52.3% identity in 220 aa overlap). Also similar to Mycobacterium tuberculosis hypothetical proteins and putative glyoxylases e.g. Rv0634c, Rv3677c, Rv2581c,Rv2260.Not found

22313 2534564 0.91 L,P|L,R 0.99,0.0|0.04,0.95Rv2262c hypothetical protein330 Rv2262c, (MTV022.12c), len: 360 aa. Conserved hypothetical protein, with function unknown but some similarity to N-terminal 70% of P23930|P77703|LNT_ECOLI|cute|B0657 apolipoprotein N-acyltransferase from Escherichia coli strain K12 (512 aa), FASTA scores: opt: 239, E(): 1.6e-07, (30.4% identity in 359 aa overlap). Note that neighboring ORF shows similarity to N -terminal part of PCC6803 apolipoprotein N-acyltransferase from Synechocystis sp., suggesting possibility of frameshift. Sequence of clones from two sources has been checked but no error found. Appear to be two extra bases at position 1876970 compared to CDC1551 strain.A->-,A->A,A->AACCCTTCG,A->AAGCAGAAG,A->ACG,A->AGCGGC,A->AGG,A->AGTGCAGCGG,A->C,A->CACATATTCGCCAAACGGAACCAACCGGGTCTTCCGGTAGCTGCCCACAGCTTCGTGCGCGCCGACAAGCACCGCCGACTTGTAGATTCCCCCGTCCGGTGCC,A->CACATATTCGCCAAACGGAACCAACCGGGTCTTCCGGTAGCTGCCCACAGCTTCGTGCGCGCCGACAAGCACCGCCGACTTGTAGATTCCCCCGTCCGGTGCCGGGGCGTCGACGTTGACCAACAAATCCGCGCCCACCCGCTGTGACT,A->G,A->T

19487 2180815 0.79 V,C,L|C,W0.93,0.05,0.0|0.04,0.95Rv1928c Probable short-chain type dehydrogenase/reductase135 Rv1928c, (MTCY09F9.36), len: 255 aa. Probable short-chain dehydrogenase/reductase, highly similar to others e.g. NP_228109.1|NC_000853 oxidoreductase (short chain dehydrogenase/reductase family) from Thermotoga maritima (257 aa); T41116 short chain dehydrogenase from Schizosaccharomyces pombe (261 aa); P87219|SOU1_CANAL sorbitol utilization protein (SDR family) from Candida albicans (281 aa); P25529|HDHA_ECOLI 7-alpha-hydroxysteroid dehydrogenase from Escherichia coli (255 aa), FASTA scores: opt: 541, E(): 1.2e-27, (37.5% identity in 251 aa overlap); etc. Also similar to many mycobacterial tuberculosis proteins e.g. Rv1350, Rv0927c, Rv2002, Rv0769, Rv2766c,etc. Contains PS00061 Short-chain alcohol dehydrogenase family signature. Belongs to the short-chain dehydrogenases/reductases (SDR) family.C->-,C->C,C->CAAG,C->CCAGCA,C->CGA

18928 2133474 0.68 C|C,* 1.0|0.2,0.8Rv1883c hypothetical protein74 Rv1883c, (MTCY180.35), len: 153 aa. Conserved hypothetical protein, some similarity to hypothetical proteins e.g. Rv2778c|AL008967|MTV002.43 from Mycobacterium tuberculosis (156 aa), FASTA score: opt: 212, E(): 3.1e-08,(34.4% identity in 151 aa overlap). Also similar to U75434|SAU75434_3 Nsh-OrfB from Streptomyces actuosus (173 aa), FASTA score: opt: 207, E(): 1.8e-07, (40.2% identity in 102 aa overlap).Not found

1146 103793 0.98 D,Q,S|Q,R0.98,0.0,0.0|0.0,0.99Rv0094c hypothetical protein291 Rv0094c, (MTCY251.13c), len: 317 aa. Member of 13E12 repeat family, showing some similarity to U15187|MLU15187_7 from Mycobacterium leprae (94 aa), FASTA score: (49.4% identity in 79 aa overlap).C->CTGCT,C->CTGCTG,C->CTGCTGAA,C->CTGCTGAAGAACATTCCACGCCAGGAGATCAACCATGACCACCACACCAGCACGTTTCAACCACTTGGTGACGGTAACCGACCTGGAAACCGGTGACCGCGCCGTCTGCGACCGCGACCAGGTGGCCGAGACGATCCGGGCGTGGTTCCCGGACGCGCCCTTGGAGGTGAGGGAAGCGCTCGTTCGGCTGCAGGCCGCGTTGAANNNNNNNNNN,C->CTGCTGAAGAACATTCCACGCCAGGAGATCAACCATGACCACCACACCAGCACGTTTCAACCACTTGGTGACGGTAACCGACCTGGAAACCGGTGACCGCGCCGTCTGCGACCGCGACCAGGTGGCCGAGACGATCCGGGCGTGGTTCCCGGACGCGCCCTTGGAGGTGAGGGAAGCGCTCGTTCGGCTGCAGGCCGCGTTGAATCGGCACGAGCACACCGGCGAGCTCGNNNNNNNNNN,C->CTGCTGAAGAACATTCCACGCCAGGAGATCAACCATGACCACCACACCAGCACGTTTCAACCACTTGGTGACGGTAACCGACCTGGAAACCGGTGACCGCGCCGTCTGCGACCGCGACCAGGTGGCCGAGACGATCCGGGCGTGGTTCCCGGACGCGCCCTTGGAGGTGAGGGAAGCGCTCGTTCGGCTGCAGGCCGCGTTGAATCGGNNNNNNNNNN,C->CTGCTGAAGAACATTCCACGCCAGGAGATCAACCATGACCACCACACCAGCACGTTTCAACCACTTGGTGACGGTAACCGACCTGGAAACCGGTGACCGCGCCGTCTGCGACCGCGACCAGGTGGCCGAGACGATCCGGGCGTGGTTCCCGGACGCGCCCTTGGNNNNNNNNNN,C->CTGCTGAAGAACATTCCACGCCAGGAGATCAACCATGACCACCACACCAGCACGTTTCAACCACTTGGTGACGGTAACCGACCTGGAAACCGGTGACCGCGCCGTCTGCGACCGCGACCAGGTGGCCG

22754 2604156 0.97 I,L|I,L,W 0.98,0.01|0.0,0.98,0.0Rv2330c lppP 23 Probable lipoprotein LppPT->-,T->T,T->TCAGTGCCAA,T->TCAGTGCCAACAGTGCCAA,T->TCAGTGCCAACAGTGCCAACAGTGCCA,T->TCAGTGCCAACAGTGCCAACAGTGCCAACAGTGCCAACAGTGCCA

7511 802427 0.95 -,P|-,L,P 0.99,0.0|0.0,0.0,0.98Rv0703 rplW 99 50S ribosomal protein L23 RplWC->ATCC,C->CCAGGGCAATGC,C->CCGGCCTAGCCCGGCGACGATGCAGAGCGAAGCGATGAGGAGGAGCAGGGCAATG,C->CCGGCCTAGCCCGGCGACGATGCAGAGCGAAGCGATGAGGAGGAGCAGGGCAATGCGGCCTAGCCCGGCGACGATGCAGAGCGAAGCGATGAGGAGGAGCAGGGCAATGCGGCCTAGCCCGGCGACGA,C->CCGGCCTAGCCCGGCGACGATGCAGAGCGAAGCGATGAGGAGGAGCAGGGCAATGCGGCCTAGCCCGGCGACGATGCAGAGCGAAGCGATGAGGAGGAGCAGGGCAATGCGGCCTAGCCCGGCGACGATGCAGAGCGAAGCGATGAGGAGGAGCAGGGCAATGCGGCCTAGCCCGGCGACGA,C->CGGCAATG,C->CTG,C->T

17822 1992320 0.94 Y,G,H|G 0.97,0.0,0.01|1.0Rv1759c wag22 87 PE-PGRS family protein Wag22Not found

15152 1655176 0.93 P|P,A,L 1.0|0.03,0.95,0.01Rv1467c fadE15 110 Probable acyl-CoA dehydrogenase FadE15Not found

37709 4358495 0.93 G|G,E,T 1.0|0.03,0.01,0.95Rv3879c espK 430 ESX-1 secretion-associated protein EspK Alanine and proline rich proteinT->TC,T->TCCC

22313 2534564 0.91 L,P|L,R 0.99,0.0|0.01,0.98Rv2262c hypothetical protein330 Rv2262c, (MTV022.12c), len: 360 aa. Conserved hypothetical protein, with function unknown but some similarity to N-terminal 70% of P23930|P77703|LNT_ECOLI|cute|B0657 apolipoprotein N-acyltransferase from Escherichia coli strain K12 (512 aa), FASTA scores: opt: 239, E(): 1.6e-07, (30.4% identity in 359 aa overlap). Note that neighboring ORF shows similarity to N -terminal part of PCC6803 apolipoprotein N-acyltransferase from Synechocystis sp., suggesting possibility of frameshift. Sequence of clones from two sources has been checked but no error found. Appear to be two extra bases at position 1876970 compared to CDC1551 strain.A->-,A->A,A->AACCCTTCG,A->AAGCAGAAG,A->ACG,A->AGCGGC,A->AGG,A->AGTGCAGCGG,A->C,A->CACATATTCGCCAAACGGAACCAACCGGGTCTTCCGGTAGCTGCCCACAGCTTCGTGCGCGCCGACAAGCACCGCCGACTTGTAGATTCCCCCGTCCGGTGCC,A->CACATATTCGCCAAACGGAACCAACCGGGTCTTCCGGTAGCTGCCCACAGCTTCGTGCGCGCCGACAAGCACCGCCGACTTGTAGATTCCCCCGTCCGGTGCCGGGGCGTCGACGTTGACCAACAAATCCGCGCCCACCCGCTGTGACT,A->G,A->T

19487 2180815 0.73 V,C,L|C,W0.88,0.1,0.0|0.01,0.98Rv1928c Probable short-chain type dehydrogenase/reductase135 Rv1928c, (MTCY09F9.36), len: 255 aa. Probable short-chain dehydrogenase/reductase, highly similar to others e.g. NP_228109.1|NC_000853 oxidoreductase (short chain dehydrogenase/reductase family) from Thermotoga maritima (257 aa); T41116 short chain dehydrogenase from Schizosaccharomyces pombe (261 aa); P87219|SOU1_CANAL sorbitol utilization protein (SDR family) from Candida albicans (281 aa); P25529|HDHA_ECOLI 7-alpha-hydroxysteroid dehydrogenase from Escherichia coli (255 aa), FASTA scores: opt: 541, E(): 1.2e-27, (37.5% identity in 251 aa overlap); etc. Also similar to many mycobacterial tuberculosis proteins e.g. Rv1350, Rv0927c, Rv2002, Rv0769, Rv2766c,etc. Contains PS00061 Short-chain alcohol dehydrogenase family signature. Belongs to the short-chain dehydrogenases/reductases (SDR) family.C->-,C->C,C->CAAG,C->CCAGCA,C->CGA

8122 842057 0.9 V,F|F 0.9,0.09|1.0Rv0750 hypothetical protein9 Rv0750, (MTV041.24), len: 81 aa. Conserved hypothetical protein, showing almost perfect overlap with C-terminus of Rv0740|MTV041_14 conserved hypothetical protein from Mycobacterium tuberculosis (175 aa), FASTA scores: (93.8% identity in 81 aa overlap). Possible duplication. This region is a possible MT-complex-specific genomic island (See Becq et al., 2007).G->A,G->T

8123 842058 0.9 V,D|D 0.9,0.09|1.0Rv0750 hypothetical protein9 Rv0750, (MTV041.24), len: 81 aa. Conserved hypothetical protein, showing almost perfect overlap with C-terminus of Rv0740|MTV041_14 conserved hypothetical protein from Mycobacterium tuberculosis (175 aa), FASTA scores: (93.8% identity in 81 aa overlap). Possible duplication. This region is a possible MT-complex-specific genomic island (See Becq et al., 2007).T->A

22986 2626513 0.9 T,S|S 0.9,0.09|1.0Rv2347c esxP 3 Putative ESAT-6 like protein EsxP (ESAT-6 like protein 7)T->A,T->G

3574 341719 0.81 F,V|V 0.81,0.18|1.0Rv0281 Possible S-adenosylmethionine-dependent methyltransferase241 Rv0281, (MTV035.09), len: 302 aa. Possible S-adenosylmethionine-dependent methyltransferase (see Grana et al., 2007), member of Mycobacterium tuberculosis protein family that includes Rv0726c, Rv0731c, Rv3399, Rv1729c,etc. MTCY31_23 (325 aa), FASTA scores: opt: 1386, E(): 0,(69. 1% identity in 301 aa overlap). Contains possible N-terminal signal sequence.C->CGG,C->T

5475 529908 0.81 A,V|V 0.81,0.18|1.0Rv0440 groEL2 434 60 kDa chaperonin 2 GroEL2 (protein CPN60-2) (GroEL protein 2) (65 kDa antigen) (heat shock protein 65) (cell wall protein A) (antigen A)C->T

7272 764817 0.81 V,A,G|A,G0.81,0.09,0.09|0.5,0.5Rv0668 rpoC 483 DNA-directed RNA polymerase (beta' chain) RpoC (transcriptase beta' chain) (RNA polymerase beta' subunit)T->C,T->G

8120 842051 0.81 D,N|N 0.81,0.18|1.0Rv0750 hypothetical protein7 Rv0750, (MTV041.24), len: 81 aa. Conserved hypothetical protein, showing almost perfect overlap with C-terminus of Rv0740|MTV041_14 conserved hypothetical protein from Mycobacterium tuberculosis (175 aa), FASTA scores: (93.8% identity in 81 aa overlap). Possible duplication. This region is a possible MT-complex-specific genomic island (See Becq et al., 2007).G->A

8125 842065 0.81 H,Q|Q 0.81,0.18|1.0Rv0750 hypothetical protein11 Rv0750, (MTV041.24), len: 81 aa. Conserved hypothetical protein, showing almost perfect overlap with C-terminus of Rv0740|MTV041_14 conserved hypothetical protein from Mycobacterium tuberculosis (175 aa), FASTA scores: (93.8% identity in 81 aa overlap). Possible duplication. This region is a possible MT-complex-specific genomic island (See Becq et al., 2007).C->G

16024 1779243 0.81 H,P|P 0.81,0.18|1.0Rv1572c hypothetical protein19 Rv1572c, (MTCY336.31B), len: 34 aa. Partial ORF,part of REP13E12 repeat element; 3' end of Rv1587c (MTCY336.17) after phage-like element (see citation below). Similar to C-terminal ends of other REP13E12 repeat elements e.g. Rv1148, Rv1945, Rv3467, etc. Length extended since first submission (+7 aa). This region is a possible MT-complex-specific genomic island (See Becq et al.,2007).T->C,T->G,T->T,T->TTCGG

18149 2030758 0.81 A,G|G 0.81,0.18|1.0Rv1793 esxN 22 Putative ESAT-6 like protein EsxN (ESAT-6 like protein 5)C->G

20213 2266660 0.81 R,C|C 0.81,0.18|1.0Rv2020c hypothetical protein21 Rv2020c, (MTV018.07c), len: 99 aa. Conserved hypothetical protein, nearly identical to C-terminal part of hypothetical protein RvD1-Rv2024c' from Mycobacterium bovis BCG (1606 aa) emb|CAB44655.1| (Y18605). Corresponds to deletion region RvD1 so probably truncated protein.G->A

21008 2339276 0.81 V,L|L 0.81,0.18|1.0Rv2082 hypothetical protein190 Rv2082, (MTCY49.21), len: 721 aa. Conserved hypothetical protein. Similar to Mycobacterium tuberculosis Rv0029, and to Rv3899c and Rv3900c which may be frameshifted.G->-,G->C,T->-

21017 2339424 0.81 M,T|T 0.81,0.18|1.0Rv2082 hypothetical protein239 Rv2082, (MTCY49.21), len: 721 aa. Conserved hypothetical protein. Similar to Mycobacterium tuberculosis Rv0029, and to Rv3899c and Rv3900c which may be frameshifted.G->-,T->-,T->C,T->CGGCACCAGGTTTATCGCTACCACGTAGCAACGCGCCGATGTTGTCACTGGCAACGCCAGCGTTCGGTAGTAGCCAGCCGATGCCGGGCCCACCCCCACCATGTACCGTCTCACCACCCCTACCCCCCAGCGCCCCCGCCGTTGGTGTTGGTGGCCCGTCAGTACCGGCCGCTGGCATGCCGCCA,T->CGGCACCAGGTTTATCGCTACCACGTAGCAACGCGCCGATGTTGTCACTGGCAACGCCAGCGTTCGGTAGTAGCCAGCCGATGCCGGGCCCACCCCTACCATGTACCGTCTCACCACCCCTACCCCCCAGCGCCCCCGCCGTTGGTGTTGGTGGCCCGTCAGTACCGGCCGCTGGCATGCCGCCA,T->CGGCACCAGGTTTATCGCTACCACGTAGCAACGCGCCGATGTTGTCACTGGCAACGCCAGCGTTCGGTAGTAGCCAGCCGATGCCGGGCCCACCNNNNNNNNNNCCCCCACCATGTACCGTCTCACCACCCCTACCCCCCAGCGCCCCCGCCGTTGGTGTTGGTGGCCCGTCAGTACCGGCCGCTGGCATGCCGCCA,T->TGCCGCCC,T->TGCCGCCCG,T->TGCCGCCCGCCCCACCCCCACCG,T->TGCCGCCCGGCCCACCCCCACCG  

Appendix 19: The most discriminative polymorphisms to distinguish between resistant and 

susceptible strains in lineage 4 (Ural). 
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'id Position Power Alleles Allelic_frequenciesLocus Gene Codon AnnotationMolType

17280 1947061 0.99 G,E|G,V 0.99,0.0|0.0,0.99Rv1720c vapC12 120 Possible toxin VapC12C->C,C->CT,C->CTGAAC,C->CTGAACCGC,C->CTGAACCGCC,C->T

17698 1987453 0.99 S,N|A,N,T 0.99,0.0|0.99,0.0,0.0Rv1755c plcD 82 Probable phospholipase C 4 (fragment) PlcDC->-,C->CCGGGACCACGACCGAAGAATCCGCTGAGCTGAAGCGCTTGCGGCGGGACAACGCCNNNNNNNNNN,C->CGCAGCTCGCGGCGGCTGGGCTCCCGGTTGATGTGGTCGTAGTAGGTCGATGGGGCGATCGGCACACCCAGCTCGGTCAGCTGTGTGCAGATCGACTCGACACCCCACCGCAAACCATCGGGGCCCTCGCGGTGGCCCTGATGATCGGCGATGAACCGGGTAATTAGCGTGCTGGCCGGTCGAGCTCGGCCGCGAAGAAAGCCGACGCGGTCTTTAAAATCGCGTTCGCCCTTCGCAATTCGGCGTTGTCCCGCCGCAAGCGCTTCAGCTCAGCGGATTCTTCGGTCGTGGTCCCGGGCCGTGCGCCGGCATCGACCTGCGCCTGGCGCACCCACTTACGCACCGTCTCCGCGCAGCCAACACCAAGTAGACGGGCGACCTCACTGATCGCTGCCCACTCCGAATCGTGCTGACCGCGGATCTCTGCGACCATCCGCACCGCCCGCTCACGCAGCTCCGGCGGGTACCTCCTCGATGAACCACCTGACATGACCCCATCCTTTCCAAGAACTGGAGTCTCCGGACATGCCGGGGCGGTTCANNNNNNNNNNTGAACCGCCCCGGTGAGTCCGGAGACTCTCTGATCTGAGACCTCAGCCGGCGGCTGGTCTCTGGCGTTGAGCGTAGTAGGCAGCCTCGAGTTCGACCGGCGGGACGTCGCCGCAGTACTGGTAGAGGCGGCGATGGTTGAACCAGTCGACCCAGCGCGCGGTGGCCAACTCGACATCCTCGATGGACCGCCAGGGCTTGCCGGGTTTGATCAGCTCGGTCTTGTATAGGCCGTTGATCGTCTCGGCTAGTGCATTGTCATAGGAGCTTCCGACCGCTCCGACCGACGGTTGGATGCCTGCCTCGGCGAGCCGCTCGCTGAACCGGATCGATGTGTACTGAGATCCCCTATCCGTATGGTGGATAACGTCTTTCAGGTCGAGTACGCCTTCTTGTT

35941 4139180 0.99 G|H,Y 1.0|0.0,0.99Rv3696c glpK 193 Probable glycerol kinase GlpK (ATP:glycerol 3-phosphotransferase) (glycerokinase) (GK)Not found

4408 424011 0.98 -,R|-,Q,R 0.99,0.0|0.0,0.0,0.99Rv0353 hspR 125 Probable heat shock protein transcriptional repressor HspR (MerR family)C->C,C->CAGTTGGCACCA,C->CGCCGGTGAGCGAGCGCGCGTAGCGGGGAGCGAACGGCGCAGTTGGCACCAGCCGGTGAGCGAGCGCGCGTAGCGGGGG,C->CGCCGGTGAGCGAGCGCGCGTAGCGGGGGAGCGAACGGCGCAGTTGGCACCAGCCGGTGAGCGAGCGCGCGTAGCGGGGGAGCGAACGGCGCAGTTGGCACCAGCCGGTGAGCGAGCGCGCGTAGCGGGGGAGCGAACGGCGCAGTTGGCACCAGCCGGTGAGCGAGCGCGCGTAGCGGGGGAG,C->CTGGCACCA

6241 636921 0.98 S,P|A,P 0.99,0.0|0.99,0.0Rv0545c pitA 182 Probable low-affinity inorganic phosphate transporter integral membrane protein PitANot found

18676 2094921 0.98 H,R|A,T 0.99,0.0|0.99,0.0Rv1844c gnd1 90 Probable 6-phosphogluconate dehydrogenase Gnd1C->-,C->CG,C->T,C->TGGCG,Not found

26358 3072705 0.98 I,D,G|G 0.99,0.0,0.0|1.0Rv2762c hypothetical protein118 Rv2762c, (MTV002.27c), len: 139 aa. Conserved hypothetical protein, similar to C-terminus of hypothetical proteins: Q9A380|CC3324 from Caulobacter crescentus (409 aa), FASTA scores: opt: 181, E(): 9.8e-05, (43.55% identity in 101 aa overlap); Q98KQ4|MLR1373 from Rhizobium loti (Mesorhizobium loti) (399 aa), FASTA scores: opt: 174, E(): 0.00028, (46.35% identity in 82 aa overlap); and Q9HZZ9|PA2844 from Pseudomonas aeruginosa (402 aa), FASTA scores: opt: 158, E(): 0.0033, (40.0% identity in 80 aa overlap).T->T,T->TC,T->TCCCCCC,T->TCCCCCCCC

26739 3131484 0.98 A,D,G,V|G0.99,0.0,0.0,0.0|1.0Rv2823c hypothetical protein97 Rv2823c, (MTCY16B7.19), len: 809 aa. Conserved protein, similar in part to others e.g. Q9X2D1|TM1811Thermotoga maritima (717 aa), FASTA scores: opt: 401, E(): 3.6e-18, (27.15% identity in 773 aa overlap); O27154|MTH1082 conserved hypothetical protein from Methanothermobacter thermautotrophicus (822 aa), FASTA scores: opt: 306, E(): 6e-12, (25.55% identity in 872 aa overlap); Q59066|MJ1672 hypothetical protein from Methanococcus jannaschii (800 aa), FASTA scores: opt: 302,E(): 1.1e-11, (24.9% identity in 812 aa overlap); etc. This region is a possible MT-complex-specific genomic island (See Becq et al., 2007).G->GAGATGTAGG,G->GC,G->GCGAGGTAGGC,G->GCGATATAGGC,G->GCGATCGAGGC,G->GCGATCTAGGC,G->GCGATGATGGC,G->GCGATGC,G->GCGATGCAGGC,G->GCGATGGAGGC,G->GCGATGTAGA,G->GCGATGTAGACC,G->GCGATGTAGC,G->GCGATGTAGCCC,G->GCGATGTAGT,G->GCGATGTATGC,G->GCGATGTCGTCC,G->GCGATTTAGGC,G->GCGCTGTAGGC,G->GGGATGTAGG,G->GTGATGTAGG

37720 4358976 0.98 A,P|P 0.99,0.0|1.0Rv3879c espK 270 ESX-1 secretion-associated protein EspK Alanine and proline rich proteinNot found

37727 4359126 0.98 I,P|I,P 0.99,0.0|0.0,0.99Rv3879c espK 220 ESX-1 secretion-associated protein EspK Alanine and proline rich proteinNot found,T->C,T->GTGTGATTGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATC,T->GTGTGATTGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATCGGGGTTCCCGGNNNNNNNNNN,T->T,T->TGCGATTGGGGTTCCCTGGGTGATCGGGGTTCCCGGC,T->TGGTGTTGGGCGTCGCGGGGTGATCGGGGTTCCCGGC,T->TGTGAGTGGGGTTCCCGGGGTGATCGGGGTTCCCGGC,T->TGTGAGTGGTGTTCTCGGTGTGATCGGGGTTCCCGGC,T->TGTGATCGGGGTTCCCGGGGTGATCGGGGTTCCCGGC,T->TGTGGTTGGGGTTCCCTGGGTGATCGGGGTTCCCGGC,T->TTCCCGGC,T->TTCCCGGCGT

38035 4380295 0.98 N,T|S,T 0.99,0.0|0.0,0.99Rv3894c eccC2 53 ESX conserved component EccC2 ESX-2 type VII secretion system protein Possible membrane proteinG->C,G->G,G->GAA,G->GCCAGACTCTC,G->GCCAGACTCTCT

5162 483294 0.97 V,F|V,R 0.99,0.0|0.0,0.99Rv0403c mmpS1 122 Probable conserved membrane protein MmpS1Not found

19489 2180817 0.97 M,K,R|M,K,N0.98,0.0,0.0|0.0,0.0,0.99Rv1928c Probable short-chain type dehydrogenase/reductase134 Rv1928c, (MTCY09F9.36), len: 255 aa. Probable short-chain dehydrogenase/reductase, highly similar to others e.g. NP_228109.1|NC_000853 oxidoreductase (short chain dehydrogenase/reductase family) from Thermotoga maritima (257 aa); T41116 short chain dehydrogenase from Schizosaccharomyces pombe (261 aa); P87219|SOU1_CANAL sorbitol utilization protein (SDR family) from Candida albicans (281 aa); P25529|HDHA_ECOLI 7-alpha-hydroxysteroid dehydrogenase from Escherichia coli (255 aa), FASTA scores: opt: 541, E(): 1.2e-27, (37.5% identity in 251 aa overlap); etc. Also similar to many mycobacterial tuberculosis proteins e.g. Rv1350, Rv0927c, Rv2002, Rv0769, Rv2766c,etc. Contains PS00061 Short-chain alcohol dehydrogenase family signature. Belongs to the short-chain dehydrogenases/reductases (SDR) family.A->-,A->A,A->ACC,A->ACCT,A->ACCTCGCCTTG,A->ACGCCTTG,A->AGCA,A->C,A->G,A->T

24154 2798756 0.96 G,W|P,R 0.99,0.0|0.0,0.99Rv2488c Probable transcriptional regulatory protein (LuxR-family)709 Rv2488c, (MTV008.44c), len: 1137 aa. Probable transcriptional regulatory protein, belonging to luxR family, similar to many in Mycobacterium tuberculosis e.g. AAK44621|MT0399 from strain CDC1551 (1092 aa) FASTA scores: opt: 3767, E(): 1.8e-211, (56.75% identity in 1093 aa overlap); O53720|Rv0386|MTV036.21 from strain H37Rv (1085 aa), FASTA scores: opt: 3756, E(): 7.6e-211, (56.75% identity in 1089 aa overlap); AAK45665|MT1402 from strain CDC1551 (1159 aa), FASTA scores: opt: 3395, E(): 8.2e-190,(52.0% identity in 1093 aa overlap); etc. Also similar to transcriptional regulatory proteins luxR-family from other organisms e.g. Q9CBP3|ML1753 from Mycobacterium leprae (1106 aa), FASTA scores: opt: 2823, E(): 1.5e-156, (50.35% identity in 1116 aa overlap); Q9KYF4|SCD72A.02 from Streptomyces coelicolor (1114 aa), FASTA scores: opt: 915,E(): 1.7e-45, (30.7% identity in 1143 aa overlap); etc. Some similarity with Q9KXP6|SC9C5.28 hypothetical 81.8 KDA protein from Streptomyces coelicolor (750 aa), FASTA scores: opt: 10C->A,C->CGG,C->T

22756 2604165 0.9 L,*,I|*,C 0.99,0.0,0.0|0.0,0.99Rv2330c lppP 20 Probable lipoprotein LppPA->-,A->AAAGTGCCAA,A->AAAT,A->AAATCA,A->ACAATCA,A->ACAGTGACAACAGTG,A->ACAGTGCAAACAGTGC,A->ACAGTGCCAACAGTGCCA,A->ACAGTGCCAACAGTGCCAACAGTGCCAACAGTGCCA,A->ACAGTGCCACCAGTGCCA,A->ACAGTGCCAG,A->ACAGTTCCAACAGT,A->ACTGTGCCAAC,A->ATCA

16502 1843636 0.94 H,*|D,I 0.96,0.03|0.88,0.11Rv1637c hypothetical protein20 Rv1637c, (MTCY01B2.29c,MTCY06H11.01c), len: 264 aa. Conserved protein, some similarity to others e.g. P05446|GLO2_RHOBL probable hydroxyacylglutathione hydrolase (255 aa), FASTA scores: opt: 252, E(): 2e-09, (39.0% identity in 146 aa overlap). Also similar to Q9Z505|AL035591|SCC54.20 putative hydrolase from Streptomyces coelicolor (218 aa), FASTA scores: opt: 732,E(): 0, (52.3% identity in 220 aa overlap). Also similar to Mycobacterium tuberculosis hypothetical proteins and putative glyoxylases e.g. Rv0634c, Rv3677c, Rv2581c,Rv2260.Not found

16921 1894298 0.87 S,A|P 0.98,0.01|1.0Rv1668c Probable first part of macrolide-transport ATP-binding protein ABC transporter349 Rv1668c, (MTV047.04c), len: 372 aa. Probable first part of macrolide-transport ATP-binding protein ABC transporter (see citation below), similar to many ATP-binding proteins ABC transporter e.g. X80735|SEABCT_1|Q54072 Saccharopolyspora erythraea ertX gene (481 aa), FASTA scores: opt: 938, E(): 0, (45.6% identity in 353 aa overlap); etc. Similarity to other NBD components of ABC transporters suggests that Rv1667c and Rv1668c should be contiguous. However, sequence has been checked and no error found, also same sequence in Mycobacterium tuberculosis CSU93 and Mycobacterium bovis. Contains PS00211 ABC transporters family signature and two times PS00017 ATP/GTP-binding site motif A. Belongs to the ATP-binding transport protein family (ABC transporters).A->-,A->AAGGTCTTGC,A->AAGGTCTTGCC,A->ACAGTCTTGCC,A->ACGGTCTTGC,A->ACGGTCTTGCC,A->ACGGTCTTGCCGCGG,A->ACTGTCTTGCC,A->AGGGTCTTGCC,A->ATGGTCTTGC,A->ATGGTCTTGCC

21297 2372436 0.72 L|L,P,R 1.0|0.12,0.75,0.12Rv2112c dop 45 Deamidase of pup DopG->C,G->GCAAC,G->GCCCGCCGACGATGCGGGCCGCGCAGCGGGCCGCTGAGGAGGCGGGCATCAAGCAAC,G->GGCCCGCCGACGATGCGGGCCGCGCAGCGGGCCGCTGAGGAGGCGGGCATCAAGCAACGCCCGCCGACGATGCGGGCCGCGCAGCGGGCCGCTGAGGAGGCGGGCATCAAGCAACGCCCGCCGACGATGCGGGCCGCGCAGCGGGCCGCTGAGGAGGCGGGCATCAAGCAA,G->GGCCCGCCGACGATGCGGGCCGCGCAGCGGGGCCGCTGAGGAGGCGGGCATCAAGCAACGCCCGCCGACGATGCGGGCCGCGCAGCGGG

16922 1894296 0.7 G,P|P,R 0.9,0.09|0.22,0.77Rv1668c Probable first part of macrolide-transport ATP-binding protein ABC transporter350 Rv1668c, (MTV047.04c), len: 372 aa. Probable first part of macrolide-transport ATP-binding protein ABC transporter (see citation below), similar to many ATP-binding proteins ABC transporter e.g. X80735|SEABCT_1|Q54072 Saccharopolyspora erythraea ertX gene (481 aa), FASTA scores: opt: 938, E(): 0, (45.6% identity in 353 aa overlap); etc. Similarity to other NBD components of ABC transporters suggests that Rv1667c and Rv1668c should be contiguous. However, sequence has been checked and no error found, also same sequence in Mycobacterium tuberculosis CSU93 and Mycobacterium bovis. Contains PS00211 ABC transporters family signature and two times PS00017 ATP/GTP-binding site motif A. Belongs to the ATP-binding transport protein family (ABC transporters).Not found

25778 2990584 0.7 Q,-|- 0.96,0.03|1.0Rv2673 aftC 432 Possible arabinofuranosyltransferase AftCC->CACCGCCATCGGGACTA,C->CAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCAGTCGGGACTAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCATCGGGACTAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCATCGGGACTAGCG,C->CAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCATCGGGACT,C->CAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCATCGGGACTAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCATCGGGACTAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCATCGGGACTAGCG,C->CAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCATCGGGACTAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCATCGGGACTAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCATCGGGACTAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCATCGGGACTAGCG,C->CATCGGGACT,C->CATCGGGACTA,C->CATCGGGACTAG,Not found

16502 1843636 0.98 H,*|D,I 0.99,0.0|0.96,0.03Rv1637c hypothetical protein20 Rv1637c, (MTCY01B2.29c,MTCY06H11.01c), len: 264 aa. Conserved protein, some similarity to others e.g. P05446|GLO2_RHOBL probable hydroxyacylglutathione hydrolase (255 aa), FASTA scores: opt: 252, E(): 2e-09, (39.0% identity in 146 aa overlap). Also similar to Q9Z505|AL035591|SCC54.20 putative hydrolase from Streptomyces coelicolor (218 aa), FASTA scores: opt: 732,E(): 0, (52.3% identity in 220 aa overlap). Also similar to Mycobacterium tuberculosis hypothetical proteins and putative glyoxylases e.g. Rv0634c, Rv3677c, Rv2581c,Rv2260.Not found

16921 1894298 0.96 S,A|P 0.99,0.0|1.0Rv1668c Probable first part of macrolide-transport ATP-binding protein ABC transporter349 Rv1668c, (MTV047.04c), len: 372 aa. Probable first part of macrolide-transport ATP-binding protein ABC transporter (see citation below), similar to many ATP-binding proteins ABC transporter e.g. X80735|SEABCT_1|Q54072 Saccharopolyspora erythraea ertX gene (481 aa), FASTA scores: opt: 938, E(): 0, (45.6% identity in 353 aa overlap); etc. Similarity to other NBD components of ABC transporters suggests that Rv1667c and Rv1668c should be contiguous. However, sequence has been checked and no error found, also same sequence in Mycobacterium tuberculosis CSU93 and Mycobacterium bovis. Contains PS00211 ABC transporters family signature and two times PS00017 ATP/GTP-binding site motif A. Belongs to the ATP-binding transport protein family (ABC transporters).A->-,A->AAGGTCTTGC,A->AAGGTCTTGCC,A->ACAGTCTTGCC,A->ACGGTCTTGC,A->ACGGTCTTGCC,A->ACGGTCTTGCCGCGG,A->ACTGTCTTGCC,A->AGGGTCTTGCC,A->ATGGTCTTGC,A->ATGGTCTTGCC

22313 2534564 0.94 L,P|L,R 0.99,0.0|0.03,0.96Rv2262c hypothetical protein330 Rv2262c, (MTV022.12c), len: 360 aa. Conserved hypothetical protein, with function unknown but some similarity to N-terminal 70% of P23930|P77703|LNT_ECOLI|cute|B0657 apolipoprotein N-acyltransferase from Escherichia coli strain K12 (512 aa), FASTA scores: opt: 239, E(): 1.6e-07, (30.4% identity in 359 aa overlap). Note that neighboring ORF shows similarity to N -terminal part of PCC6803 apolipoprotein N-acyltransferase from Synechocystis sp., suggesting possibility of frameshift. Sequence of clones from two sources has been checked but no error found. Appear to be two extra bases at position 1876970 compared to CDC1551 strain.A->-,A->A,A->AACCCTTCG,A->AAGCAGAAG,A->ACG,A->AGCGGC,A->AGG,A->AGTGCAGCGG,A->C,A->CACATATTCGCCAAACGGAACCAACCGGGTCTTCCGGTAGCTGCCCACAGCTTCGTGCGCGCCGACAAGCACCGCCGACTTGTAGATTCCCCCGTCCGGTGCC,A->CACATATTCGCCAAACGGAACCAACCGGGTCTTCCGGTAGCTGCCCACAGCTTCGTGCGCGCCGACAAGCACCGCCGACTTGTAGATTCCCCCGTCCGGTGCCGGGGCGTCGACGTTGACCAACAAATCCGCGCCCACCCGCTGTGACT,A->G,A->T

25778 2990584 0.93 Q,-|- 0.99,0.0|1.0Rv2673 aftC 432 Possible arabinofuranosyltransferase AftCC->CACCGCCATCGGGACTA,C->CAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCAGTCGGGACTAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCATCGGGACTAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCATCGGGACTAGCG,C->CAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCATCGGGACT,C->CAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCATCGGGACTAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCATCGGGACTAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCATCGGGACTAGCG,C->CAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCATCGGGACTAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCATCGGGACTAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCATCGGGACTAGCGGTGATCGCAAGCGCGGCGAGCCGGGCGCAGCGGGTCACCGCCATCGGGACTAGCG,C->CATCGGGACT,C->CATCGGGACTA,C->CATCGGGACTAG,Not found

16922 1894296 0.91 G,P|P,R 0.97,0.02|0.06,0.93Rv1668c Probable first part of macrolide-transport ATP-binding protein ABC transporter350 Rv1668c, (MTV047.04c), len: 372 aa. Probable first part of macrolide-transport ATP-binding protein ABC transporter (see citation below), similar to many ATP-binding proteins ABC transporter e.g. X80735|SEABCT_1|Q54072 Saccharopolyspora erythraea ertX gene (481 aa), FASTA scores: opt: 938, E(): 0, (45.6% identity in 353 aa overlap); etc. Similarity to other NBD components of ABC transporters suggests that Rv1667c and Rv1668c should be contiguous. However, sequence has been checked and no error found, also same sequence in Mycobacterium tuberculosis CSU93 and Mycobacterium bovis. Contains PS00211 ABC transporters family signature and two times PS00017 ATP/GTP-binding site motif A. Belongs to the ATP-binding transport protein family (ABC transporters).Not found

38071 4383142 0.86 C,G,P|G 0.97,0.01,0.0|1.0Rv3897c hypothetical protein167 Rv3897c, (MTCY15F10.15), len: 210 aa. Conserved hypothetical protein, highly similar in part to Q10691|YK83_MYCTU|Rv2083|MT2145|MTCY49.22 hypothetical 30.8 KDA protein from Mycobacterium tuberculosis (314 aa) FASTA scores: opt: 815, E(): 4.7e-26, (73.05% identity in 167 aa overlap). Similarity to MTCY49.22 suggests that this is a continuation of MTCY15F10.14. There is a frameshift mutation near 3'-end with respect to this sequence as well,similarity to MTCY49.22 continues in an overlapping ORF. Sequence appears to be correct.A->-,A->AAACGG,A->AACCAGG,A->AACCGG,A->ACACGG,A->ACCCGG,A->ACCCGGG,A->ACCGG,A->AGACGGG,A->AGCAGGGC,A->AGCCCG,A->AGCCCGGCCCG,A->AGCCGAGCC,A->AGCCGCGCC,A->AGCCGG,A->AGCCGGG,A->AGCCGGGCC,A->AGCCGGGGCC,A->AGCGGG,A->AGCGGGGC,A->AGGCGG,A->AGGCGGG,A->AGTCGGG,A->ATCCGG

6241 636921 0.99 S,P|A,P 0.99,0.0|0.99,0.0Rv0545c pitA 182 Probable low-affinity inorganic phosphate transporter integral membrane protein PitANot found

35941 4139180 0.99 G|H,Y 1.0|0.0,0.99Rv3696c glpK 193 Probable glycerol kinase GlpK (ATP:glycerol 3-phosphotransferase) (glycerokinase) (GK)Not found

38035 4380295 0.99 N,T|S,T 0.99,0.0|0.0,0.99Rv3894c eccC2 53 ESX conserved component EccC2 ESX-2 type VII secretion system protein Possible membrane proteinG->C,G->G,G->GAA,G->GCCAGACTCTC,G->GCCAGACTCTCT

16921 1894298 0.98 S,A,G|P 0.99,0.0,0.0|1.0Rv1668c Probable first part of macrolide-transport ATP-binding protein ABC transporter349 Rv1668c, (MTV047.04c), len: 372 aa. Probable first part of macrolide-transport ATP-binding protein ABC transporter (see citation below), similar to many ATP-binding proteins ABC transporter e.g. X80735|SEABCT_1|Q54072 Saccharopolyspora erythraea ertX gene (481 aa), FASTA scores: opt: 938, E(): 0, (45.6% identity in 353 aa overlap); etc. Similarity to other NBD components of ABC transporters suggests that Rv1667c and Rv1668c should be contiguous. However, sequence has been checked and no error found, also same sequence in Mycobacterium tuberculosis CSU93 and Mycobacterium bovis. Contains PS00211 ABC transporters family signature and two times PS00017 ATP/GTP-binding site motif A. Belongs to the ATP-binding transport protein family (ABC transporters).A->-,A->AAGGTCTTGC,A->AAGGTCTTGCC,A->ACAGTCTTGCC,A->ACGGTCTTGC,A->ACGGTCTTGCC,A->ACGGTCTTGCCGCGG,A->ACTGTCTTGCC,A->AGGGTCTTGCC,A->ATGGTCTTGC,A->ATGGTCTTGCC

25465 2950630 0.98 F|P,R 1.0|0.99,0.0Rv2624c Universal stress protein family protein227 Rv2624c, (MTCY01A10.08), len: 272 aa. Universal stress protein family protein, similar to several Streptomyces proteins e.g. Q9RIY5|SCJ1.29c hypothetical 30.1 KDA protein from Streptomyces coelicolor (283 aa),FASTA scores: opt: 260, E(): 5e-09, (32.05% identity in 290 aa overlap). Also similar to Mycobacterium tuberculosis proteins O53474|Rv2028c|MTV018.15c (279 aa), FASTA scores: opt: 563, E(): 7e-28, (36.85% identity in 266 aa overlap); P95192|Rv3134c|MTCY03A2.240 (268 aa), FASTA scores: opt: 458, E(): 2.3e-21, (36.55% identity in 271 aa overlap); Q10851|YK05_MYCTU|Rv2005c|MT2061|MTCY39.12 (295 aa), FASTA scores: opt: 199, E(): 3.2e-05, (29.35% identity in 286 aa overlap); etc.Not found

37727 4359126 0.98 I,P|I,P 0.99,0.0|0.0,0.99Rv3879c espK 220 ESX-1 secretion-associated protein EspK Alanine and proline rich proteinNot found,T->C,T->GTGTGATTGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATC,T->GTGTGATTGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATCGGGGTTCCCGGNNNNNNNNNN,T->T,T->TGCGATTGGGGTTCCCTGGGTGATCGGGGTTCCCGGC,T->TGGTGTTGGGCGTCGCGGGGTGATCGGGGTTCCCGGC,T->TGTGAGTGGGGTTCCCGGGGTGATCGGGGTTCCCGGC,T->TGTGAGTGGTGTTCTCGGTGTGATCGGGGTTCCCGGC,T->TGTGATCGGGGTTCCCGGGGTGATCGGGGTTCCCGGC,T->TGTGGTTGGGGTTCCCTGGGTGATCGGGGTTCCCGGC,T->TTCCCGGC,T->TTCCCGGCGT

9889 1075947 0.97 A,*,T|L,R,T0.99,0.0,0.0|0.0,0.98,0.0Rv0963c hypothetical protein51 Rv0963c, (MTCCY10D7.11), len: 266 aa. Conserved hypothetical protein, similar in part to other conserved hypothetical proteins from Mycobacterium tuberculosis e.g. Rv2797c|MTCY16B7.46 (562 aa), FASTA scores: E(): 1.2e-23,(39.0% identity in 254 aa overlap); Rv2542 (403 aa); Rv2079 (656 aa). Also similar in part to AL133423|SC4A7_3 hypothetical secreted protein from Streptomyces coelicolor (406 aa), FASTA scores: opt: 231, E(): 6.8e-07, (31.4% identity in 204 aa overlap); and SCH10.21c|T36533 hypothetical protein from Streptomyces coelicolor (329 aa).C->-,C->CAGG,C->CAGGT,C->CCGGGGCGGTTCA,C->CCGGGGCGGTTCAG,C->CCGGGGCGGTTCAGGT,C->CCGGTTCAGGT,C->CGGGGCGGTTCA,C->CGGGGCGGTTCAGGT,C->CGGTTCA,C->CGGTTCAGGT,C->CGGTTGAACCGCCCCGGT,C->CTCA,C->CTCAGGT,C->GCGGTTCCGGT

26732 3131470 0.97 H,R,T|T 0.99,0.0,0.0|1.0Rv2823c hypothetical protein102 Rv2823c, (MTCY16B7.19), len: 809 aa. Conserved protein, similar in part to others e.g. Q9X2D1|TM1811Thermotoga maritima (717 aa), FASTA scores: opt: 401, E(): 3.6e-18, (27.15% identity in 773 aa overlap); O27154|MTH1082 conserved hypothetical protein from Methanothermobacter thermautotrophicus (822 aa), FASTA scores: opt: 306, E(): 6e-12, (25.55% identity in 872 aa overlap); Q59066|MJ1672 hypothetical protein from Methanococcus jannaschii (800 aa), FASTA scores: opt: 302,E(): 1.1e-11, (24.9% identity in 812 aa overlap); etc. This region is a possible MT-complex-specific genomic island (See Becq et al., 2007).T->-,T->TGACGGCGACG,T->TGGCGATG,T->TGGCGGCGACG,T->TGGCGGCGAGG,T->TGTCCGCGAGGT,T->TGTCGACGTTGT,T->TGTCGGAGAGGT,T->TGTCGGCCAA,T->TGTCGGCGAA,T->TGTCGGCGAAGT,T->TGTCGGCGACGT,T->TGTCGGCGAG,T->TGTCGGCGAGGT,T->TGTCGGCGATGGT,T->TGTCGGCGATGT,T->TGTCGGCGGCGT,T->TGTCGGCGGGGT,T->TGTCGGCGTTGT,T->TGTCGGGGAGGT,T->TGTCGGGGTGGT,T->TGTCGGGGTTGT,T->TGTCGTCGACGT,T->TGTGGGCGACGT,T->TTTCGGCGTT

22756 2604165 0.92 L,*,I|*,C 0.99,0.0,0.0|0.01,0.98Rv2330c lppP 20 Probable lipoprotein LppPA->-,A->AAAGTGCCAA,A->AAAT,A->AAATCA,A->ACAATCA,A->ACAGTGACAACAGTG,A->ACAGTGCAAACAGTGC,A->ACAGTGCCAACAGTGCCA,A->ACAGTGCCAACAGTGCCAACAGTGCCAACAGTGCCA,A->ACAGTGCCACCAGTGCCA,A->ACAGTGCCAG,A->ACAGTTCCAACAGT,A->ACTGTGCCAAC,A->ATCA

16028 1779280 0.93 S,T,V|P,T,V0.98,0.0,0.0|0.02,0.02,0.94Rv1572c hypothetical protein7 Rv1572c, (MTCY336.31B), len: 34 aa. Partial ORF,part of REP13E12 repeat element; 3' end of Rv1587c (MTCY336.17) after phage-like element (see citation below). Similar to C-terminal ends of other REP13E12 repeat elements e.g. Rv1148, Rv1945, Rv3467, etc. Length extended since first submission (+7 aa). This region is a possible MT-complex-specific genomic island (See Becq et al.,2007).C->-,C->C,C->CG,C->CGAGG,C->CGAGGCGGGG,C->CGAGGT,C->CGAGGTG,C->CGAGGTGG,C->CGAGGTGGGA,C->CGAGGTGGGG,C->CGAGGTGGGGT,C->CGAGGTGGGGTGG,C->CGAGGTGGGGTGGT,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGT,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTT,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTTGTTGTGGGTGGTCCAGCCTTTTTCGGCGAGTCGGTTGTCGGGGTCGCAGGCCAGGGTGAGG,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTTTTTGCGGGTGGTCCAGCCTTTTTCGGCGAGTCGGTTGTCGGGGT,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTTTTTGCGGGTGGTCCAGCCTTTTTCGGCGAGTCGGTTGTCGGGGTCGCAGGCCAGGGTGAGG,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTTTTTGCGGGTGGTCCAGCCTTTTTCGGCGAGTCGGTTGTCGGGGTCGCAGGCCAGGGTGAGGTCGGTGATGTCGGTGCGTCCGGTGCTGGTCCAGGCGGTGACGTGGTGGGCTTGGCTGTGGTAGGCCGGTGCGTCACAGCCGGGTTTGGTGCAGCCGCGGTCGTTGGCGAACAGCATGATCCGCTGGGCCGGGGAGGCTAGGCGTTTGGTGTGATACAGCGCCAGGGGTGTGCCGTGGTCGAAGATCGCCTGGGGGTACCTCCCGCTTGCGGGGGAGTAGTGGTGGGCGTGGCTGGTCATGCGGATCACATCGGCCATGGGTAGCAGGGTGCCGCCGCCGGTGAAGCCCTTGCCGGCGCCGGTTTGCAGGTCGGTCAGGGTGGTGGTGACCACGATCGAGACGGGAAGACCGTTGTGTTGGCCCAGTT

18922 2133465 0.85 C|C,G,V 1.0|0.02,0.94,0.02Rv1883c hypothetical protein77 Rv1883c, (MTCY180.35), len: 153 aa. Conserved hypothetical protein, some similarity to hypothetical proteins e.g. Rv2778c|AL008967|MTV002.43 from Mycobacterium tuberculosis (156 aa), FASTA score: opt: 212, E(): 3.1e-08,(34.4% identity in 151 aa overlap). Also similar to U75434|SAU75434_3 Nsh-OrfB from Streptomyces actuosus (173 aa), FASTA score: opt: 207, E(): 1.8e-07, (40.2% identity in 102 aa overlap).Not found

16028 1779280 0.88 V,P,T|V,S 0.94,0.0,0.04|0.04,0.95Rv1572c hypothetical protein7 Rv1572c, (MTCY336.31B), len: 34 aa. Partial ORF,part of REP13E12 repeat element; 3' end of Rv1587c (MTCY336.17) after phage-like element (see citation below). Similar to C-terminal ends of other REP13E12 repeat elements e.g. Rv1148, Rv1945, Rv3467, etc. Length extended since first submission (+7 aa). This region is a possible MT-complex-specific genomic island (See Becq et al.,2007).C->-,C->C,C->CG,C->CGAGG,C->CGAGGCGGGG,C->CGAGGT,C->CGAGGTG,C->CGAGGTGG,C->CGAGGTGGGA,C->CGAGGTGGGG,C->CGAGGTGGGGT,C->CGAGGTGGGGTGG,C->CGAGGTGGGGTGGT,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGT,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTT,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTTGTTGTGGGTGGTCCAGCCTTTTTCGGCGAGTCGGTTGTCGGGGTCGCAGGCCAGGGTGAGG,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTTTTTGCGGGTGGTCCAGCCTTTTTCGGCGAGTCGGTTGTCGGGGT,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTTTTTGCGGGTGGTCCAGCCTTTTTCGGCGAGTCGGTTGTCGGGGTCGCAGGCCAGGGTGAGG,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTTTTTGCGGGTGGTCCAGCCTTTTTCGGCGAGTCGGTTGTCGGGGTCGCAGGCCAGGGTGAGGTCGGTGATGTCGGTGCGTCCGGTGCTGGTCCAGGCGGTGACGTGGTGGGCTTGGCTGTGGTAGGCCGGTGCGTCACAGCCGGGTTTGGTGCAGCCGCGGTCGTTGGCGAACAGCATGATCCGCTGGGCCGGGGAGGCTAGGCGTTTGGTGTGATACAGCGCCAGGGGTGTGCCGTGGTCGAAGATCGCCTGGGGGTACCTCCCGCTTGCGGGGGAGTAGTGGTGGGCGTGGCTGGTCATGCGGATCACATCGGCCATGGGTAGCAGGGTGCCGCCGCCGGTGAAGCCCTTGCCGGCGCCGGTTTGCAGGTCGGTCAGGGTGGTGGTGACCACGATCGAGACGGGAAGACCGTTGTGTTGGCCCAGTT

18922 2133465 0.83 C|C,G,V 1.0|0.04,0.9,0.04Rv1883c hypothetical protein77 Rv1883c, (MTCY180.35), len: 153 aa. Conserved hypothetical protein, some similarity to hypothetical proteins e.g. Rv2778c|AL008967|MTV002.43 from Mycobacterium tuberculosis (156 aa), FASTA score: opt: 212, E(): 3.1e-08,(34.4% identity in 151 aa overlap). Also similar to U75434|SAU75434_3 Nsh-OrfB from Streptomyces actuosus (173 aa), FASTA score: opt: 207, E(): 1.8e-07, (40.2% identity in 102 aa overlap).Not found

5159 483287 0.92 E,P|P,R 0.97,0.02|0.25,0.75Rv0403c mmpS1 124 Probable conserved membrane protein MmpS1C->AGGAGCTTCCGACCGCTCCGACCGACGGTTGGATGCCTGCCTCGGCGAGCCGCTCGCTGAACCGGATCGATGTGTACTGAGATCCCCTATCCGTATGGTGGATAACGTCTTTCAGGTCGAGTACGCCTTCTTGTTGGCGGGTCCAGATGGCTTGCTCGATCGCGTCGAGGACCATGGAGGTGGCCATCGTGGAAGCGACCCGCCAGCCCAGGATCCTGCGAGCGTAGGCGTCGGTGACAAAGGCCACGTAGGCGAACCCTGCCCAGGTCGACACATAGGTGAGGTCTGCTACCCACAGCCGGTTAGGTGCTGGTGGTCCGAAGCGGCGCTGGACGAGATCGGCGGGACGGGCTGTGGCCGGATCAGCGATCGTGGTCCTGCGGGCTTTGCCGCGGGTGGTCCCGGACAGGCCGAGTTTGGTCATCAGCCGTTCGACGGTGCATCTGGCCACCTCGATGCCCTCACGGTTCAGGGTTAGCCACACTTTGCGGGCACCGTAAACACCGTAGTTGGCGGCGTGGACGCGGCTGATGTGCTCCTTGAGTTCGCCATCGCGCAGCTCGCGGCGGCTGGGCTCCCGGTTGATGTGGTCGTAGTAGGTCGATGGGGCGATCGGCACACCCAGCTCGGTCAGCTGTGTGCAGATCGACTCGACACCCCACCGCAAACCATCGGGGCCCTCGCGGTGGCCCTGATGATCGGCGATGAACCGGGTAATTAGCGTGCTGGCCGGTCGAGCTCGGCCGCGAAGAAAGCCGACGCGGTCTTTAAAATCGCGTTCGCCCTTCGCAATTCGGCGTTGTCCCGCCGCAAGCGCTTCAGCTCAGCGGATTCTTCGGTCGTGGTCCCGGGCCGTGCGCCGGCATCGACCTGCGCCTGGCGCACCCACTTACGCACCGTCTCCGCGCAGCCAACACCAAGTAGACGGGCGACCTCACTGATCGCTGCCCACTCCGAATCGTGCTGACCGCGGATCTCTGCGACCATCCGCACCGCCCGCTCACGCAGCTCCGGCGGGTAC

20686 2306510 0.81 G,D,T|D,R 0.88,0.05,0.05|0.12,0.87Rv2048c pks12 160 Polyketide synthase Pks12G->C,G->CGTCATTAC,G->GTC,G->GTCA

22435 2550013 0.78 T,S|K,N 0.93,0.06|0.25,0.75Rv2277c Possible glycerolphosphodiesterase6 Rv2277c, (MTCY339.33), len: 301 aa. Possible glycerolphosphodiesterase, similar to e.g. UGPQ_ECOLI P10908 glycerophosphoryldiester phosphodiesterase (cytosolic) (247 aa), FASTA scores, opt: 149, E(): 0.0061,(27.2% identity in 195 aa overlap). Start of protein uncertain, encoded by neighbouring IS6110 as given, is intact in Mycobacterium tuberculosis CDC1551G->-,G->C,G->G,G->GCAATTGGCT,G->GCACCCAACATAGCCGTC,G->GCAGCAATC,G->GCCA,G->GCGC,G->GCGCCCAACATAGCCGTC,G->GCGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAAAGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGATAAAGTAAGTCGCGGTCGGGCACGCANNNNNNNNNN,G->GCGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAAAGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGATAAAGTAAGTCGCGGTCGGGNNNNNNNNNNGCCACACT,G->GCGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAAAGTGCGCAATGCGCGGCGCACAGTATCGANNNNNNNNNN,G->GCGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAACGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGANNNNNNNNNN,G->GCGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAACGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGATAAAGTAAGTCGCGGTCGGGCACGCAGCGCAGCGNNNNNNNNNNAACGTAAAGAATGATCACCATCACCTCGCT,G->GCGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAACGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGA 
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'id Position Power Alleles Allelic_frequenciesLocus Gene Codon AnnotationMolType

2510 257787 1.0 R|- 1.0|1.0 Rv0215c fadE3 357 Probable acyl-CoA dehydrogenase FadE3C->CAAGGGTGCGTCGCGGAAGT,C->CCAGGATCATCAAGGGTGCGTCGCGGAAGG,C->CGAGGATCACCAAGGGTGCTTCGCGGAAGT,C->CGAGGATCATCAAAGGTGCGTCGCGGAAGT,C->CGAGGATCATCAAGGGGGCGTCGCGGAAGT,C->CGAGGATCATCAAGGGGTCGTCGCGGAAGT,C->CGAGGATCATCAAGGGTGCGCCGCGGAAGT,C->CGAGGATCATCAAGGGTGCGTCGCGGAAGT,C->CTAGGATCATCAAGGGTGCGTCGCGGAAGT,C->CTAGGATCATCAAGGGTGCGTCGCGGACGT,Not found

7230 761109 1.0 D|Y 1.0|1.0 Rv0667 rpoB 435 DNA-directed RNA polymerase (beta chain) RpoB (transcriptase beta chain) (RNA polymerase beta subunit)G->-,G->C,G->G,G->T,G->TGG

12520 1341099 1.0 I|V 1.0|1.0 Rv1198 esxL 32 Putative ESAT-6 like protein EsxL (ESAT-6 like protein 4)A->G

12523 1341114 1.0 T|A 1.0|1.0 Rv1198 esxL 37 Putative ESAT-6 like protein EsxL (ESAT-6 like protein 4)A->A,A->G

12524 1341120 1.0 S|G 1.0|1.0 Rv1198 esxL 39 Putative ESAT-6 like protein EsxL (ESAT-6 like protein 4)A->G

12525 1341148 1.0 A|V 1.0|1.0 Rv1198 esxL 48 Putative ESAT-6 like protein EsxL (ESAT-6 like protein 4)C->T

22761 2604173 1.0 L|S 1.0|1.0 Rv2330c lppP 17 Probable lipoprotein LppPA->-,A->AACAGTGCCA,A->AACAGTGCCAACAGTGCCAACAGTGCCA,A->AACAGTGCCC,A->AACAGTGCCCACAGTGCC,A->AACAGTGCCG,A->AACAGTGCCT,A->AACAGTGGCG,A->AACAGTTCCC,A->ACCAGTGCCA

35393 4060588 1.0 T|A 1.0|1.0 Rv3620c esxW 2 Putative ESAT-6 like protein EsxW (ESAT-6 like protein 10)T->-,T->ATCGCGCCCGCGCAAAACGGCGCCTGGAAGGCGGCCGATAGGGCGTGCCCGACGACCGGGATGTAGGTCAGGTCCACAGCCACCGGGCGCACGAACTCGAGACCTTTCTTGGCGCCCTCCAGGATGTCGCGGGTCGTCTGGACCGCGTTGGCCTGGTCGTGGATCAGGCTGATGAGCTGACGATCGAGGTCTGCCAGTTCCTGGAAAAAATTCACGTGGTTGCGGTTTTTGCCGGCGTATTTGTCCGCGGCCGAACCTAACCAGCCATCACCCGGAAACGCTGCTGCCAGCTCCTCCAGGGCTTTTTCGAAGTACTCTAGTGAGGAGTAAAGGATACCCCCTTGGTTGGGTATTCCAATCCCCAGAAGGTCGTACAAGCCGTCAATGGCACTGATCGTTGGATCGATGATGAACGCTCTGCTCATGCCTGCCGCCTATCTCAACGGTCGTCGATTCCATGCATAGACTTGGTTCTGCATTGCACGCGTAGGGCCTACAGTCTGGCTGTCATGCTTGGCCGATGTCAACAGTTTTTTTCATGCTAAGCAGATCGTCAGTTTTGAGTTCGTGAAGACGGCATGTTCACTTGTTGTCGACTACATCGTCTGCGCACATTTGCCCTCCTGCAACTGCGCTGCGACAATGCGCCAACCGCCGTGTAGGCGGCGCGATCCCAAGGCAGTGTCTCCGACGTCGATGCCTGCGCTTCGCCTTCGATCGGTATGAGATCTGTTGCAGGAGAGTCTATATAGTGTGCTCATGGGGCTAGCCGGCGGCGGCCTCGTGGCGGGCACAATCACCTCGCCGGTGGCGCAATCAGGGCTGTGCTAACCCACCATCACTCACCCGATTCGGCGTCGAAGCGGGGCGCTCTCATGGTTGCGAG,T->C,T->CCGCTGGTCGCGCCGGTCAAGCCGGGGACGCCCGCAAAGAAGGACTCCAGGTTCGACCACCCTCGAGAGAACAGTCCGGTCACCCACCCCGTGAGCTTGTCCCAAAGCTCTTTCAGGCCGT

36776 4247431 1.0 M|I 1.0|1.0 Rv3795 embB 306 Integral membrane indolylacetylinositol arabinosyltransferase EmbB (arabinosylindolylacetylinositol synthase)G->A,G->C,G->T

545 48957 0.94 P,H|H 0.94,0.05|1.0Rv0044c Possible oxidoreductase24 Rv0044c, (MTCY21D4.07c), len: 264 aa. Possible oxidoreductase, highly similar to AAD32732.1|MmcI|AF127374| F420-dependent H4MPT reductase from Streptomyces lavendulae (264 aa). Also similar to Mycobacterium tuberculosis proteins e.g. Rv1855c, Rv0953c, Rv0791c, Rv0132c, etc.T->G,T->T,T->TG,T->TGGGGG,T->TT

7402 781822 0.94 K,R|R 0.94,0.05|1.0Rv0682 rpsL 88 30S ribosomal protein S12 RpsLA->C,A->G,A->T

10783 1169447 0.94 A,T|T 0.94,0.05|1.0Rv1047 Probable transposase9 Rv1047, (MTCY10G2.02c), len: 415 aa. IS1081 transposase, most similar to TRA1_MYCBO|P35882 transposase for insertion sequence element (415 aa), FASTA scores: opt: 2675, E(): 0, (99.8% identity in 415 aa overlap). Contains PS01007 Transposases, Mutator family, signature. This region is a possible MT-complex-specific genomic island (See Becq et al., 2007).C->ACGCCGAGCAGCTTCTGGCTGACCAACTCGCACAGGCGAGCCCGGATCTGCTGCGCGGGCTGCTCTCGACGTTCATCGCCGCCTTGATGGGGGCTGAAGCCGACGCCCTGTGCGGGGCGGGCTACCGCGAACGCAGCGATGAGCGGTCCAATCAGCGCAACGGCTACCGCCACCGTGATTTCGACACCCGTGCCGCAACCATCGACGTCGCGATCCCCAAGCTGCGCCAGGGCAGCTATTTCCCGGACTGGCTGCTGCAGCGCCGCAAGCGAGCTGAACGCGCACTGACCAGCGTGGTGGCGACCTGCTACCTGCTGGGAGTATCCACTCGCCGGATGGAGCGCCTGGTCGAAACACTTGGTGTGACAAAGCTTTCCAAGTCGCAAGTGTCGATCATGGCCAAAGAGCTCGACGAAGCCGTAGAGGCGTTTCGGACCCGCCCGCTCGATGCCGGCCCGTATACCTTCCTCGCCGCCGACGCCCTGGTGCTCAAGGTGCGCGAGGCAGGCCGCGTCGTCGGA,G->A

16028 1779280 0.94 V,P|P 0.94,0.05|1.0Rv1572c hypothetical protein7 Rv1572c, (MTCY336.31B), len: 34 aa. Partial ORF,part of REP13E12 repeat element; 3' end of Rv1587c (MTCY336.17) after phage-like element (see citation below). Similar to C-terminal ends of other REP13E12 repeat elements e.g. Rv1148, Rv1945, Rv3467, etc. Length extended since first submission (+7 aa). This region is a possible MT-complex-specific genomic island (See Becq et al.,2007).C->-,C->C,C->CG,C->CGAGG,C->CGAGGCGGGG,C->CGAGGT,C->CGAGGTG,C->CGAGGTGG,C->CGAGGTGGGA,C->CGAGGTGGGG,C->CGAGGTGGGGT,C->CGAGGTGGGGTGG,C->CGAGGTGGGGTGGT,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGT,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTT,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTTGTTGTGGGTGGTCCAGCCTTTTTCGGCGAGTCGGTTGTCGGGGTCGCAGGCCAGGGTGAGG,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTTTTTGCGGGTGGTCCAGCCTTTTTCGGCGAGTCGGTTGTCGGGGT,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTTTTTGCGGGTGGTCCAGCCTTTTTCGGCGAGTCGGTTGTCGGGGTCGCAGGCCAGGGTGAGG,C->CGAGGTGGGGTGGTGGTAGCCATTCGGTGTGGCCGTGGGTGTTTTTGCGGGTGGTCCAGCCTTTTTCGGCGAGTCGGTTGTCGGGGTCGCAGGCCAGGGTGAGGTCGGTGATGTCGGTGCGTCCGGTGCTGGTCCAGGCGGTGACGTGGTGGGCTTGGCTGTGGTAGGCCGGTGCGTCACAGCCGGGTTTGGTGCAGCCGCGGTCGTTGGCGAACAGCATGATCCGCTGGGCCGGGGAGGCTAGGCGTTTGGTGTGATACAGCGCCAGGGGTGTGCCGTGGTCGAAGATCGCCTGGGGGTACCTCCCGCTTGCGGGGGAGTAGTGGTGGGCGTGGCTGGTCATGCGGATCACATCGGCCATGGGTAGCAGGGTGCCGCCGCCGGTGAAGCCCTTGCCGGCGCCGGTTTGCAGGTCGGTCAGGGTGGTGGTGACCACGATCGAGACGGGAAGACCGTTGTGTTGGCCCAGTT

20889 2329747 0.94 G,R|R 0.94,0.05|1.0Rv2072c cobL 134 Precorrin-6Y C(5,15)-methyltransferase (decarboxylating) CobLC->-,C->G

21125 2347464 0.94 L,P|P 0.94,0.05|1.0Rv2090 Probable 5'-3' exonuclease31 Rv2090, (MTCY49.30), len: 393 aa. Probable 5'-3' exonuclease, similar to exonuclease part of DNA polymerase. Belongs to family a of DNA polymerases.T->-,T->C

27908 3296369 0.94 R,P|P 0.94,0.05|1.0Rv2947c pks15 491 Probable polyketide synthase Pks15C->CAGCCGC,C->CAGCCGCG,C->CAGCCGCGGG,C->CCGCCGCG,C->CCGCG,C->CCGCGGG,C->CGACCGCG,C->CGACCGCGG,C->CGCCCGCG,C->CGCCCGCGG,C->CGGACGCG,C->CGGACGCGGG,C->CGGCAGCG,C->CGGCCCCG,C->CGGCCCCGGGCC,C->CGGCCGAG,C->CGGCCGCA,C->CGGCCGCG,C->CGGCCGCGGCCGCGGCC,C->CGGCCGCGGGCCGCGG,C->CGGCCGGGGGCCG,C->CGGCGGCG,C->CGGCGGCGGGC,C->CGGGCGCG,C->CGGGCGCGGG,C->CGTCCGCG,C->CGTCCGCGG,C->CTGCCGCG,C->TGGCCGCG

16922 1894293 0.89 W,K|N 0.89,0.1|1.0Rv1668c Probable first part of macrolide-transport ATP-binding protein ABC transporter351 Rv1668c, (MTV047.04c), len: 372 aa. Probable first part of macrolide-transport ATP-binding protein ABC transporter (see citation below), similar to many ATP-binding proteins ABC transporter e.g. X80735|SEABCT_1|Q54072 Saccharopolyspora erythraea ertX gene (481 aa), FASTA scores: opt: 938, E(): 0, (45.6% identity in 353 aa overlap); etc. Similarity to other NBD components of ABC transporters suggests that Rv1667c and Rv1668c should be contiguous. However, sequence has been checked and no error found, also same sequence in Mycobacterium tuberculosis CSU93 and Mycobacterium bovis. Contains PS00211 ABC transporters family signature and two times PS00017 ATP/GTP-binding site motif A. Belongs to the ATP-binding transport protein family (ABC transporters).Not found

36841 4253290 0.89 P,A|A 0.89,0.1|1.0Rv3798 Probable transposase100 Rv3798, (MTV026.03), len: 444 aa. Probable transposase for insertion sequence element IS1557, highly similar to Q60255 similar to transposase of ISAE1 from alcaligenes eutrophus H1-4 (fragment) from dibenzofuran-degrading bacterium DPO360 (163 aa) FASTA scores: opt: 767, E(): 3.2e-42, (67.25% identity in 168 aa overlap); and similar to P74920 transposase from Thiobacillus ferrooxidans (404 aa), FASTA scores: opt: 375,E(): 1.1e-16, (27.55% identity in 439 aa overlap); Q48349 transposase from Alcaligenes eutrophus (Ralstonia eutropha) (408 aa), FASTA scores: opt: 324, E(): 2e-13, (3.9% identity in 369 aa overlap); Q9FDC1|TNP transposase from Burkholderia mallei (Pseudomonas mallei) (386 aa) FASTA scores: opt: 282, E(): 9.8e-11, (25.85% identity in 391 aa overlap); etc. C-terminal end identical to O53804|Rv0741|MTV041.15 transposase from Mycobacterium tuberculosis (104 aa), FASTA scores: opt: 582, E(): 1.8e-30, (85.6% identity in 104 aa overlap). Belongs to the transposase family 12.C->G

17822 1992320 0.84 Y,H|H 0.88,0.11|1.0Rv1759c wag22 87 PE-PGRS family protein Wag22Not found

22338 2536688 0.84 S,Q|Q 0.88,0.11|1.0Rv2264c Conserved hypothetical proline rich protein555 Rv2264c, (MTV022.14c), len: 592 aa. Conserved hypothetical Pro-rich protein, similar to hypothetical proteins Rv0312 (MTCY63.17, 620 aa and Rv0350) that has highly Pro-, Thr-rich C-terminus. Contains PS00343 Gram-positive cocci surface proteins 'anchoring' hexapeptide. FASTA scores: Z96800|MTCY63_17 Mycobacterium tuberculosis cosmid (620 aa) opt: 1075, E(): 8.8e-24; (38.9% identity in 627 aa overlap). Predicted to be an outer membrane protein (See Song et al., 2008).A->A,A->ACGTGGTCGCCGGCGGCTG,A->G

1180 104824 0.78 S,I|I 0.88,0.11|1.0Rv0095c hypothetical protein131 Rv0095c, (MTCY251.14c), len: 136 aa. Member of 13E12 repeat, also partially similar to AF0418|AF041819_8 from Mycobacterium bovis BCG (222 aa), FASTA score: (89.6% identity in 96 aa overlap).C->-,C->A,C->ACCC,C->CAGCGTGCCGCCCAGTTCTTCCTCGCTGGCTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCC,C->CAGTTCTTCCTCGCTGGCTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCCACCGCCGGTAGCCGGCGCA,C->CCCAGTTCTTCCTCGCTGGCTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCCACCGCCGGTAGCCGGCGCA,C->CCTCGCTGGCTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCCA,C->CTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCCA,C->GATGCGCCGGGCGGCG,C->GATGCGTA,C->GATGCGTAGGGCGGCG,C->GATGCGTAGGGCGGCGTCGGGCTTGGTGATGCGTAACCGGTTGGCCAGCGCGCAGCACAGCGTGCCGCCCAGTTCTTCCTCGCTGGCTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCCACCGCCGGTAGCCGGCGCA,C->GGCGATGCGTAGGGCGGCGTCGGGCTTGGTGATGCGTAA,C->GGGCGGCG,C->GGGTGTCGAGTTGGTTGATCAACGCGTGACCCACCGCCGGTAGCCGGCGCA,C->GTGACCC,C->TCTTCCTCGCTGGCTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCCACCGCCGGTAGCCGGCGCA,C->TTCCAGAGACCGCAGCCGTTCCGGGGTGGTCAACACCTCAAAA,G->-,G->CGAGTTGGTTGATCAACGTGTGCTGGGCCGCCGGTAGCCGGCGCGCCAAGCATTCCAGACGTTCCAGAGACCGCAGCCGTTCCGGGGTGCTCAGCACCTCAAAGG,G->CGCCAAGCATTCCAGACGTTCCAGAGACCGCAGCCGTTCCGGGGTGCTCAGCACCTCAAAGG,G->CTGCGTCGGCCGGCTTCGGGCTTGGTGATGCGCAGCCGGTTGGCCAGCGCGCAGCACAGCGTGCCGCCCAGTTCTTCCT

23644 2724179 0.78 I,T|T 0.88,0.11|1.0Rv2426c hypothetical protein2 Rv2426c, (MTCY428.21), len: 291 aa. Conserved hypothetical protein, highly similar to others e.g. Q51326|ORF4 from Pseudomonas carboxydovorans (295 aa),FASTA scores: opt: 853, E(): 3.7e-43, (48.75% identity in 277 aa overlap); BAB47746|MLR0088 from Rhizobium loti (309 aa), FASTA scores: opt :809, E(): 1.5e-40, (46.5% identity in 291 aa overlap); Q9Y9R8|APE2220 from Aeropyrum pernix (297 aa), FASTA scores: opt: 763, E(): 7.4e-38, (47.1% identity in 261 aa overlap); etc. Contains PS00017 ATP/GTP-binding site motif A (P-loop).G->-,G->CACGATCGGGTCTCCTCGAG,G->CACGATCGGGTCTCCTCTAG,G->CACGATCGGGTCTCCTCTAGCNNNNNNNNNN,G->G,Not found

37728 4359135 0.73 I,M|M 0.87,0.12|1.0Rv3879c espK 217 ESX-1 secretion-associated protein EspK Alanine and proline rich proteinNot found,T->-,T->C,T->T,T->TCGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATC,T->TGGGGCTCCCGGGGTGATCGGGGTTCCCGGCGTGATC,T->TGGGGTTACCGGGGTGATCGGGGTTCCCGGCGTGATC,T->TGGGGTTCCCGGCGTGATC,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGG,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGGCCTGATC,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGAGTCGGGGTTCCCGGGGTGATCGGGGTTCCCGG,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATC,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATCGGGGTTCCCGGGGTGATCGGGGTTCCCGGGGTGATCGGGGTTCCCGG,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATCGTGGGGTTCCCGGGGTGATCGGGGTTCCCGG,T->TGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGCTC,T->TGGGGTTCCCGGGTGATCGGGGTTCCCGGCGTGATCGGGGTTCCCGGG,T->TGGGGTTCCCTGGGTGATCGGGGTTCCCGGCGTGATC,T->TGGGGTTCCGGGGTGATCGGGGTTCCCGGCGTGATC,T->TGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATCGGG,T->TTGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATC,T->TTGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATCGGGGTTCCCGGNNNNNNNNNN

22754 2604156 0.63 I,L|L 0.85,0.14|1.0Rv2330c lppP 23 Probable lipoprotein LppPT->-,T->T,T->TCAGTGCCAA,T->TCAGTGCCAACAGTGCCAA,T->TCAGTGCCAACAGTGCCAACAGTGCCA,T->TCAGTGCCAACAGTGCCAACAGTGCCAACAGTGCCAACAGTGCCA

37534 4340994 0.63 F,C|C 0.85,0.14|1.0Rv3864 espE 242 ESX-1 secretion-associated protein EspET->-,T->G,T->TCCCCTCCCTA,T->TGCCCGGGTTGCCCAGCATTCCCAACTTGTTCCCCGGCTTGCCGGGTCTGGGCGACCTGCTGCCCGGCGTAGGCGATTTGGGCAAGTTACCCACCTGGACTGAGCTGGCCGCTTTGCCTGACTTCTTGGGCGGCTTCGCCGGCCTGCCCAGCTTGGGTTTTGGCAATCTGCTCAGCTTTGCCAGTTTGCCCACCGTGGGTCAGGTGACCGCCACCATGGGTCAGCTGCAACAGCTCGTGGCGGCCGGCGGTGGCCCCAGCCAACTGGCCAGCATGGGCAGCCAACAAGCGCAACTGATCTCGTCGCAGGCCCAGCAAGGAGGCCAGCAGCACGCCACCCTCGTGAGCGACAAGAAGGAAGACGAGGAAGGCGCGGCCGC

21125 2347464 0.66 L|L,P 1.0|0.33,0.66Rv2090 Probable 5'-3' exonuclease31 Rv2090, (MTCY49.30), len: 393 aa. Probable 5'-3' exonuclease, similar to exonuclease part of DNA polymerase. Belongs to family a of DNA polymerases.T->-,T->C

15577 1716472 0.72 S,P|P 0.86,0.13|1.0Rv1522c mmpL12 381 Probable conserved transmembrane transport protein MmpL12A->G,G->-

24502 2829779 0.61 T,A|A 0.84,0.15|1.0Rv2512c Transposase for insertion sequence element IS10819 Rv2512c, (MTCY07A7.18c), len: 415 aa. Transposase for IS1081, identical to P35882|TRA1_MYCBO transposase for insertion sequence element IS1081 from Mycobacterium bovis (415 aa), FASTA scores: opt: 2680, E(): 1.9e-162, (100.0% identity in 415 aa overlap). Also highly similar to others from Mycobacterium tuberculosis e.g. P96354|Rv1047|MTCY10G2.02c|Rv3115|MTCY164.25|Rv3023c|MTV01 2.38c (415 aa), FASTA scores: opt: 2675, E(): 3.9e-162, (99.75% identity in 415 aa overlap). Contains PS00435 Peroxidases proximal heme-ligand signature, PS01007 Transposases,Mutator family, signature. Belongs to the mutator family of transposase.T->C

7402 781822 1.0 K|R 1.0|1.0 Rv0682 rpsL 88 30S ribosomal protein S12 RpsLA->C,A->G,A->T

20962 2338191 0.83 C,G|G 0.83,0.16|1.0Rv2081c Conserved transmembrane protein106 Rv2081c, (MTCY49.20c), len: 146 aa. Conserved transmembrane protein, similar to many. Hydrophobic stretch from aa 32-54.Not found

22436 2550014 0.83 T,A|A 0.83,0.16|1.0Rv2277c Possible glycerolphosphodiesterase6 Rv2277c, (MTCY339.33), len: 301 aa. Possible glycerolphosphodiesterase, similar to e.g. UGPQ_ECOLI P10908 glycerophosphoryldiester phosphodiesterase (cytosolic) (247 aa), FASTA scores, opt: 149, E(): 0.0061,(27.2% identity in 195 aa overlap). Start of protein uncertain, encoded by neighbouring IS6110 as given, is intact in Mycobacterium tuberculosis CDC1551C->-,T->-,T->C,T->CAATTGGCT,T->CGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAACGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGATAAAGTAAGTCGCGGTCGGGCACGCAGCGCAGCGTTGGAAAGNNNNNNNNNN,T->CGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAACGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGATAAAGTAAGTCGCGGTCGGGCACGCAGCGCAGCGTTGGAAAGTGAGGCCTCCGANNNNNNNNNN,T->CGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAACGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGATAAAGTAAGTCGCGGTCGGGCACGCAGCGCAGCGTTGGAAAGTGAGGCCTCCGATGAGTGAAATGACAGCTCGGTTTNNNNNNNNNN,T->CGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAACGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGATAAAGTAAGTCGCGGTCGGGCACGCAGCGCAGCGTTGGAAAGTGAGGCCTCCGATGAGTGAAATGACAGCTCGGTTTTCCGAAANNNNNNNNNN,T->CGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAACGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGATAAAG

23535 2704887 0.83 G,S|S 0.83,0.16|1.0Rv2407 hypothetical protein64 Rv2407, (MTCY253.13c), len: 273 aa. Conserved hypothetical protein, highly similar (but longer at N-terminus) to AAK46775|MT2479 putative arylsulfatase from Mycobacterium tuberculosis strain CDC1551 (224 aa) FASTA scores: opt: 1433, E(): 2.5e-81, (96.43% identity in 224 aa overlap); O33130|MLCL536.01 hypothetical protein from Mycobacterium leprae (220 aa), FASTA scores: opt: 658, E(): 1.5e-33, (56.75% identity in 215 aa overlap). Also similar to AAK23160|CC1176 Metallo-beta-lactamase family protein from Caulobacter crescentus (317 aa), FASTA scores: opt: 286, E(): 1.8e-10, (33% identity in 291 aa overlap). And similar to other hypothetical proteins eg Q49744|B1937_C1_163 hypothetical 22.6 KDA protein (precursor) from Mycobacterium leprae (211 aa), FASTA scores: opt: 623, E(): 2.1e-31, (56.3% identity in 206 aa overlap); O27859|MTH1831 conserved protein from Methanothermobacter thermautotrophicus (307 aa), FASTA scores: opt: 268, E(): 2.3e-09, (28.35% identity in 307 aa overlap); etc.A->-,A->AAGCT,A->AAGCTC,A->AAGCTCG,A->AAGCTCGGCG,A->AATATCGCCGAGCT,A->ACAGCGACCACATCGCCGAGCT,A->ACAGCGACCATATCGCCGAGCT,A->ACAGCGACCATATCGCCGAGCTC,A->ACAGCGACCATATCGCCGAGCTCG,A->ACAGCGACCATATCTCCGAGCT,A->ACCGAGCT,A->ACCGAGCTC,A->ACCGAGCTCG,A->ACGAGCTCG,A->ACGCTCG,A->ACGTCGCCGAGCTCG,A->AGAGCT,A->AGAGCTC,A->AGAGCTCG,A->AGAGCTCGGCG,A->AGCCGAGCT,A->AGCCGAGCTCG,A->AGCGACCATATCGCCGAGCT,A->AGCGCT,A->AGCT,A->AGCTC,A->AGCTCG,A->AGCTCGG,A->AT,A->ATCGCCGAGCT,A->CCGAACA,A->CCGAGCAC,A->CGAGCAC,A->G,A->GAACA,A->T

1180 104824 0.66 S,I|I 0.66,0.33|1.0Rv0095c hypothetical protein131 Rv0095c, (MTCY251.14c), len: 136 aa. Member of 13E12 repeat, also partially similar to AF0418|AF041819_8 from Mycobacterium bovis BCG (222 aa), FASTA score: (89.6% identity in 96 aa overlap).C->-,C->A,C->ACCC,C->CAGCGTGCCGCCCAGTTCTTCCTCGCTGGCTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCC,C->CAGTTCTTCCTCGCTGGCTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCCACCGCCGGTAGCCGGCGCA,C->CCCAGTTCTTCCTCGCTGGCTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCCACCGCCGGTAGCCGGCGCA,C->CCTCGCTGGCTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCCA,C->CTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCCA,C->GATGCGCCGGGCGGCG,C->GATGCGTA,C->GATGCGTAGGGCGGCG,C->GATGCGTAGGGCGGCGTCGGGCTTGGTGATGCGTAACCGGTTGGCCAGCGCGCAGCACAGCGTGCCGCCCAGTTCTTCCTCGCTGGCTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCCACCGCCGGTAGCCGGCGCA,C->GGCGATGCGTAGGGCGGCGTCGGGCTTGGTGATGCGTAA,C->GGGCGGCG,C->GGGTGTCGAGTTGGTTGATCAACGCGTGACCCACCGCCGGTAGCCGGCGCA,C->GTGACCC,C->TCTTCCTCGCTGGCTTGGGTGTCGAGTTGGTTGATCAACGCGTGACCCACCGCCGGTAGCCGGCGCA,C->TTCCAGAGACCGCAGCCGTTCCGGGGTGGTCAACACCTCAAAA,G->-,G->CGAGTTGGTTGATCAACGTGTGCTGGGCCGCCGGTAGCCGGCGCGCCAAGCATTCCAGACGTTCCAGAGACCGCAGCCGTTCCGGGGTGCTCAGCACCTCAAAGG,G->CGCCAAGCATTCCAGACGTTCCAGAGACCGCAGCCGTTCCGGGGTGCTCAGCACCTCAAAGG,G->CTGCGTCGGCCGGCTTCGGGCTTGGTGATGCGCAGCCGGTTGGCCAGCGCGCAGCACAGCGTGCCGCCCAGTTCTTCCT

37534 4340994 0.66 F,C|C 0.66,0.33|1.0Rv3864 espE 242 ESX-1 secretion-associated protein EspET->-,T->G,T->TCCCCTCCCTA,T->TGCCCGGGTTGCCCAGCATTCCCAACTTGTTCCCCGGCTTGCCGGGTCTGGGCGACCTGCTGCCCGGCGTAGGCGATTTGGGCAAGTTACCCACCTGGACTGAGCTGGCCGCTTTGCCTGACTTCTTGGGCGGCTTCGCCGGCCTGCCCAGCTTGGGTTTTGGCAATCTGCTCAGCTTTGCCAGTTTGCCCACCGTGGGTCAGGTGACCGCCACCATGGGTCAGCTGCAACAGCTCGTGGCGGCCGGCGGTGGCCCCAGCCAACTGGCCAGCATGGGCAGCCAACAAGCGCAACTGATCTCGTCGCAGGCCCAGCAAGGAGGCCAGCAGCACGCCACCCTCGTGAGCGACAAGAAGGAAGACGAGGAAGGCGCGGCCGC 

Appendix 21: The most discriminative polymorphisms to distinguish between resistant and 

susceptible strains in lineage 5. 
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'id Position Power Alleles Allelic_frequenciesLocus Gene Codon AnnotationMolType

19116 2155168 0.88 S,I,T|T 0.93,0.04,0.02|1.0Rv1908c katG 315 Catalase-peroxidase-peroxynitritase T KatGC->A,C->G,C->T

2570 264754 0.68 H,R|-,R 0.94,0.05|0.5,0.5Rv0221 Possible triacylglycerol synthase (diacylglycerol acyltransferase)230 Rv0221, (MTCY08D5.16), len: 469 aa. Possible triacylglycerol synthase (See Daniel et al., 2004), similar to other proteins from Mycobacterium tuberculosis e.g. Q50680|Rv2285|MT2343|MTCY339.25c 47.7 kDa protein (445 aa),FASTA scores: opt: 455, E(): 8.1e-23, (26.7% identity in 461 aa overlap); Rv3740c, Rv3734c, etc.C->CGGAT,C->CGGATAAAGA,C->CGGATAAAGAA,C->CGGATAAAGAAGCCGTTGTCCAAGCCCTCGGGACGGCCGCCGCCGCACACCAACCGAGCGCCCTCCTCGATGCCCTTGGCGATGTAGCG

11885 1265912 0.6 S,P|P 0.93,0.06|1.0Rv1138c Possible oxidoreductase193 Rv1138c, (MTCI65.05c), len: 338 aa. Possible oxidoreductase, similar to Q9EWQ8 putative oxidoreductase from Streptomyces coelicolor (343 aa). Also similar to many Mycobacterium tuberculosis hypothetical proteins e.g. Rv1751|P72008|MTCY04C12.35 (412 aa), fasta scores: opt: 89,E(): 4.5e-09, (24.6% identity in 358 aa overlap).Not found

17758 1989911 0.6 G,K|K 0.93,0.06|1.0Rv1759c wag22 890 PE-PGRS family protein Wag22A->-,A->A,A->ATTGCCGCCGTTGCCG,A->TGTCACCGACGCCTACGCTCGCAGGATCCTGGGCTGGCGGGTCGCTTCCACGATGGCCACCTCCATGGTCCTCGACGCGATCGAGCAAGCCATCTGGACCCGCCAACAAGAAGGCGTACTCGACCTGAAAGACGTTATCCACCATACGGATAGGGGATCTCAGTACACATCGATCCGGTTCAGCGAGCGGCTCGCCGAGGCAGGCATCCAACCGTCGGTCGGAGCGGTCGGAAGCTCCTATGACAATGCACTAGCCGAGACGATCAACGGCCTATACAAGACCGAGCTGATCAAACCCGGCAAGCCCTGGCGGTCCATCGAGGATGTCGAGTTGGCCACCGCGCGCTGGGTCGACTGGTTCAACCATCGCCGCCTCTACCAGTACTGCGGCGACGTCCCGCCGGTCGAACTCGAGGCTGCCTACTACGCTCAACGCCAGAGACCAGCCGCCGGCTGAGGTCTCAGATCAGAGAGTCTCCGGACTCACCGGGGCGGTT,A->TGTCACCGACGCCTACGCTCGCAGGATCCTGGGCTGNNNNNNNNNN,T->-

22435 2550013 0.96 -,T|R,T 0.96,0.03|0.25,0.75Rv2277c Possible glycerolphosphodiesterase6 Rv2277c, (MTCY339.33), len: 301 aa. Possible glycerolphosphodiesterase, similar to e.g. UGPQ_ECOLI P10908 glycerophosphoryldiester phosphodiesterase (cytosolic) (247 aa), FASTA scores, opt: 149, E(): 0.0061,(27.2% identity in 195 aa overlap). Start of protein uncertain, encoded by neighbouring IS6110 as given, is intact in Mycobacterium tuberculosis CDC1551G->-,G->C,G->G,G->GCAATTGGCT,G->GCACCCAACATAGCCGTC,G->GCAGCAATC,G->GCCA,G->GCGC,G->GCGCCCAACATAGCCGTC,G->GCGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAAAGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGATAAAGTAAGTCGCGGTCGGGCACGCANNNNNNNNNN,G->GCGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAAAGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGATAAAGTAAGTCGCGGTCGGGNNNNNNNNNNGCCACACT,G->GCGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAAAGTGCGCAATGCGCGGCGCACAGTATCGANNNNNNNNNN,G->GCGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAACGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGANNNNNNNNNN,G->GCGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAACGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGAGAGCCAACCACGATGATTTGCCCGCACCGGCAGCGATAAAGTAAGTCGCGGTCGGGCACGCAGCGCAGCGNNNNNNNNNNAACGTAAAGAATGATCACCATCACCTCGCT,G->GCGCCCAACATAGCCGTCTTCACCATCGGTCCCCTTCAGGCTTTCCCCACCGTAGAAACGTGCGCAATGCGCGGCGCACAGTATCGAACCGTACCGCTGA

37735 4359182 0.72 R,G|P 0.96,0.03|1.0Rv3879c espK 201 ESX-1 secretion-associated protein EspK Alanine and proline rich proteinG->-,G->GCGTGATCGGGGTTCCCGGTGTGCCCGG,G->GGGTGACTCGGGGTTCCCGGGGTGATCGGGGTTCCCGG,G->GGGTGATCGG,G->GGGTGATCGGGGTTCCCGG,G->GGGTGATCGGGGTTCCCGGCGTGATCGGGGTTCCCGG,G->GGGTGATCGGGGTTCCCGGCGTGATCGGGGTTTCCGG,G->GGGTGATCGGGGTTCCCGGGGTGATCGGGGTTCCCGG,G->GGGTGATCGGGGTTCCCGGTGTGCCCGGTGTGCCCGGTGTGCCCGGGAATGGCACGACCAGGGTAGGCACGTCTGGGGGTGGCGGCGACTTCTGCTGAAGCAAATCCTCGAGTGCGTTCTTCGGAGGTTTCCAATTCTTGGATTCCAGCACCCGCTCAGCGGTCTCGGCGACCAGACTGACATTGGCCCCATGCGTCGCC,G->GGTGATCGGGGTTCCCGGGGTGATCGGGGTTCCCGG,G->GNNNNNNNNNNCGTGATCGGGGTTCCCGGTGTGCCCGG,G->GNNNNNNNNNNGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATCGGGGTTCCCGG,G->GNNNNNNNNNNGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATCGGGGTTCCCGGTGTGCCCGG,G->GNNNNNNNNNNGGGGTTCCCGGGGTGATCGGGGTTCCCGGCGTGATCGGGGTTCCCGGTGTGCCCGGTGTGCCCGGTGTGCCCGGGAATGGCACGACCAGGGTAGGCACGTCTGGGGGTGGCGGCGACTTCTGCTGAAGCAAATCCTCGAGTGCGTTCTTCGGAGGTTTCCAATTCTTGGATTCCAGCACCCGCTCAGCGGTCTCGGCGACCAGACTGACATTGGCCCCATGCGTCGCC,G->GTGTGCCCGA,G->GTGTGCCCGT

2570 264754 0.61 H,R|-,R 0.9,0.09|0.75,0.25Rv0221 Possible triacylglycerol synthase (diacylglycerol acyltransferase)230 Rv0221, (MTCY08D5.16), len: 469 aa. Possible triacylglycerol synthase (See Daniel et al., 2004), similar to other proteins from Mycobacterium tuberculosis e.g. Q50680|Rv2285|MT2343|MTCY339.25c 47.7 kDa protein (445 aa),FASTA scores: opt: 455, E(): 8.1e-23, (26.7% identity in 461 aa overlap); Rv3740c, Rv3734c, etc.C->CGGAT,C->CGGATAAAGA,C->CGGATAAAGAA,C->CGGATAAAGAAGCCGTTGTCCAAGCCCTCGGGACGGCCGCCGCCGCACACCAACCGAGCGCCCTCCTCGATGCCCTTGGCGATGTAGCG

2570 264754 0.7 H,R|-,R 0.91,0.08|0.75,0.25Rv0221 Possible triacylglycerol synthase (diacylglycerol acyltransferase)230 Rv0221, (MTCY08D5.16), len: 469 aa. Possible triacylglycerol synthase (See Daniel et al., 2004), similar to other proteins from Mycobacterium tuberculosis e.g. Q50680|Rv2285|MT2343|MTCY339.25c 47.7 kDa protein (445 aa),FASTA scores: opt: 455, E(): 8.1e-23, (26.7% identity in 461 aa overlap); Rv3740c, Rv3734c, etc.C->CGGAT,C->CGGATAAAGA,C->CGGATAAAGAA,C->CGGATAAAGAAGCCGTTGTCCAAGCCCTCGGGACGGCCGCCGCCGCACACCAACCGAGCGCCCTCCTCGATGCCCTTGGCGATGTAGCG

 

Appendix 22: The most discriminative polymorphisms to distinguish between resistant and 

susceptible strains in lineage 6. 
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Query Sbjct [AB,aB,Ab,ab]LD Chi2 A->a|b Err1 B->b|a Err2

Rv1313c|198A(-1)Pks12|1630E(-1)[9206,85,28,72]0.71 3041.18 0.45 0.072 0.71 0.159

Rv1313c|198A(-1)Rv3716c|127A(-1)[8685,25,549,132]0.82 1401.14 0.82 0.182 0.18 0.017

Pks12|1630E(-1)Rv3716c|127A(-1)[8676,34,615,66]0.63 518.68 0.63 0.138 0.08 0.011

Rv3716c|127A(-1)Rv3900c|199A(-1)[8707,669,3,12]0.78 118.21 0.01 0.004 0.78 0.516

 

Appendix 23: Epistatic links between polymorphisms in lineage 1. 
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Query Sbjct [AB,aB,Ab,ab]LD Chi2 A->a|b Err1 B->b|a Err2

DnaA|1M(1)RecF|245I(1)[7433,1557,89,312]0.72 881.02 0.12 0.008 0.72 0.092

DnaA|1M(1)GyrA|20I(3)[7503,1588,19,281]0.92 1057.78 0.12 0.008 0.92 0.221

DnaA|1M(1)Rv0008c|145S(-1)[7495,1605,27,264]0.88 944.82 0.11 0.007 0.88 0.182

DnaA|1M(1)Rv0012|232Y(3)[7504,1331,18,538]0.95 2190.12 0.24 0.012 0.95 0.231

DnaA|1M(1)Rv0064|457G(1)[7392,1395,130,474]0.73 1389.34 0.2 0.011 0.73 0.076

DnaA|1M(1)Rv0064|732N(3)[7502,1621,20,248]0.9 913.03 0.1 0.007 0.9 0.214

DnaA|1M(1)Rv0068|213E(3)[7440,1577,82,292]0.72 826.88 0.12 0.008 0.72 0.096

DnaA|1M(1)Mak|17L(3)[7506,1637,16,232]0.91 866.67 0.1 0.007 0.91 0.241

DnaA|1M(1)Mce1F|370L(1)[7433,1627,89,242]0.66 609.36 0.09 0.007 0.66 0.089

DnaA|1M(1)Rv0193c|417K(-1)[7434,1576,88,293]0.71 809.38 0.12 0.008 0.71 0.092

DnaA|1M(1)Rv0194|74M(1)[7436,1555,86,314]0.73 899.93 0.13 0.008 0.73 0.094

DnaA|1M(1)NrdB|32W(3)[7479,1584,43,285]0.83 956.73 0.12 0.008 0.83 0.141

DnaA|1M(1)Rv0259c|182A(-2)[7491,1585,31,284]0.87 1009.21 0.12 0.008 0.87 0.169

DnaA|1M(1)EccE3|216A(3)[7502,1630,20,239]0.9 875.21 0.1 0.007 0.9 0.214

DnaA|1M(1)Rv0318c|223G(-2)[7438,1624,84,245]0.68 636.8 0.09 0.007 0.68 0.093

DnaA|1M(1)Rv0338c|621A(-2)[7503,1588,19,281]0.92 1057.78 0.12 0.008 0.92 0.221

DnaA|1M(1)Rv0395|80V(1)[7425,1605,97,264]0.66 667.26 0.1 0.007 0.66 0.085

DnaA|1M(1)ThiG|75S(1)[7491,1629,31,240]0.85 825.2 0.1 0.007 0.85 0.168

DnaA|1M(1)CtpH|689M(-1)[7437,1570,85,299]0.72 843.79 0.12 0.008 0.72 0.094

DnaA|1M(1)MmpL2|426R(1)[7433,1586,89,283]0.7 766.71 0.11 0.008 0.7 0.091

DnaA|1M(1)Rv0556|15L(1)[7434,1544,88,325]0.73 936.64 0.13 0.008 0.73 0.093

DnaA|1M(1)Mce2A|51F(1)[7424,1546,98,323]0.7 892.65 0.13 0.008 0.7 0.087

DnaA|1M(1)Rv0658c|75L(-2)[7507,1640,15,229]0.92 859.38 0.09 0.007 0.92 0.249

DnaA|1M(1)MmpL5|948I(-1)[7478,1672,44,197]0.77 593.38 0.08 0.006 0.77 0.135

DnaA|1M(1)PhoR|172P(1)[7510,1645,12,224]0.93 854.51 0.09 0.007 0.93 0.28

DnaA|1M(1)Rv0812|145I(2)[7510,1660,12,209]0.93 791.56 0.09 0.006 0.93 0.28

DnaA|1M(1)Rv0829|80A(1)[7462,1549,60,320]0.8 1027.4 0.13 0.008 0.8 0.117

DnaA|1M(1)FadA|149Q(3)[7503,1592,19,277]0.91 1040.8 0.12 0.007 0.91 0.221

DnaA|1M(1)Rv0881|114A(3)[7443,1650,79,219]0.66 554.41 0.08 0.006 0.66 0.095

DnaA|1M(1)Rv0891c|37V(-2)[7431,1549,91,320]0.72 905.66 0.13 0.008 0.72 0.091

DnaA|1M(1)PstA1|304R(3)[7513,1366,9,503]0.97 2084.81 0.22 0.011 0.97 0.33

DnaA|1M(1)Rv0964c|124P(-1)[7435,1579,87,290]0.71 801.1 0.11 0.008 0.71 0.093

DnaA|1M(1)PepD|390L(1)[7502,1580,20,289]0.91 1086.49 0.12 0.008 0.91 0.215

DnaA|1M(1)GalU|235Q(1)[7434,1567,88,302]0.71 844.91 0.12 0.008 0.71 0.092

DnaA|1M(1)MetS|39R(-1)[7435,1617,87,252]0.67 653.72 0.1 0.007 0.67 0.091

DnaA|1M(1)GlyA1|36V(1)[7503,1599,19,270]0.91 1011.13 0.11 0.007 0.91 0.221

DnaA|1M(1)Pks3|489*(2)[7511,1382,11,487]0.97 2001.37 0.21 0.011 0.97 0.297

DnaA|1M(1)Rv1320c|531T(-1)[7500,1701,22,168]0.85 571.12 0.07 0.005 0.85 0.199

DnaA|1M(1)Rv1321|143C(3)[7502,1600,20,269]0.91 1001.63 0.11 0.007 0.91 0.215

DnaA|1M(1)Rv1364c|465A(-2)[7426,1610,96,259]0.66 651.49 0.1 0.007 0.66 0.086

DnaA|1M(1)Rv1374c|136T(-1)[7498,1575,24,294]0.9 1086.8 0.12 0.008 0.9 0.195  

Appendix 24: Epistatic links between polymorphisms in lineage 1.2. 
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Query Sbjct [AB,aB,Ab,ab]LD Chi2 A->a|b Err1 B->b|a Err2

Rv0010c|111L(-1)Rv0823c|321R(-2)[8840,1,548,2]0.64 20.12 0.64 0.816 0.0 0.002

Rv0010c|111L(-1)Rv1269c|29A(-1)[8876,1,512,2]0.64 21.72 0.64 0.816 0.0 0.002

Rv0010c|111L(-1)Rv1435c|119G(-2)[8879,1,509,2]0.64 21.86 0.64 0.816 0.0 0.002

Rv0010c|111L(-1)OpcA|9T(-1)[8866,1,522,2]0.64 21.25 0.64 0.816 0.0 0.002

Rv0010c|111L(-1)Rv1668c|348P(-1)[8496,1,892,2]0.63 11.37 0.63 0.816 0.0 0.001

Rv0010c|111L(-1)Rv1883c|75E(-2)[8634,1,754,2]0.63 13.92 0.63 0.816 0.0 0.001

Rv0010c|111L(-1)Rv1883c|75E(-1)[8629,1,759,2]0.63 13.82 0.63 0.816 0.0 0.001

Rv0010c|111L(-1)Rv1883c|74C(-2)[8635,1,753,2]0.63 13.95 0.63 0.816 0.0 0.001

Rv0010c|111L(-1)Rv1883c|74C(-1)[8629,1,759,2]0.63 13.82 0.63 0.816 0.0 0.001

Rv0010c|111L(-1)Rv2823c|102N(-1)[8609,1,779,2]0.63 13.4 0.63 0.816 0.0 0.001

Rv0010c|111L(-1)Rv3483c|165N(-1)[8838,1,550,2]0.64 20.04 0.64 0.816 0.0 0.002

Rv0010c|111L(-1)Rv3897c|166G(-1)[8515,1,873,2]0.63 11.68 0.63 0.816 0.0 0.001

Rv0036c|255R(-2)Rv0095c|92Q(-3)[5860,11,3488,32]0.59 25.14 0.59 0.259 0.0 0.001

Rv0036c|255R(-2)Rv0095c|91A(-2)[4898,11,4450,32]0.51 12.33 0.51 0.259 0.0 0.0

Rv0036c|255R(-2)Rv0823c|321R(-2)[8832,9,516,34]0.77 419.95 0.77 0.296 0.05 0.01

Rv0036c|255R(-2)Rv0823c|320L(-2)[7113,6,2235,37]0.81 90.11 0.81 0.378 0.01 0.002

Rv0036c|255R(-2)Rv1148c|299A(-2)[7411,16,1937,27]0.52 45.8 0.52 0.197 0.0 0.002

Rv0036c|255R(-2)Rv1269c|29A(-1)[8868,9,480,34]0.77 452.24 0.77 0.296 0.06 0.011

Rv0036c|255R(-2)OpcA|9T(-1)[8857,10,491,33]0.75 415.24 0.75 0.276 0.05 0.01

Rv0036c|255R(-2)Rv1668c|348P(-1)[8490,7,858,36]0.82 276.12 0.82 0.345 0.03 0.006

Rv0036c|255R(-2)Rv1883c|75E(-2)[8627,8,721,35]0.79 313.93 0.79 0.318 0.04 0.007

Rv0036c|255R(-2)Rv1883c|75E(-1)[8622,8,726,35]0.79 311.6 0.79 0.318 0.04 0.007

Rv0036c|255R(-2)Rv1883c|74C(-2)[8628,8,720,35]0.79 314.4 0.79 0.318 0.04 0.007

Rv0036c|255R(-2)Rv1883c|74C(-1)[8623,7,725,36]0.82 331.69 0.82 0.345 0.04 0.007

Rv0036c|255R(-2)Rv1945|242P(3)[7291,13,2057,30]0.61 56.49 0.61 0.231 0.0 0.002

Rv0036c|255R(-2)LppA|92F(3)[7201,16,2147,27]0.51 38.15 0.51 0.197 0.0 0.001

Rv0036c|255R(-2)LppA|93D(1)[7221,14,2127,29]0.57 48.32 0.57 0.219 0.0 0.001

Rv0036c|255R(-2)LppA|94D(2)[7216,16,2132,27]0.51 38.65 0.51 0.197 0.0 0.001

Rv0036c|255R(-2)LppB|36G(1)[5048,11,4300,32]0.52 13.91 0.52 0.259 0.0 0.0

Rv0036c|255R(-2)LppB|38N(1)[5089,11,4259,32]0.52 14.36 0.52 0.259 0.0 0.0

Rv0036c|255R(-2)LppB|43P(1)[5079,11,4269,32]0.52 14.25 0.52 0.259 0.0 0.0

Rv0036c|255R(-2)LppB|44H(1)[5081,11,4267,32]0.52 14.27 0.52 0.259 0.0 0.0

Rv0036c|255R(-2)Rv2823c|102N(-1)[8604,6,744,37]0.84 342.3 0.84 0.378 0.04 0.007

Rv0036c|255R(-2)Rv3483c|165N(-1)[8832,7,516,36]0.82 473.13 0.82 0.345 0.06 0.01

Rv0036c|255R(-2)Rv3897c|166G(-1)[8508,8,840,35]0.79 265.61 0.79 0.318 0.03 0.006

Rv0044c|24H(-2)Rv0095c|131S(-2)[5814,2,3564,11]0.75 11.96 0.75 0.65 0.0 0.0

Rv0044c|24H(-2)LppB|36G(1)[5057,2,4321,11]0.71 7.75 0.71 0.65 0.0 0.0

Rv0044c|24H(-2)LppB|38N(1)[5098,2,4280,11]0.71 7.94 0.71 0.65 0.0 0.0

Rv0044c|24H(-2)LppB|43P(1)[5088,2,4290,11]0.71 7.9 0.71 0.65 0.0 0.0  

Appendix 25: Epistatic links between polymorphisms in lineage 2. 
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Query Sbjct [AB,aB,Ab,ab]LD Chi2 A->a|b Err1 B->b|a Err2

DnaA|2T(1)FhaA|246E(-3)[5206,211,3377,597]0.54 360.94 0.54 0.057 0.07 0.004

DnaA|2T(1)FhaA|242R(-1)[8004,183,579,625]0.74 3293.73 0.74 0.063 0.47 0.028

DnaA|2T(1)FhaA|240E(-3)[8024,185,559,623]0.73 3344.67 0.73 0.063 0.48 0.028

DnaA|2T(1)Rv0095c|92Q(-2)[4689,197,3894,611]0.53 270.74 0.53 0.06 0.05 0.003

DnaA|2T(1)Rv0095c|92Q(-1)[4689,198,3894,610]0.52 268.54 0.52 0.06 0.05 0.003

DnaA|2T(1)Rv0095c|91A(-2)[4719,190,3864,618]0.55 293.07 0.55 0.061 0.05 0.003

DnaA|2T(1)Cyp123|194Y(-2)[8402,570,181,238]0.52 1295.58 0.26 0.021 0.52 0.054

DnaA|2T(1)CtpD|17R(2)[8565,632,18,176]0.89 1698.68 0.2 0.017 0.89 0.224

DnaA|2T(1)CtpD|18V(2)[8515,488,68,320]0.8 2808.46 0.37 0.026 0.8 0.109

DnaA|2T(1)Rv1572c|7V(-1)[5628,173,2955,635]0.65 609.86 0.65 0.065 0.09 0.005

DnaA|2T(1)Rv1730c|496V(-1)[8182,342,401,466]0.53 2475.55 0.53 0.039 0.49 0.035

DnaA|2T(1)Rv1730c|445A(-1)[8181,339,402,469]0.53 2498.9 0.53 0.039 0.49 0.034

DnaA|2T(1)Rv1754c|11R(-1)[8524,660,59,148]0.68 1064.72 0.16 0.015 0.68 0.109

DnaA|2T(1)Rv1907c|48D(-1)[8550,504,33,304]0.89 2960.01 0.35 0.025 0.89 0.164

DnaA|2T(1)Rv2016|65S(3)[8527,456,56,352]0.84 3272.17 0.41 0.029 0.84 0.123

DnaA|2T(1)Rv2262c|331R(-1)[7566,111,1017,697]0.83 2740.7 0.83 0.087 0.35 0.017

DnaA|2T(1)Rv2264c|555S(-1)[8572,752,11,56]0.82 482.42 0.06 0.008 0.82 0.275

DnaA|2T(1)Rv2407|63H(3)[7937,157,646,651]0.77 3309.89 0.77 0.07 0.45 0.025

DnaA|2T(1)Rv2823c|103I(-2)[8576,708,7,100]0.92 991.0 0.11 0.012 0.92 0.365

DnaA|2T(1)Pks15|187L(-1)[8573,784,10,24]0.67 166.72 0.02 0.005 0.67 0.265

DnaA|2T(1)FadE36|303K(-1)[8523,626,60,182]0.72 1401.23 0.2 0.017 0.72 0.111

GyrA|95S(1)TrpG|68I(2)[4908,4,3338,1141]0.99 1411.01 0.99 0.498 0.15 0.005

GyrA|95S(1)FhaA|246E(-3)[4354,3892,1063,82]0.83 660.23 0.11 0.003 0.6 0.01

GyrA|95S(1)Rv0039c|24C(-2)[4905,22,3341,1123]0.96 1335.75 0.96 0.21 0.14 0.005

GyrA|95S(1)Ino1|190R(-1)[6542,8,1704,1137]0.98 2946.45 0.98 0.351 0.31 0.012

GyrA|95S(1)Rv0068|213E(3)[8234,783,12,362]0.96 2603.9 0.28 0.018 0.96 0.283

GyrA|95S(1)Rv0095c|91A(-2)[4221,261,4025,884]0.52 324.89 0.52 0.052 0.06 0.003

GyrA|95S(1)OxcA|224S(-1)[4897,6,3349,1139]0.98 1396.11 0.98 0.406 0.15 0.005

GyrA|95S(1)FusA2|562N(-2)[8228,869,18,276]0.93 1891.56 0.21 0.015 0.93 0.227

GyrA|95S(1)Rv0194|74M(1)[8226,765,20,380]0.94 2675.94 0.3 0.019 0.94 0.217

GyrA|95S(1)Rv0210|485G(3)[4909,21,3337,1124]0.96 1342.14 0.96 0.215 0.14 0.005

GyrA|95S(1)EccE3|216A(3)[8237,895,9,250]0.96 1769.33 0.19 0.014 0.96 0.327

GyrA|95S(1)Rv0368c|249R(-2)[4911,20,3335,1125]0.96 1347.37 0.96 0.22 0.14 0.005

GyrA|95S(1)LpqM|296T(3)[4910,40,3336,1105]0.93 1267.16 0.93 0.154 0.14 0.005

GyrA|95S(1)CtpH|689M(-1)[8219,788,27,357]0.91 2440.08 0.28 0.018 0.91 0.184

GyrA|95S(1)Rv0465c|106C(-1)[4921,75,3325,1070]0.87 1139.75 0.87 0.11 0.13 0.005

GyrA|95S(1)Rv0576|233R(1)[4920,111,3326,1034]0.81 1009.38 0.81 0.088 0.13 0.005

GyrA|95S(1)GalTb|173A(3)[6639,54,1607,1091]0.93 2820.88 0.93 0.131 0.32 0.012

GyrA|95S(1)MmpL5|948I(-1)[8237,913,9,232]0.95 1633.03 0.18 0.013 0.95 0.326

GyrA|95S(1)MmpL5|794T(-2)[4905,27,3341,1118]0.95 1315.7 0.95 0.189 0.14 0.005

GyrA|95S(1)PurF|476R(1)[4138,52,4108,1093]0.89 847.53 0.89 0.134 0.1 0.003

GyrA|95S(1)Rv0836c|218*(-2)[4908,39,3338,1106]0.93 1269.93 0.93 0.156 0.14 0.005  

Appendix 26: Epistatic links between polymorphisms in lineage 3. 
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Query Sbjct [AB,aB,Ab,ab]LD Chi2 A->a|b Err1 B->b|a Err2

OpcA|12A(-1)PncA|136D(-2)[7182,2187,4,18]0.76 41.77 0.0 0.001 0.76 0.452

 

Appendix 27: Epistatic links between polymorphisms in lineage 4. 
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Query Sbjct [AB,aB,Ab,ab]LD Chi2 A->a|b Err1 B->b|a Err2

GyrA|90A(1)KatG|328W(-2)[9152,229,2,8]0.79 244.26 0.03 0.011 0.79 0.632

GyrA|90A(1)SerA1|122A(-2)[9150,229,4,8]0.65 200.95 0.03 0.011 0.65 0.408

GyrA|90A(1)Rv3693|354P(1)[9152,229,2,8]0.79 244.26 0.03 0.011 0.79 0.632

Rv0012|258G(1)TrpG|68I(2)[4469,10,2385,2527]0.99 3117.47 0.99 0.315 0.33 0.01

Rv0012|258G(1)Rv0039c|24C(-2)[4457,7,2397,2530]0.99 3112.95 0.99 0.377 0.33 0.01

Rv0012|258G(1)Rv0045c|194V(-1)[5225,15,1629,2522]0.98 4295.5 0.98 0.256 0.46 0.015

Rv0012|258G(1)Rv0045c|84H(-1)[6793,1834,61,703]0.89 1782.12 0.21 0.009 0.89 0.121

Rv0012|258G(1)Rv0064|549K(3)[4461,10,2393,2527]0.99 3106.75 0.99 0.315 0.33 0.01

Rv0012|258G(1)Rv0071|24D(3)[6817,1504,37,1033]0.95 2960.62 0.33 0.013 0.95 0.16

Rv0012|258G(1)Rv0071|29A(1)[6851,1982,3,555]0.99 1579.2 0.16 0.008 0.99 0.575

Rv0012|258G(1)Rv0095c|92Q(-2)[4797,89,2057,2448]0.93 3278.78 0.93 0.102 0.37 0.012

Rv0012|258G(1)Rv0095c|92Q(-1)[4797,90,2057,2447]0.93 3274.95 0.93 0.102 0.37 0.012

Rv0012|258G(1)Rv0095c|91A(-2)[4813,96,2041,2441]0.92 3275.98 0.92 0.098 0.37 0.012

Rv0012|258G(1)Rv0095c|85A(-2)[5181,61,1673,2476]0.95 4021.58 0.95 0.125 0.44 0.014

Rv0012|258G(1)Rv0104|401G(3)[4465,10,2389,2527]0.99 3112.1 0.99 0.315 0.33 0.01

Rv0012|258G(1)OxcA|224S(-1)[4471,17,2383,2520]0.98 3093.24 0.98 0.241 0.33 0.01

Rv0012|258G(1)Mce1R|171G(-1)[4563,177,2291,2360]0.86 2630.92 0.86 0.07 0.32 0.01

Rv0012|258G(1)Mce1A|312A(3)[4449,10,2405,2527]0.99 3090.73 0.99 0.315 0.33 0.01

Rv0012|258G(1)Rv0209|162V(1)[4485,7,2369,2530]0.99 3150.61 0.99 0.377 0.33 0.01

Rv0012|258G(1)Rv0210|485G(3)[4454,7,2400,2530]0.99 3108.94 0.99 0.377 0.33 0.01

Rv0012|258G(1)EccA3|6E(1)[4422,10,2432,2527]0.99 3054.98 0.99 0.315 0.32 0.01

Rv0012|258G(1)Rv0325|74G(3)[4463,12,2391,2525]0.99 3101.73 0.99 0.287 0.33 0.01

Rv0012|258G(1)Rv0368c|249R(-2)[4452,8,2402,2529]0.99 3102.42 0.99 0.352 0.33 0.01

Rv0012|258G(1)Rv0376c|14T(-1)[5166,11,1688,2526]0.99 4203.52 0.99 0.3 0.45 0.014

Rv0012|258G(1)Pta|122G(1)[4465,9,2389,2528]0.99 3115.96 0.99 0.332 0.33 0.01

Rv0012|258G(1)LpqM|296T(3)[4428,13,2426,2524]0.98 3051.41 0.98 0.276 0.32 0.01

Rv0012|258G(1)Rv0428c|149D(-2)[4403,11,2451,2526]0.99 3026.23 0.99 0.3 0.32 0.009

Rv0012|258G(1)Rv0465c|314R(-2)[6850,1511,4,1026]0.99 3092.29 0.33 0.013 0.99 0.498

Rv0012|258G(1)Rv0465c|106C(-1)[4389,6,2465,2531]0.99 3027.08 0.99 0.407 0.32 0.009

Rv0012|258G(1)Rv0493c|174S(-1)[4448,8,2406,2529]0.99 3097.09 0.99 0.352 0.33 0.01

Rv0012|258G(1)Rv0576|233R(1)[4354,6,2500,2531]0.99 2981.84 0.99 0.407 0.31 0.009

Rv0012|258G(1)GalK|198H(3)[4393,5,2461,2532]0.99 3036.11 0.99 0.446 0.32 0.009

Rv0012|258G(1)AtsD|349D(1)[4452,10,2402,2527]0.99 3094.73 0.99 0.315 0.33 0.01

Rv0012|258G(1)RpoC|1092E(2)[6851,1510,3,1027]0.99 3100.56 0.33 0.013 0.99 0.576

Rv0012|258G(1)MmpL5|794T(-2)[4443,16,2411,2521]0.98 3059.76 0.98 0.248 0.33 0.01

Rv0012|258G(1)SppA|622R(1)[6852,2470,2,67]0.96 173.17 0.01 0.002 0.96 0.696

Rv0012|258G(1)SerA2|242R(-2)[4440,9,2414,2528]0.99 3082.61 0.99 0.332 0.33 0.01

Rv0012|258G(1)Rv0797|54W(2)[6482,1673,372,864]0.58 1327.79 0.24 0.011 0.58 0.041

Rv0012|258G(1)PurF|476R(1)[5187,14,1667,2523]0.99 4229.24 0.99 0.265 0.45 0.014

Rv0012|258G(1)Rv0823c|321R(-2)[6849,1992,5,545]0.98 1539.25 0.16 0.008 0.98 0.444

Rv0012|258G(1)Rv0836c|218*(-2)[4435,9,2419,2528]0.99 3075.98 0.99 0.332 0.33 0.01

Rv0012|258G(1)Rv0845|219A(1)[4431,16,2423,2521]0.98 3043.9 0.98 0.248 0.32 0.01

Rv0012|258G(1)Rv0862c|749L(-2)[4438,7,2416,2530]0.99 3087.64 0.99 0.377 0.33 0.01  

Appendix 28: Epistatic links between polymorphisms in lineage 4.1. 
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Query Sbjct [AB,aB,Ab,ab]LD Chi2 A->a|b Err1 B->b|a Err2

Rv1572c|7V(-1)Rv3655c|101T(-1)[5794,3565,7,25]0.64 21.64 0.0 0.0 0.64 0.333

 

Appendix 29: Epistatic links between polymorphisms in lineage 4 (Ghana). 
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Query Sbjct [AB,aB,Ab,ab]LD Chi2 A->a|b Err1 B->b|a Err2

RodA|461A(-2)HddA|192V(1)[8861,11,435,84]0.87 1263.06 0.87 0.283 0.15 0.018

RodA|461A(-2)Rv0210|151L(1)[9022,33,274,62]0.63 1058.51 0.63 0.14 0.17 0.025

RodA|461A(-2)Pnp|190R(1)[9061,37,235,58]0.59 1065.6 0.59 0.127 0.18 0.028

RodA|461A(-2)Rv0612|113V(1)[8936,22,360,73]0.75 1138.45 0.75 0.186 0.16 0.02

RodA|461A(-2)Rv0686|222A(1)[9076,36,220,59]0.6 1164.19 0.6 0.13 0.2 0.03

RodA|461A(-2)RpsH|80V(1)[8994,30,302,65]0.67 1063.63 0.67 0.15 0.16 0.023

RodA|461A(-2)Rv0744c|41V(-2)[8830,13,466,82]0.85 1131.26 0.85 0.257 0.14 0.017

RodA|461A(-2)GgtA|211V(-2)[8944,40,352,55]0.55 664.03 0.55 0.119 0.12 0.018

RodA|461A(-2)PurL|231V(1)[8845,22,451,73]0.75 925.07 0.75 0.186 0.13 0.016

RodA|461A(-2)Rv1268c|28S(-2)[8947,26,349,69]0.71 1048.98 0.71 0.166 0.15 0.02

RodA|461A(-2)Zwf2|300T(-1)[9032,30,264,65]0.67 1196.38 0.67 0.15 0.18 0.026

RodA|461A(-2)UvrB|310Y(3)[9061,41,235,54]0.55 930.08 0.55 0.117 0.17 0.027

RodA|461A(-2)Pks8|234A(3)[8909,28,387,67]0.69 900.2 0.69 0.158 0.13 0.018

RodA|461A(-2)PyrG|576G(1)[8963,38,333,57]0.58 751.98 0.58 0.125 0.13 0.02

RodA|461A(-2)Rv1823|229R(3)[8901,19,395,76]0.78 1132.71 0.78 0.204 0.15 0.019

RodA|461A(-2)Gnd1|90A(-1)[8569,13,727,82]0.85 736.0 0.85 0.257 0.09 0.01

RodA|461A(-2)Rv1883c|74C(-1)[8615,15,681,80]0.82 746.47 0.82 0.236 0.09 0.011

RodA|461A(-2)Dgt|108H(-2)[9004,32,292,63]0.64 1031.84 0.64 0.143 0.16 0.023

RodA|461A(-2)SubI|258T(-1)[8959,31,337,64]0.65 934.74 0.65 0.146 0.15 0.02

RodA|461A(-2)ValS|697A(-2)[8988,26,308,69]0.71 1172.65 0.71 0.166 0.17 0.023

RodA|461A(-2)Rv2474c|46W(-2)[9023,39,273,56]0.57 872.67 0.57 0.122 0.16 0.024

RodA|461A(-2)Gdh|118G(-1)[9037,25,259,70]0.72 1398.23 0.72 0.171 0.2 0.027

RodA|461A(-2)AspS|426D(-2)[9002,33,294,62]0.63 994.36 0.63 0.14 0.16 0.023

RodA|461A(-2)FadD9|225A(1)[9062,28,234,67]0.69 1401.95 0.69 0.158 0.21 0.03

RodA|461A(-2)Rv2823c|102N(-1)[8597,13,699,82]0.85 765.75 0.85 0.257 0.09 0.011

RodA|461A(-2)Rv2954c|204A(-2)[9070,33,226,62]0.64 1248.86 0.64 0.14 0.2 0.03

RodA|461A(-2)LigA|528V(-2)[9020,35,276,60]0.61 987.49 0.61 0.133 0.17 0.024

RodA|461A(-2)Rv3060c|334T(-1)[8786,24,510,71]0.73 777.01 0.73 0.176 0.11 0.014

RodA|461A(-2)Rv3201c|355N(-2)[9069,41,227,54]0.55 958.75 0.55 0.117 0.18 0.028

RodA|461A(-2)Rv3272|92L(3)[8945,31,351,64]0.65 900.35 0.65 0.146 0.14 0.02

RodA|461A(-2)Rv3401|97D(2)[9057,45,239,50]0.51 790.11 0.51 0.107 0.16 0.026

RodA|461A(-2)IspD|81S(-1)[8968,23,328,72]0.74 1204.12 0.74 0.181 0.17 0.022

RodA|461A(-2)Rv3729|707R(3)[8927,29,369,66]0.67 913.41 0.67 0.154 0.14 0.019

Rv0044c|151G(-1)HddA|192V(1)[8832,40,383,136]0.75 1768.32 0.75 0.138 0.24 0.025

Rv0044c|151G(-1)Rv0210|151L(1)[8995,60,220,116]0.64 2019.92 0.64 0.104 0.33 0.038

Rv0044c|151G(-1)Pnp|190R(1)[9025,73,190,103]0.57 1821.38 0.57 0.088 0.33 0.042

Rv0044c|151G(-1)Rv0612|113V(1)[8904,54,311,122]0.67 1707.5 0.67 0.112 0.26 0.029

Rv0044c|151G(-1)Rv0686|222A(1)[9044,68,171,108]0.6 2121.54 0.6 0.094 0.37 0.046

Rv0044c|151G(-1)RpsH|80V(1)[8955,69,260,107]0.59 1545.68 0.59 0.093 0.27 0.032

Rv0044c|151G(-1)Rv0744c|41V(-2)[8811,32,404,144]0.8 1884.53 0.8 0.159 0.24 0.024

Rv0044c|151G(-1)GgtA|211V(-2)[8927,57,288,119]0.66 1732.27 0.66 0.108 0.27 0.03

Rv0044c|151G(-1)PurL|231V(1)[8821,46,394,130]0.72 1587.37 0.72 0.126 0.23 0.024

Rv0044c|151G(-1)Rv1268c|28S(-2)[8928,45,287,131]0.73 2065.36 0.73 0.127 0.3 0.032

Appendix 30: Epistatic links between polymorphisms in lineage 4 (Haarlem). 
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Query Sbjct [AB,aB,Ab,ab]LD Chi2 A->a|b Err1 B->b|a Err2

Rv0080|122H(3)Nrp|2468A(1)[9369,9,4,9]0.69 3243.45 0.49 0.235 0.69 0.415

Rv0080|122H(3)BglS|106Q(2)[9371,9,2,9]0.81 3835.62 0.49 0.235 0.81 0.639

Rv0080|122H(3)Rv0196|155T(1)[9369,9,4,9]0.69 3243.45 0.49 0.235 0.69 0.415

Rv0080|122H(3)Rv0435c|147S(-1)[9369,9,4,9]0.69 3243.45 0.49 0.235 0.69 0.415

Rv0080|122H(3)Rv1063c|17V(-1)[9368,9,5,9]0.64 3010.81 0.49 0.235 0.64 0.358

Rv0080|122H(3)EmbR|313L(-2)[9369,9,4,9]0.69 3243.45 0.49 0.235 0.69 0.415

Rv0080|122H(3)Rv1279|32V(3)[9367,9,6,9]0.59 2809.19 0.49 0.235 0.59 0.316

Rv0080|122H(3)Mec|52M(1)[9367,9,6,9]0.59 2809.19 0.49 0.235 0.59 0.316

Rv0080|122H(3)Rv1514c|188C(-1)[9367,9,6,9]0.59 2809.19 0.49 0.235 0.59 0.316

Rv0080|122H(3)Rv1514c|112K(-1)[9369,9,4,9]0.69 3243.45 0.49 0.235 0.69 0.415

Rv0080|122H(3)PlsB1|554Q(1)[9369,9,4,9]0.69 3243.45 0.49 0.235 0.69 0.415

Rv0080|122H(3)IlvA|143D(1)[9369,9,4,9]0.69 3243.45 0.49 0.235 0.69 0.415

Rv0080|122H(3)Pks12|4031L(-1)[9367,9,6,9]0.59 2809.19 0.49 0.235 0.59 0.316

Rv0080|122H(3)TB16.3|73E(-3)[9369,9,4,9]0.69 3243.45 0.49 0.235 0.69 0.415

Rv0080|122H(3)LppO|51M(3)[9369,9,4,9]0.69 3243.45 0.49 0.235 0.69 0.415

Rv0080|122H(3)EchA14|148M(2)[9369,9,4,9]0.69 3243.45 0.49 0.235 0.69 0.415

Rv0080|122H(3)Rv2575|67D(1)[9369,9,4,9]0.69 3243.45 0.49 0.235 0.69 0.415

Rv0080|122H(3)Rv2752c|91P(-2)[9371,9,2,9]0.81 3835.62 0.49 0.235 0.81 0.639

Rv0080|122H(3)HsdM|102F(-3)[9369,9,4,9]0.69 3243.45 0.49 0.235 0.69 0.415

Rv0080|122H(3)Rv3113|121H(1)[9368,9,5,9]0.64 3010.81 0.49 0.235 0.64 0.358

Rv0080|122H(3)PmmB|439V(1)[9367,9,6,9]0.59 2809.19 0.49 0.235 0.59 0.316

Rv0080|122H(3)Rv3479|939V(3)[9369,9,4,9]0.69 3243.45 0.49 0.235 0.69 0.415

Rv0080|122H(3)Ltp4|117A(1)[9369,9,4,9]0.69 3243.45 0.49 0.235 0.69 0.415

Rv0080|122H(3)Rv3729|298C(3)[9369,9,4,9]0.69 3243.45 0.49 0.235 0.69 0.415

Rv0080|122H(3)EccE2|204I(-2)[9368,9,5,9]0.64 3010.81 0.49 0.235 0.64 0.358

Nrp|2468A(1)Rv1063c|17V(-1)[9377,0,1,13]1.0 8719.28 0.0 0.0 0.92 0.963

Nrp|2468A(1)Rv1148c|319I(-1)[9329,6,49,7]0.53 622.73 0.53 0.299 0.12 0.05

Nrp|2468A(1)Rv1279|32V(3)[9376,0,2,13]1.0 8137.13 0.0 0.0 0.86 0.658

Nrp|2468A(1)Mec|52M(1)[9376,0,2,13]1.0 8137.13 0.0 0.0 0.86 0.658

Nrp|2468A(1)Rv1514c|188C(-1)[9376,0,2,13]1.0 8137.13 0.0 0.0 0.86 0.658

Nrp|2468A(1)Pks12|4031L(-1)[9376,0,2,13]1.0 8137.13 0.0 0.0 0.86 0.658

Nrp|2468A(1)Rv2082|247S(1)[9268,6,110,7]0.53 292.74 0.53 0.299 0.05 0.023

Nrp|2468A(1)Rv2277c|6T(-1)[6194,4,3184,9]0.53 7.2 0.53 0.415 0.0 0.0

Nrp|2468A(1)Rv3113|121H(1)[9377,0,1,13]1.0 8719.28 0.0 0.0 0.92 0.963

Nrp|2468A(1)PmmB|439V(1)[9376,0,2,13]1.0 8137.13 0.0 0.0 0.86 0.658

Nrp|2468A(1)EccE2|204I(-2)[9377,0,1,13]1.0 8719.28 0.0 0.0 0.92 0.963

BglS|106Q(2)EsxL|31I(3)[8794,5,586,6]0.51 43.39 0.51 0.33 0.0 0.003

BglS|106Q(2)EsxL|36L(3)[8822,5,558,6]0.51 45.96 0.51 0.33 0.0 0.004

BglS|106Q(2)EsxL|38A(3)[8780,5,600,6]0.51 42.19 0.51 0.33 0.0 0.003

BglS|106Q(2)Rv2082|247S(1)[9270,4,110,7]0.63 348.42 0.63 0.398 0.05 0.023

BglS|106Q(2)Rv2277c|6T(-1)[6195,3,3185,8]0.58 7.36 0.58 0.492 0.0 0.0

Rv0196|155T(1)Rv1063c|17V(-1)[9377,0,1,13]1.0 8719.28 0.0 0.0 0.92 0.963  

Appendix 31: Epistatic links between polymorphisms in lineage 4 (Uganda). 
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Query Sbjct [AB,aB,Ab,ab] LD Chi2 A->a|b Err1

FadD34|23L(1) Rv0163|108E(3) [9306,3,0,82] 0.99 9056.63 0.96 0.566

FadD34|23L(1) Rv0188|129G(3) [9306,27,0,58] 1.0 6389.43 0.68 0.158

FadD34|23L(1) GroEL2|434A(1) [9306,29,0,56] 1.0 6167.79 0.65 0.15

FadD34|23L(1) CcsA|26V(3) [9306,27,0,58] 1.0 6389.43 0.68 0.158

FadD34|23L(1) MmaA4|232P(-1) [9306,27,0,58] 1.0 6389.43 0.68 0.158

FadD34|23L(1) RpoB|450S(1) [7119,28,2187,57]0.56 87.87 0.56 0.154

FadD34|23L(1) RpsL|88K(1) [9074,26,232,59] 0.68 1256.18 0.68 0.162

FadD34|23L(1) Rv0750|26D(3) [8912,27,394,58] 0.66 753.08 0.66 0.158

FadD34|23L(1) Rv0794c|326A(-1) [9306,27,0,58] 1.0 6389.43 0.68 0.158

FadD34|23L(1) RpfA|196V(-1) [9087,39,219,46] 0.52 823.05 0.52 0.117

FadD34|23L(1) Rv1047|8D(3) [8797,31,509,54] 0.61 503.81 0.61 0.142

FadD34|23L(1) FadD11|470P(3) [9306,27,0,58] 1.0 6389.43 0.68 0.158

FadD34|23L(1) EsxN|22A(1) [9238,32,68,53] 0.61 2514.8 0.61 0.139

FadD34|23L(1) EsxN|23S(1) [9241,31,65,54] 0.63 2657.78 0.63 0.142

FadD34|23L(1) Rv1835c|420Y(-2) [9306,28,0,57] 0.99 6278.6 0.66 0.154

FadD34|23L(1) Rv2038c|54L(-2) [9306,26,0,59] 0.99 6500.29 0.69 0.162

FadD34|23L(1) CobL|298P(-1) [9306,20,0,65] 0.99 7165.95 0.76 0.195

FadD34|23L(1) LppB|175F(3) [9134,7,172,78] 0.91 2628.07 0.91 0.361

FadD34|23L(1) LppB|176N(1) [9137,11,169,74] 0.86 2428.15 0.86 0.28

FadD34|23L(1) LppB|177L(3) [9130,10,176,75] 0.87 2414.0 0.87 0.296

FadD34|23L(1) LppB|178G(1) [9132,11,174,74] 0.86 2377.5 0.86 0.28

FadD34|23L(1) Rv2694c|39I(-1) [9306,27,0,58] 1.0 6389.43 0.68 0.158

FadD34|23L(1) GlnA4|440A(-2) [9306,26,0,59] 0.99 6500.29 0.69 0.162

FadD34|23L(1) Rv2886c|184P(-2) [9306,26,0,59] 0.99 6500.29 0.69 0.162

FadD34|23L(1) Rv2913c|493P(-2) [9306,21,0,64] 0.99 7054.95 0.75 0.188

FadD34|23L(1) Rv3115|327K(3) [7054,19,2252,66]0.7 129.42 0.7 0.201

FadD34|23L(1) NagA|3V(1) [9306,26,0,59] 0.99 6500.29 0.69 0.162

FadD34|23L(1) Rv3395A|1M(1) [9306,27,0,58] 1.0 6389.43 0.68 0.158

FadD34|23L(1) Cyp137|92A(-1) [9306,20,0,65] 0.99 7165.95 0.76 0.195

Rv0163|108E(3) Rv0188|129G(3) [9309,24,0,58] 1.0 6625.33 0.7 0.171

Rv0163|108E(3) Rv0378|22S(3) [9306,0,3,82] 0.99 9056.63 0.0 0.0

Rv0163|108E(3) GroEL2|434A(1) [9309,26,0,56] 0.99 6395.5 0.68 0.161

Rv0163|108E(3) CcsA|26V(3) [9309,24,0,58] 1.0 6625.33 0.7 0.171

Rv0163|108E(3) MmaA4|232P(-1) [9309,24,0,58] 1.0 6625.33 0.7 0.171

Rv0163|108E(3) RpoB|450S(1) [7119,28,2190,54]0.55 80.08 0.55 0.152

Rv0163|108E(3) RpsL|88K(1) [9076,24,233,58] 0.69 1260.17 0.69 0.171

Rv0163|108E(3) Rv0750|26D(3) [8915,24,394,58] 0.69 784.57 0.69 0.171

Rv0163|108E(3) Rv0794c|326A(-1) [9309,24,0,58] 1.0 6625.33 0.7 0.171

Rv0163|108E(3) RpfA|196V(-1) [9090,36,219,46] 0.54 856.2 0.54 0.124

Rv0163|108E(3) Rv1047|8D(3) [8800,28,509,54] 0.63 525.93 0.63 0.152

Rv0163|108E(3) FadD11|470P(3) [9309,24,0,58] 1.0 6625.33 0.7 0.171

Rv0163|108E(3) EsxN|22A(1) [9241,29,68,53] 0.64 2609.84 0.64 0.148

Rv0163|108E(3) EsxN|23S(1) [9244,28,65,54] 0.65 2758.09 0.65 0.152

Rv0163|108E(3) Rv1835c|420Y(-2) [9309,25,0,57] 0.99 6510.4 0.69 0.166

Appendix 32: Epistatic links between polymorphisms in lineage 4 (Ural). 
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Query Sbjct [AB,aB,Ab,ab] LD Chi2 A->a|b Err1

HspR|124P(3) Gnd1|90A(-1) [8579,3,800,9] 0.72 67.26 0.72 0.499

HspR|124P(3) Rv1883c|75E(-2) [8630,5,749,7] 0.54 41.04 0.54 0.341

HspR|124P(3) Rv2823c|102N(-1) [8606,4,773,8] 0.63 53.65 0.63 0.408

MmpS1|124E(-1) MmpS1|120E(-2) [9156,18,174,43] 0.69 1264.42 0.69 0.197

MmpS1|124E(-1) Rv0963c|51A(-1) [9259,18,71,43] 0.7 2457.31 0.7 0.197

MmpS1|124E(-1) Gnd1|90A(-1) [8566,16,764,45] 0.71 331.09 0.71 0.214

MmpS1|124E(-1) Rv1883c|75E(-2) [8617,18,713,43] 0.67 323.4 0.67 0.197

MmpS1|124E(-1) Rv1928c|134M(-2)[8164,12,1166,49]0.77 247.54 0.77 0.258

MmpS1|124E(-1) Rv2823c|102N(-1) [8590,20,740,41] 0.64 279.32 0.64 0.182

MmpS1|124E(-1) Rv3093c|203A(-2) [9253,19,77,42] 0.68 2241.64 0.68 0.189

MmpS1|120E(-2) Rv0963c|51A(-1) [9120,157,54,60] 0.51 1294.52 0.26 0.041

MmpS1|120E(-2) Rv1928c|134M(-2)[8137,39,1037,178]0.79 941.33 0.79 0.144

Rv0963c|51A(-1) Rv1928c|134M(-2)[8152,24,1125,90]0.75 446.4 0.75 0.18

Rv1046c|171E(-2) Rv1572c|7V(-1) [5790,11,3561,29]0.55 19.98 0.55 0.256

Rv1046c|171E(-2) Gnd1|90A(-1) [8575,7,776,33] 0.8 278.55 0.8 0.343

Rv1046c|171E(-2) Rv1883c|75E(-2) [8628,7,723,33] 0.8 300.8 0.8 0.343

Rv1046c|171E(-2) Rv2823c|102N(-1) [8602,8,749,32] 0.78 270.72 0.78 0.315

Rv1572c|7V(-1) PlcD|82A(-1) [5785,3551,16,39]0.52 25.02 0.0 0.001

Rv1572c|7V(-1) Gnd1|90A(-1) [5632,2950,169,640]0.66 626.55 0.1 0.005

Rv1572c|7V(-1) Rv1883c|75E(-2) [5661,2974,140,616]0.7 651.38 0.09 0.005

Rv1572c|7V(-1) Pks12|179S(-1) [5774,3492,27,98]0.65 86.57 0.01 0.001

Rv1572c|7V(-1) Rv2823c|102N(-1) [5645,2965,156,625]0.67 630.21 0.09 0.005

Rv1572c|7V(-1) FadE22|94S(-1) [5765,3479,36,111]0.6 87.9 0.01 0.001

VapC12|120G(-2) Rv1928c|134M(-2)[8171,5,1167,48] 0.89 285.15 0.89 0.425

Gnd1|90A(-1) Dop|45P(-2) [8581,781,1,28] 0.96 285.74 0.03 0.006

Gnd1|90A(-1) AftC|431G(3) [8573,732,9,77] 0.88 721.92 0.08 0.01

Gnd1|90A(-1) Rv2823c|97A(-2) [8569,783,13,26] 0.63 167.64 0.02 0.005

Rv1883c|75E(-2) Dop|45P(-2) [8633,729,2,27] 0.92 284.29 0.03 0.006

Rv1883c|75E(-2) AftC|431G(3) [8622,683,13,73] 0.83 692.2 0.08 0.011

Rv1883c|75E(-2) Rv2823c|97A(-2) [8620,732,15,24] 0.58 151.36 0.02 0.006

Rv1928c|134M(-2)Rv2488c|709G(-1) [8162,1191,14,24]0.57 85.42 0.01 0.003

Rv1928c|134M(-2)Rv3093c|203A(-2) [8141,1131,35,84]0.66 355.62 0.05 0.006

Dop|45P(-2) Rv2823c|102N(-1) [8606,4,756,25] 0.84 231.46 0.84 0.464

LppP|20L(-1) LppP|15A(-1) [8105,1179,11,96]0.88 534.79 0.06 0.006

AftC|431G(3) Rv2823c|102N(-1) [8599,11,706,75] 0.86 708.49 0.86 0.281

Rv2823c|102N(-1) Rv2823c|97A(-2) [8596,756,14,25] 0.6 159.84 0.02 0.005

Appendix 33: Epistatic links between polymorphisms in lineage 4 (X-type). 
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Query Sbjct [AB,aB,Ab,ab] LD Chi2 A->a|b Err1

Rv0044c|24H(-2) Rv0095c|131S(-2) [5814,2,3564,11] 0.75 11.96 0.75 0.65

Rv0044c|24H(-2) MmpL12|381S(-1) [4924,12,4454,1] 0.83 8.24 0.75 0.08

Rv0095c|131S(-2) FadE3|357R(-2) [5815,3565,1,10] 0.85 13.04 0.0 0.0

Rv0095c|131S(-2) MmpL12|381S(-1) [3939,516,1877,3059] 0.69 2521.94 0.69 0.037

Rv0095c|131S(-2) Rv3798|99V(3) [5814,3191,2,384] 0.99 643.97 0.06 0.003

EsxL|31I(3) EsxL|48A(1) [8783,480,16,112] 0.86 1448.46 0.17 0.018

EsxL|36L(3) EsxL|48A(1) [8805,458,22,106] 0.81 1356.12 0.17 0.019

EsxL|38A(3) EsxL|48A(1) [8771,492,14,114] 0.88 1467.03 0.17 0.018

MmpL12|381S(-1) CobL|134G(-1) [4922,14,4453,2] 0.73 7.84 0.66 0.094

MmpL12|381S(-1) Pks15|491R(-2) [4453,4289,2,647] 0.99 621.09 0.06 0.002

MmpL12|381S(-1) EsxW|2T(-1) [4356,2422,99,2514] 0.92 2766.46 0.32 0.01

MmpL12|381S(-1) Rv3798|99V(3) [4553,383,4452,3] 0.98 351.51 0.88 0.01

Rv1572c|7V(-1) EsxW|2T(-1) [5161,1617,640,1973] 0.6 2130.61 0.37 0.014

LppP|23I(-1) LppP|17L(-2) [8889,490,2,10] 0.82 145.05 0.01 0.006

 

Appendix 34: Epistatic links between polymorphisms in lineage 5. 
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Appendix 35: The complete set of virulence factor genes found in each lineage of the 

Mycobacterium tuberculosis complex. 

Lineage Gene Annotation Virulence type 

1 None   

1.2 caeA 

dppA 

mce1A 

mce1C 

mce1D 

mce1F 

mce1R 

mce2A 

mce2B 

mce2F 

mce3A 

pstA1 

yrbE1B 

yrbE2B 

Probable carboxylesterase 

CaeA 

Probable periplasmic 

dipeptide-binding 

lipoprotein DppA 

Mce-family protein Mce1A 

Mce-family protein Mce1C 

Mce-family protein Mce1D 

Mce-family protein Mce1F 

Probable transcriptional 

regulatory protein Mce1R 

(probably GntR-family) 

Mce-family protein Mce2A 

Mce-family protein Mce2B 

Mce-family protein Mce2F 

Mce-family protein Mce3A 

Probable phosphate-

transport integral membrane 

ABC transporter PstA1 

Conserved integral 

membrane protein YrbE1B 

Conserved hypothetical 

integral membrane protein 

YrbE2B 

Cell wall proteins 

 cyp125 

 

Probable cytochrome P450 

125 Cyp125 

Cholesterol catabolism 

 aceAa 

fadD28 

mmpL7 

Probable isocitrate lyase 

AceAa [first part] (isocitrase) 

(isocitratase) (Icl) 

Lipid and fatty acid 

metabolism 
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pks15 

pks5 

pks7 

plcA 

plcC 

Fatty-acid-AMP ligase 

FadD28 (fatty-acid-AMP 

synthetase) (fatty-acid-AMP 

synthase) 

Conserved transmembrane 

transport protein MmpL7 

Probable polyketide synthase 

Pks15 

Probable polyketide synthase 

Pks5 

Probable polyketide synthase 

Pks7 

Membrane-associated 

phospholipase C 1 PlcA 

(MTP40 antigen) 

Probable phospholipase C 3 

PlcC 

 irtA 

mbtB 

Iron-regulated transporter 

IrtA 

Phenyloxazoline synthase 

MbtB (phenyloxazoline 

synthetase) 

Metal transporter proteins 

 acg 

sapM 

Conserved protein Acg 

Acid phosphatase (acid 

phosphomonoesterase) 

(phosphomonoesterase) 

(glycerophosphatase) 

Other 

 pepD Probable serine protease 

PepD (serine proteinase) 

(Mtb32B) 

Proteases 

 katG 

nuoG 

ponA2 

Catalase-peroxidase-

peroxynitritase T KatG 

Proteins inhibiting 

antimicrobial responses of 

the macrophage 
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Probable NADH 

dehydrogenase I (chain G) 

NuoG (NADH-ubiquinone 

oxidoreductase chain G) 

Probable bifunctional 

membrane-associated 

penicillin-binding protein 

1A/1B PonA2 (murein 

polymerase) [includes: 

penicillin-insensitive 

transglycosylase 

(peptidoglycan TGASE) + 

penicillin-sensitive 

transpeptidase (DD-

transpeptidase)] 

4(Ghana) pknG 

 

Serine/threonine-protein 

kinase PknG (protein kinase 

G) (STPK G) 

Serine-threonine 

proteinkinases 

4(Haarlem) sigG Probable alternative RNA 

polymerase sigma factor 

SigG (RNA polymerase ECF 

type sigma factor) 

Sigma factors 

4(LAM) mazF3 

vapB22 

vapB47 

vapC13 

vapC37 

vapC38 

vapC40 

vapC46 

vapC47 

vapC6 

Toxin MazF3 

Possible antitoxin VapB22 

Possible antitoxin VapB47 

Possible toxin VapC13 

Possible toxin VapC37 

Contains PIN domain 

Possible toxin VapC38 

Contains PIN domain 

Possible toxin VapC40 

Contains PIN domain 

TA systems 
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Possible toxin VapC46 

Contains PIN domain 

Possible toxin VapC47 

Contains PIN domain 

Possible toxin VapC6 

4(S-type) dosT 

mprB 

phoR 

Two component sensor 

histidine kinase DosT 

Two component sensor 

kinase MprB 

Possible two component 

system response sensor 

kinase membrane associated 

PhoR 

Two-component systems 

4(Tur) eccB1 

eccD1 

espA 

secA2 

ESX conserved component 

EccB1 ESX-1 type VII 

secretion system protein 

Possible membrane protein 

ESX conserved component 

EccD1 ESX-1 type VII 

secretion system protein 

Probable transmembrane 

protein 

ESX-1 secretion-associated 

protein A, EspA 

Possible preprotein 

translocase ATPase SecA2 

Type VII secretion system 

2 mce3B Mce-family protein Mce3B Cell wall proteins 

 pks15 Probable polyketide synthase 

Pks15 

Lipid and fatty acid 

metabolism 

 irtB Iron-regulated transporter 

IrtB 

Metal transporter proteins 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

134 
 

 sodC Periplasmic superoxide 

dismutase [Cu-Zn] SodC 

Proteins inhibiting 

antimicrobial responses of 

the macrophage 

 mazF2 

vapC12 

vapC46 

Toxin MazF2 

Possible toxin VapC12 

Possible toxin VapC46 

Contains PIN domain 

TA systems 

 eccCb1 ESX conserved component 

EccCb1 ESX-1 type VII 

secretion system protein 

Type VII secretion system 

3 lprL 

mce1R 

mce3A 

pstA1 

Possible Mce-family 

lipoprotein LprL (Mce-

family lipoprotein Mce2E) 

Probable transcriptional 

regulatory protein Mce1R 

(probably GntR-family) 

Mce-family protein Mce3A 

Probable phosphate-

transport integral membrane 

ABC transporter PstA1 

Cell wall proteins 

 ltp2 Probable lipid transfer 

protein or keto acyl-CoA 

thiolase Ltp2 

Cholesterol catabolism 

 pks15 

pks7 

Probable polyketide synthase 

Pks15 

Probable polyketide synthase 

Pks7 

Lipid and fatty acid 

metabolism 

 ctpV 

mbtB 

Probable metal cation 

transporter P-type ATPase 

CtpV 

Phenyloxazoline synthase 

MbtB (phenyloxazoline 

synthetase) 

Metal transporter proteins 
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 pepD 

rip 

Probable serine protease 

PepD (serine proteinase) 

(Mtb32B) 

Membrane bound 

metalloprotease 

Proteases 

 katG Catalase-peroxidase-

peroxynitritase T KatG 

Proteins inhibiting 

antimicrobial responses of 

the macrophage 

 mazF3 

vapB47 

vapC37 

vapC38 

Toxin MazF3 

Possible antitoxin VapB47 

Possible toxin VapC37 

Contains PIN domain 

Possible toxin VapC38 

Contains PIN domain 

TA systems 

 dosT 

mprB 

Two component sensor 

histidine kinase DosT 

Two component sensor 

kinase MprB 

Two-component systems 

 secA2 Possible preprotein 

translocase ATPase SecA2 

Type VII secretion system 

4 None   

4.1 dppA 

mce1A 

mce1D 

mce1R 

mce2F 

mce3A 

mce4C 

yrbE2B 

Probable periplasmic 

dipeptide-binding 

lipoprotein DppA 

Mce-family protein Mce1A 

Mce-family protein Mce1D 

Probable transcriptional 

regulatory protein Mce1R 

(probably GntR-family) 

Mce-family protein Mce2F 

Mce-family protein Mce3A 

Mce-family protein Mce4C 

Cell wall proteins 
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 Conserved hypothetical 

integral membrane protein 

YrbE2B 

 

 

 

 

 ltp2 Probable lipid transfer 

protein or keto acyl-CoA 

thiolase Ltp2 

Cholesterol catabolism 

 fadD28 

pks15 

pks5 

pks7 

plcA 

plcC 

Fatty-acid-AMP ligase 

FadD28 (fatty-acid-AMP 

synthetase) (fatty-acid-AMP 

synthase) 

Probable polyketide synthase 

Pks15 

Probable polyketide synthase 

Pks5 

Probable polyketide synthase 

Pks7 

Membrane-associated 

phospholipase C 1 PlcA 

(MTP40 antigen) 

Lipid and fatty acid 

metabolism 
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Probable phospholipase C 3 

PlcC 

 ctpV 

mbtB 

Probable metal cation 

transporter P-type ATPase 

CtpV 

Phenyloxazoline synthase 

MbtB (phenyloxazoline 

synthetase) 

Metal transporter proteins 

 rip Membrane bound 

metalloprotease 

Proteases 

 katG 

ponA2 

Catalase-peroxidase-

peroxynitritase T KatG 

Probable bifunctional 

membrane-associated 

penicillin-binding protein 

1A/1B PonA2 (murein 

polymerase) [includes: 

penicillin-insensitive 

transglycosylase 

(peptidoglycan TGASE) + 

penicillin-sensitive 

transpeptidase (DD-

transpeptidase)] 

Proteins inhibiting 

antimicrobial responses of 

the macrophage 

 sigG Probable alternative RNA 

polymerase sigma factor 

SigG (RNA polymerase ECF 

type sigma factor) 

Sigma factors 

 mazF3 

vapB47 

vapC37 

vapC38 

vapC40 

Toxin MazF3 

Possible antitoxin VapB47 

Possible toxin VapC37 

Contains PIN domain 

Possible toxin VapC38 

Contains PIN domain 

TA systems 
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Possible toxin VapC40 

Contains PIN domain 

 dosT 

mprB 

Two component sensor 

histidine kinase DosT 

Two component sensor 

kinase MprB 

Two-component systems 

 eccCb1 

secA2 

ESX conserved component 

EccCb1 ESX-1 type VII 

secretion system protein 

Possible preprotein 

translocase ATPase SecA2 

Type VII secretion system 

Lineage_4_Cameroon None   

Lineage_4_Ghana None   

Lineage_4_Haarlem pks7 Probable polyketide synthase 

Pks7 

Lipid and fatty acid 

metabolism 

 sigG Probable alternative RNA 

polymerase sigma factor 

SigG (RNA polymerase ECF 

type sigma factor) 

Sigma factors 

 vapB16 

vapB43 

vapC31 

Possible antitoxin VapB16 

Possible antitoxin VapB43 

Possible toxin VapC31 

Contains PIN domain 

TA systems 

Lineage_4_LAM katG Catalase-peroxidase-

peroxynitritase T KatG 

Proteins inhibiting 

antimicrobial responses of 

the macrophage 

Lineage_4_S-type katG   Catalase-peroxidase-

peroxynitritase T KatG 

Proteins inhibiting 

antimicrobial responses of 

the macrophage 

 mycP1 Membrane-anchored 

mycosin MycP1 (serine 

protease) (subtilisin-like 

Type VII secretion system 
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protease) (subtilase-like) 

(mycosin-1) 

Lineage_4_Ural mmaA4 Methoxy mycolic acid 

synthase 4 MmaA4 (methyl 

mycolic acid synthase 4) 

(MMA4) (hydroxy mycolic 

acid synthase) 

Mycolic acid synthesis 

Lineage_4_X-type hspR Probable heat shock protein 

transcriptional repressor 

HspR (MerR family) 

Other 

 vapC12 Possible toxin VapC12 TA systems 

Lineage_5 pks15 Probable polyketide synthase 

Pks15 

Lipid and fatty acid 

metabolism 

Lineage 6 katG Catalase-peroxidase-

peroxynitritase T KatG 

Proteins inhibiting 

antimicrobial responses of 

the macrophage 
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Appendix 36: Epistatic interactions showing various evolutionary paths in lineage 1.2. The 

green nodes represent a pre-requisite mutation, the blue nodes an intermediate mutation, the 

orange nodes represent DR mutations, and the pink nodes and final/compensatory mutation. 

Epistatic links to and from known DR mutations are highlighted by orange edges. Nodes are 

labelled by the respective gene name and codon position number following the horizontal line. 
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Appendix 37: Epistatic interactions showing various evolutionary paths lineage 2. The green 

nodes represent a pre-requisite mutation, the blue nodes an intermediate mutation, the orange 

nodes represent DR mutations, and the pink nodes and final/compensatory mutation. Epistatic 

links to and from known DR mutations are highlighted by orange edges. Nodes are labelled by 

the respective gene name and codon position number following the horizontal line. 
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Appendix 38: Epistatic interactions showing various evolutionary paths towards drug 

resistance (DR) in lineage 3. The green nodes represent a pre-requisite mutation, the blue nodes 

an intermediate mutation, the orange nodes represent DR mutations, and the pink nodes and 

final/compensatory mutation. Epistatic links to and from known DR mutations are highlighted 

by orange edges. Nodes are labelled by the respective gene name and codon position number 

following the horizontal line. 
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Appendix 39: Epistatic interactions showing the mutational path in lineage 4. The orange node 

represents a drug resistance (DR) mutation and the pink node a final/compensatory mutation. 

Epistatic links to and from known DR mutations are highlighted by orange edges. Nodes are 

labelled by the respective gene name and codon position number following the horizontal line. 
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Appendix 40: Epistatic interactions showing various evolutionary paths in lineage 4.1. The 

green nodes represent a pre-requisite mutation, the blue nodes an intermediate mutation, the 

orange nodes represent DR mutations, and the pink nodes and final/compensatory mutation. 

Epistatic links to and from known DR mutations are highlighted by orange edges. Nodes are 

labelled by the respective gene name and codon position number following the horizontal line. 
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Appendix 41: Epistatic interactions showing various evolutionary paths in lineage 4(Haarlem). 

The green nodes represent a pre-requisite mutation, the blue nodes an intermediate mutation, 

the orange nodes represent DR mutations, and the pink nodes and final/compensatory mutation.  

Epistatic links to and from known DR mutations are highlighted by orange edges. Nodes are 

labelled by the respective gene name and codon position number following the horizontal line. 
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Appendix 42: Epistatic interactions showing various evolutionary paths towards drug 

resistance (DR) in lineage 4(Ural). The green nodes represent a pre-requisite mutation, the blue 

nodes an intermediate mutation, the orange nodes represent DR mutations, and the pink nodes 

and final/compensatory mutation. Epistatic links to and from known DR mutations are 

highlighted by orange edges. Nodes are labelled by the respective gene name and codon 

position number following the horizontal line. 
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Appendix 43: Epistatic interactions showing various evolutionary paths in lineage 4(Ural). The 

green nodes represent a pre-requisite mutation, the blue nodes an intermediate mutation, the 

orange nodes represent DR mutations, and the pink nodes and final/compensatory mutation. 

Epistatic links to and from known DR mutations are highlighted by orange edges. Nodes are 

labelled by the respective gene name and codon position number following the horizontal line. 
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