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Abstract 

 

Drug-resistant tuberculosis (DR-TB) remains a major global health challenge 

with increasing numbers of cases reported each year. Whole genome 

sequencing (WGS) is used increasingly in both research and clinical services 

to rapidly identify drug resistance.  

 

Mycobacterium tuberculosis WGS directly from sputum has been achieved 

using DNA enrichment but with a higher limit of detection than sequencing 

from culture. I demonstrate methodological adaptations that improve M. 

tuberculosis genome coverage for direct sequencing. I then show WGS 

directly from sputum preserves more within-patient M. tuberculosis genetic 

diversity than sequencing from culture, where bacterial populations better 

suited to growth in culture may be selected. 

 

Infections caused by multiple M. tuberculosis strains lead to worse 

outcomes. However, whether higher genetic diversity in single strain 

infections also does and the clinical importance of unfixed (<100% allele 

frequency) resistance mutations are not known. I established a prospective 

cohort of patients with DR-TB followed for six months with monthly sputum 

culture and WGS, and found no association between baseline genetic 

diversity and clinical outcome. Macroheteroresistance (variants >5% 

frequency) mostly persisted or became fixed over time. However, new 

macroheteroresistant or fixed resistance mutations were rare in the cohort 

(3.1%) and not predicted by the prior presence of microheteroresistance 

(<5%). 
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Most of the resistance identified was to bedaquiline, a key drug. In one 

cohort, 5.4% of patients with baseline positive M. tuberculosis culture had 

mutations in the Rv0678 gene responsible for bedaquiline resistance, and a 

further 5.7% acquired resistance during treatment due to new Rv0678 

mutations. A temporal dating analysis of global phylogenies incorporating the 

major M. tuberculosis lineages 2 and 4 indicates that variants in Rv0678 

arose in the late 19th century and pre-date the antibiotic era, therefore likely 

conferring evolutionary advantages beyond drug resistance. 
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Impact Statement 

 

The work presented in this thesis has the potential to advance diagnosis and 

management of tuberculosis through advancing the scientific literature, 

informing development of diagnostics and highlighting new public health 

threats. 

 

The technical improvements achieved in whole genome sequencing 

Mycobacterium tuberculosis directly from sputum discussed in Results 

Chapter 1 may guide development of a better direct-from-sputum sequencing 

solution. We aim to prepare the new methodology to be assessed by FIND 

as part of the current global benchmarking of direct sputum sequencing 

pipelines. The biological benefit of direct sequencing of M. tuberculosis in 

with preservation of within-host genetic diversity (also Results Chapter 1) has 

been shared with the scientific community through a publication in BMC 

Genomics and can inform future studies that aim to investigate within-host 

diversity and low frequency resistance mutations. 

 

The changes identified in with-host diversity in Results Chapter 2 are novel, 

and while not having an immediate application, understanding how gene 

diversity changes in the initial phases of treatment may allow future work to 

understand the role of these changes and potentially target these genes in a 

therapeutic strategy. Conversely, understanding the role of genetic 

heteroresistant resistance-associated variants is directly applicable as 

current diagnostics variably identify heteroresistance, and several research 
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groups are trying to establish diagnostics based on identification of very low 

frequency heteroresistance. My findings suggest that heteroresistance is 

important, but that further validation of the detection and outcomes of very 

low frequency variants is required before clinical significance is attached to 

them. I have shared these findings with through a manuscript that is in press 

at EBioMedicine. 

 

The identification of emergent bedaquiline resistance in Results Chapter 3 is 

of public health interest given the previous spread of extensively drug-

resistant tuberculosis and the lack of bedaquiline susceptibility testing. 

Analysis of other publicly available genomes also suggests that emergence 

of resistance is not a result of a single strain but independent emergences 

across South Africa. The challenges of relying on the current resistance 

critical concentration for culture-based susceptibility testing are highlighted. 

The clinical component of this work has been published in the European 

Respiratory Journal, and the analysis of public genomes is under peer review 

at Lancet Microbe. I am a consultant on two recently submitted grant 

applications for follow-on work in this area. All genetic variants identified and 

drug susceptibility testing results have been contributed to the Cryptic 

consortium that aims to associate genetic mutations with minimum inhibitory 

concentrations for second-line tuberculosis drugs. 

 

Dating the emergence of mutations that confer bedaquiline resistance in 

Results Chapter 4 revealed that some genetic variants which confer 

bedaquiline and clofazimine resistance emerged before the antibiotic era. 
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This is important as it suggests that is it important to test for resistance even 

in patients who have never been exposed to either drug. Future work may 

help identify other drivers of these mutations and help to stop spread of 

resistance. A manuscript is being prepared and will soon be submitted to a 

journal.   
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Introduction 

Introduction to Tuberculosis 

 

Tuberculosis (TB) disease is caused by the bacterium Mycobacterium 

tuberculosis. M. tuberculosis is transmitted by the aerosol route and is 

initially deposited in the lungs, from where it can cause both pulmonary and 

extrapulmonary disease either immediately or after a latent phase of variable 

duration. The onset of disease is typically subacute or chronic, leading to the 

classical symptoms of cough, weight loss and night sweats. Standard 

treatment requires a combination of four drugs to prevent resistance 

developing, and is taken for six months to reduce the risk of relapse from 

dormant persister bacteria that are unaffected by initial treatment. 

 

While TB was responsible for around a quarter of all deaths in industrialised 

countries in the 18th and 19th centuries, incidence initially fell during the 20th 

century until a resurgence in cases, in part due to the increased susceptibility 

to infection caused by the HIV/AIDS epidemic, and increasing rates of drug 

resistance led to the declaration of a global emergency in 1993.1 This 

sparked a renewed focus and investment in the disease, and over the last 

quarter of a century death rates have fallen significantly, rapid diagnostics 

are increasingly widespread even in low and middle-income income 

countries and there are several new drugs available for drug-resistant 

disease. Despite this, much more remains to be done, as overall incidence 

continues to fall slowly at only 2% per year,2 drug-susceptible treatment 
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remains lengthy and is unchanged in over four decades and ever greater 

numbers of drug-resistant cases are identified.2 

 

Microbiology 

Tuberculosis disease is caused by obligate pathogenic bacteria from the 

Mycobacterium tuberculosis complex. These include M. tuberculosis sensu 

stricto which is the major human pathogen, and several related species 

infecting humans and animals such as M. africanum (most commonly found 

infecting humans in West Africa), M. bovis (cows) and M. caprae (goats). 

Mycobacteria are notable for their characteristic thick cell wall, consisting of 

three macromolecules and a lipopolysaccharide, and their slow growth rate 

with an in vitro generation time of 24 hours. They are usually cultured on 

solid media such as Middlebrook 7H10/7H11 or Lowenstein-Jensen medium. 

Liquid media such as Middlebrook 7H9 are most often used for sub-culturing. 

The commercially available BACTEC 960 system (BD, MD, USA) uses liquid 

culture mycobacterial growth indicator tubes (MGIT), based on Middlebrook 

7H9, that release fluorescence when the respiration of M. tuberculosis lowers 

oxygen in the medium, allowing automated and faster growth detection and 

reporting. 

 

Natural History 

Initial Infection 

M. tuberculosis is transmitted via the aerosol route from one infected 

individual to another by dehydrated exhaled respiratory droplets (droplet 

nuclei) that may remain airborne for several hours. The infectious dose has 
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been reported to be as low as one to five bacilli.3 After having been 

deposited in the airways, the bacteria start to replicate and are phagocytosed 

by alveolar macrophages attracting an immune response and leading to 

development of a granuloma consisting of macrophages, monocytes and 

neutrophils. Granulomas may enlarge and become confluent creating a 

nodular lesion, or tubercle. The majority of primary infections are controlled 

at this point by cell mediated immunity, and the bacteria enter a latent non-

replicating state. However, if replication in the lung is not controlled, then 

bacteria may be transported through the lymphatic system to draining 

mediastinal lymph nodes which become enlarged. In approximately 5% of 

individuals bacterial growth may occur leading to a mild, self-limiting primary 

disease with low grade fever. Rarely bacterial replication becomes 

uncontrolled and this may lead to M. tuberculosis bacteraemia and 

dissemination into multiple organs causing miliary TB, which is more 

common in children, or progressive primary disease affecting the lungs and 

pleura, which is more common in adults. 

 

Latent Infection 

Following primary infection, most individuals will effectively control bacterial 

replication and become latently infected with dormant bacteria, although 

some individuals appear able to resist or rapidly clear the infection.4 While it 

is estimated that around a quarter of the world’s population is latently 

infected with M. tuberculosis,5 only 2-4% of those latently infected progress 

to active disease within five years, and progression is most common in the 

first year following infection.6 Risk of progression may be increased by co-
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morbidities such as HIV infection, chronic kidney disease, diabetes and 

immunosuppression. 

 

Active Disease 

The most common form of adult TB globally is post-primary pulmonary TB. In 

post-primary TB, a previously contained latent bacterial population in a 

granuloma begins actively replicating. What triggers reactivation is not well 

understood, though in some patients it may follow immunosuppression for 

example through HIV infection, increasing age or use of anti-TNF therapy. 

Compared with progressive primary disease, pathology tends to be more 

localised and dissemination is rare. Much of the pathology caused by TB is 

as a result of the host’s immune response that accompanies active infection. 

 

While most TB is pulmonary, dissemination during primary infection can 

occur to many other tissues leading to extrapulmonary TB (EPTB). EPTB 

may occur contemporaneously with pulmonary disease, or in isolation where 

extrapulmonary latent infection has occurred and later reactivated. The most 

common sites for EPTB are the lymph nodes (especially in the neck), pleura, 

bones and joints (particularly the spine) and central nervous system (TB 

meningitis). 

 

Clinical Features 

Pulmonary Disease 

Classical clinical features are those of cough, weight loss and night sweats, 

usually with a subacute onset over weeks to months. Patients usually 
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experience a dry cough initially, although may later produce purulent sputum 

as lung infiltrates develop and cavities form and break down into airways, 

leading to expectoration of bacteria and the potential for transmission. Minor 

haemoptysis may occur as a result of erosion of bronchial vessels. Chest 

radiography usually shows infiltrates and lung cavities in the upper lobes, 

often bilaterally, although more diffuse changes and less cavitation is often 

seen in the context of HIV co-infection. Clinical features often overlap with 

those of other pulmonary infections and diagnosis can be difficult, requiring a 

high index of suspicion and the results of appropriate investigations such as 

sputum microscopy, culture and rapid molecular diagnostics. 

 

Extrapulmonary Tuberculosis 

EPTB can occur at a wide variety of sites as described above and diagnosis 

can be even more challenging than for pulmonary disease due to the range 

of signs and symptoms produced, which often overlap with other pathologies. 

Cervical lymph nodes are the most common site of EPTB. Lymph nodes may 

enlarge significantly and may produce discharging sinuses to the skin. 

Pleural effusions are usually unilateral and contain highly cellular fluid, 

although visualisation of Mycobacteria is rare. TB meningitis presents 

similarly to other forms of meningitis, although often with a slower onset. 

Diagnosis may again be challenging in the absence of appropriate 

investigations due to overlap of clinical features with other pathologies. 
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Diagnostic Considerations 

Active TB is definitively diagnosed by the isolation of M. tuberculosis. In the 

case of pulmonary TB, this is usually from a lung secretion such as a 

spontaneously produced sputum sample or bronchoalveolar lavage fluid, but 

may also be from a biopsy of pleural or lung tissue. EPTB is similarly 

definitively diagnosed by analysis of relevant material: for example pleural 

fluid (pleural TB), cerebrospinal fluid (meningeal TB) or lymph node biopsy. 

The gold standard diagnosis is based on microbiological culture of M. 

tuberculosis from the relevant specimen, for example in MGIT or on 7H11 

agar. However, while culture is very specific for M. tuberculosis it is relatively 

slow, often taking several weeks, and sensitivity may be limited in some 

conditions such as in HIV-associated pulmonary disease. An alternative 

widespread diagnostic tool is staining of clinical specimen (e.g. sputum) 

smears for acid-fast bacilli. This is faster, cheaper and easier than culture, 

but is less sensitive, does not differentiate between Mycobacterial species 

and cannot discriminate live from dead bacteria.   

 

More recently, rapid molecular diagnostics have been developed that report 

the presence of M. tuberculosis DNA with a sensitivity approaching culture, 

and are able to identify commonly reported resistance mutations within 

hours. Examples include the Xpert MTB/RIF (Cepheid, CA, USA) assay that 

identifies the presence of M. tuberculosis and rifampicin resistance, and 

MDRTBsl (Hain Lifescience, Germany) which can identify fluoroquinolone 

and injectable drug resistance mutations. Limitations of these are that they 

also do not differentiate live and dead bacteria and so cannot be used to 
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monitor treatment response, and rely on a predefined limited list of 

resistance-associated single nucleotide polymorphisms (SNPs) which do not 

fully capture the current knowledge of the association between genotypic and 

phenotypic drug resistance. 

 

Drug Treatment 

The WHO recommended combinations of drugs used to treat drug-

susceptible TB (DS-TB) and drug-resistant TB (DR-TB) are shown in Table 

1. Modes of action and common resistance mechanisms are summarised in 

Table 2.  
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Drug-susceptible TB Resistance to rifampicin (RR/MDR-TB) 

Short  Long 

Rifampicin (6 months) 

Isoniazid (6) 

Pyrazinamide (2) 

Ethambutol (2) 

Not for use where 

there is resistance to 

any agent, pregnancy 

or disseminated 

disease. 

 

Fluoroquinolone (9 

months) 

Bedaquiline (6) 

Clofazimine (9) 

Isoniazid high dose (4) 

Prothionamide / 

ethionamide (4) * 

Ethambutol (9) 

Pyrazinamide (9) 

 

*Omitted under South 

African national 

guidelines 

Start with four drugs 

and continue three 

after stopping 

bedaquiline after six 

months. 

 

All 3 of: 

Fluoroquinolone (18 

months) 

Bedaquiline (6) 

Linezolid (18) 

 

Plus one/both of: 

Clofazimine (18) 

Cycloserine/terizidone 

(18) 

 

If additional drugs 

required (all for 18 

months): 

Ethambutol 

Delamanid 

Pyrazinamide 

Imipenem/meropenem 

Amikacin 

Ethionamide 

p-aminosalicylic acid 

Table 1. World Health Organization-recommended treatment regimens 
for DS-TB and DR-TB. If resistance to drugs in RR/MDR-TB regimens is 
present (except isoniazid), then modify the ‘long’ RR/MDR -TB regimen 
by removing drugs to which there is resistance and including additional 
drugs to ensure that four drugs are included at the beginning of 
treatment, and at least three drugs after bedaquiline is stopped at six 
months. 
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Drug Mode of action Common resistance 

mechanisms 

Rifampicin Inhibits M. tuberculosis RNA 

polymerase  subunit 

inhibiting production of 

mRNA. Has bactericidal 

activity and kills quickly and 

slowly growing bacteria. 

Missense mutations in 

the rifampicin binding 

site of rpoB that 

prevent drug binding. 

The majority occur in 

the 81 base pair 

rifampicin resistance 

determining region.  

Isoniazid Prodrug that is activated by 

the katG-encoded catalase-

peroxidase. The activated 

drug inhibits mycolic acid 

synthesis by the NADH-

dependent enoyl-acyl carrier 

protein reductase encoded by 

the inhA. 

Resistance occurs due 

to mutations in the 

activating katG gene or 

the target inhA and its 

promoter. katG 

mutations occur mostly 

at position 315 as 

these maintain 

catalase-peroxidase 

function while not 

activating isoniazid. 

Pyrazinamide Prodrug that is activated by 

PZase enzyme. Disrupts 

bacterial membrane 

bioenergetics through multiple 

mechanisms. Active in acidic 

environments (e.g. 

phagosome) and the main 

drug for killing intracellular 

bacteria. 

A large variety of 

different loss of 

function mutations in 

the pncA gene 

encoding the activating 

PZase can lead to 

resistance.  

Ethambutol Blocks biosynthesis of 

arabinogalactan (a cell wall 

component) by arabinosyl 

transferase. 

Mutations in the embB 

gene, encoding a 

component of the 

arabinosyl transferase 

enzyme, are most 

commonly associated 

with resistance. 
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Fluoroquinolones 

(levofloxacin or 

moxifloxacin) 

Target DNA gyrase 

preventing DNA unwinding 

during transcription. Effective 

bactericidal drugs. Cause 

QTc prolongation, which 

leading to drug-drug 

interactions with bedaquiline 

and clofazimine. As 

levofloxacin has less effect on 

QTc than moxifloxacin, it is 

preferred in regimens 

containing bedaquiline or 

clofazimine. 

Mutations in genes 

encoding the A and B 

subunits (gyrA and 

gyrB)of DNA 

polymerase can lead to 

decreased quinolone 

binding and resistance. 

Bedaquiline Inhibits bacterial ATP 

synthase, preventing bacterial 

respiration. Active against 

dormant bacilli. Causes QTc 

prolongation, requiring ECG 

monitoring during initial period 

of treatment. 

High level resistance 

occurs from mutations 

in the atpE gene 

encoding the ATP 

synthase, but 

infrequently seen in 

clinical isolates. Lower 

level resistance is 

more common in 

clinical isolates as a 

result of loss of 

function mutations in 

Rv0678, a negative 

repressor of the 

MmpL5 efflux pump.  

Linezolid Binds to 50S ribosomal 

subunit, preventing protein 

synthesis. Can cause bone 

marrow suppression. 

Mutations in the 23S 

ribosomal RNA 

component of the 

subunit encoded by rrl 

cause high level 

resistance, as do 

mutations in the rplC 

gene encoding the 

subunit L3 protein 

 

 

 

Clofazimine Likely prodrug that is 

activated by NADH 

dehydrogenase. Presumed to 

Shared resistance 

mechanism with 

bedaquiline (Rv0678 
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Drug-susceptible tuberculosis 

Treatment of drug-susceptible TB remains the six month “short course” 

established following clinical trials by the British Medical Research Council in 

the 1970s and 1980s, with treatment of shorter duration leading to 

unacceptably high relapse rates due to the long time taken to kill persister 

bacteria with limited metabolic activity.7 The six month standard therapy 

consists of daily rifampicin and isoniazid throughout, combined with daily 

pyrazinamide and ethambutol during the first two months, and is used for all 

competitively inhibit bacterial 

electron transport chain 

disrupting respiration. 

Synergistic with bedaquiline.  

mutations), plus a 

number of described 

mutations in Rv1979c 

and pepQ. 

 

Cycloserine/ 

terizidone 

 

Cycloserine (and terizidone, 

consisting of two cycloserine 

molecules) inhibits alanine 

racemase (Alr) and D-Ala:D-

Ala ligase (Ddl) which are 

involved in peptidoglycan 

biosynthesis (a component of 

the cell wall). 

Resistance is rare and 

is generally caused by 

target mutations in alr, 

as well as loss of 

function mutations in 

ald that encodes D-

alanine 

dehydrogenase. 

Second line 

injectables 

(kanamycin, 

amikacin and 

capreomycin) 

Although representing three 

different drugs classes, these 

antibiotics all bind to bacterial 

16S ribosomal RNA, 

preventing protein synthesis. 

Side effects include 

ototoxicity and nephrotoxicity, 

which combined to the 

requirement for parenteral 

administration have led to 

their progressive replacement 

with other options such as 

bedaquiline. 

Mutations in the rrs 

gene encoding the 16S 

rRNA, particularly the 

a1401g mutation, 

causes resistance to 

all injectables. Other 

mutations may confer 

individual resistances 

(e.g. eis promoter 

mutations cause 

kanamycin resistance) 

Table 2. Modes of action and common resistance mechanisms for the 
most commonly-used first and second line TB drugs.  
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pulmonary and extrapulmonary TB without central nervous system (CNS) 

involvement. In the case of CNS involvement, for example TB meningitis, the 

standard regimen is extended to 12 months of rifampicin and isoniazid with 

pyrazinamide and ethambutol during the first two months.8 

 

Rifampicin is the key drug that permitted treatment shortening to six months 

due to potent bactericidal and sterilising activity that kills replicating and 

dormant bacteria. Isoniazid is an effective bactericidal agent that is 

responsible for the majority of bacterial killing in the early phase of treatment. 

Pyrazinamide is a good sterilising agent that is thought to act primarily on 

intracellular bacteria in an acidic microenvironment during early treatment. 

Ethambutol does not directly contribute to the efficacy of this regimen in fully 

drug-susceptible disease, but is included to strengthen the regimen and 

reduce risk of further resistance developing in the case of drug resistance. 

 

Drug-resistant tuberculosis 

As ethambutol is a non-essential component of the drug-susceptible TB (DS-

TB) treatment, ethambutol monoresistant M. tuberculosis infections can be 

treated as for DS-TB with omission of ethambutol if susceptibility to the other 

three agents is confirmed. Isoniazid or pyrazinamide monoresistance is 

managed by removing the drug to which there is resistance, and extending 

treatment duration from six to nine months (e.g. an additional three months 

of rifampicin and isoniazid).8 

 

Resistance to rifampicin and isoniazid is defined as multidrug-resistant TB 

(MDR-TB) and requires treatment with second-line drugs. As rifampicin is the 
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key drug on which the standard treatment regimen depends, rifampicin-

resistant TB (RR-TB) is treated similarly to MDR-TB. Treatment of MDR-TB 

has changed significantly over the last decade. The WHO DR-TB 2011 

guidelines recommended treating with second line drugs, including a 

fluoroquinolone and an injectable agent (kanamycin, amikacin or 

capreomycin) for a total of 20 months.9 Following the publication of the 

“Bangladesh regimen” that reported excellent clinical outcomes using a 

modified nine to twelve month treatment regimen in 2010,10 and 

demonstration of non-inferiority to the standard (long) regimen,11 this is now 

suggested by the WHO as an alternative option for patients not previously 

exposed to second line drugs.12 

 

However, the recommended composition of the long regimen has also 

changed with the prioritisation of bedaquiline, the first new antituberculous 

agent in 40 years, and linezolid, an effective drug against gram-positive 

infections that has antimycobacterial activity, along with the fluoroquinolones 

levofloxacin and moxifloxacin in place of the injectable agents.12 This was 

due to new evidence of reduced mortality associated with these drugs,13 and 

the significant ototoxicity caused by injectable agents.  

 

The optimal composition of drug treatment for MDR-TB therefore still 

remains to be resolved, with numerous clinical trials ongoing. The key 

questions to be answered are whether replacing the injectable drugs with 

bedaquiline in a modified nine to twelve-month short Bangladesh regimen is 

non-inferior to either of the currently recommended regimens (currently being 
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evaluated by STREAM stage 2 clinicaltrials.gov NCT02409290), and whether 

other combinations of new drugs allow further treatment shortening. For 

example, TB PRACTECAL is evaluating if treatment can be reduced to six 

months with the use of bedaquiline, linezolid and another new drug 

pretomanid, with or without either moxifloxacin or clofazimine 

(clinicaltrials.gov NCT02589782).  

 

Treatment for TB resistant to one or both core second line drugs 

(fluoroquinolones or injectable agents) has historically been termed pre-

extensively drug-resistant TB (preXDR-TB) or extensively drug-resistant TB 

(XDR-TB) respectively, although the significance of injectable resistance is 

now reduced as it is less frequently used in MDR-TB treatment regimens. 

Currently, preXDR/XDR-TB requires treatment with an individualised long 

treatment regimen tailored to drug-susceptibility profiles with a duration of at 

least 18 months according to WHO guidelines.12 However, promising results 

from the Nix-TB trial suggest that good clinical outcomes can be achieved in 

patients with XDR-TB using six months of bedaquiline, linezolid and 

pretomanid.14 

 

Drug susceptibility testing 

Similar to diagnostics, drug susceptibility testing (DST) of M. tuberculosis has 

conventionally relied on culture-based methods (referred to as phenotypic 

DST) that involve testing bacterial growth in the presence and absence of 

drug. The current WHO-approved phenotypic DST (pDST) methods are 

testing on solid media with the 1% agar proportion method using Lowenstein-

Jensen or 7H10/7H11 media, and testing in liquid media using the BACTEC 
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MGIT 960 system.15 Resistance is inferred when bacteria are identified that 

grow in the presence of drug at a concentration above a threshold that has 

been determined to separate resistant from susceptible isolates. The 

minimum inhibitory concentration (MIC) is the concentration of a drug 

required to inhibit 99% of bacterial growth. Ideally the threshold would be the 

MIC that defines a clinical breakpoint derived from patient outcome data to 

identify which bacteria are susceptible and which are resistant. Robust 

patient outcome data are generally not available for most TB drugs, in part 

due to the length of therapy and use of drug combinations as well as the 

difficulty in assigning clinical outcomes. Therefore critical concentrations are 

used which separate wild type susceptible isolates from those which are 

likely to be resistant, often based on selection of isolates that have likely 

resistance-conferring genetic mutations.16 However, critical concentrations 

may be difficult to define where there is overlap of MICs between organisms 

that do not contain any known or putative drug resistance-associated 

variants (RAVs), i.e. genetically wild type, and those containing RAVs, for 

example in the case of bedaquiline.16 

 

Drawbacks to phenotypic DST (pDST) are similar to those of culture-based 

diagnostics. Both require initial bacterial culture, followed by subculturing in 

the presence of each drug, a process that is slow (taking weeks to months), 

technically complex and expensive. The rapid molecular diagnostic tests 

such as Xpert MTB/RIF and the line probe assays can detect presence of M. 

tuberculosis DNA and identify common resistance-associated variants (RAV) 

and are now available including in many low and middle-income countries. 
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However as described above, they are limited by their ability to detect only a 

restricted set of pre-defined SNPs. While this is mostly adequate for the 

small number of well described SNPs that confer rifampicin and isoniazid 

resistance, it is of limited use in detecting the hundreds of SNPs and 

insertions and deletions (indels) that commonly confer resistance to drugs 

such as pyrazinamide and bedaquiline. Therefore, whole genome 

sequencing (WGS) is becoming increasingly seen as the best test for DST, 

especially as there is ever increasing knowledge of the correlation between 

genotype and phenotype.17 WGS is also useful for inferring transmission 

networks. WGS is now the standard first line DST method in England, as well 

in some centres in the USA and Netherlands.  

 

Epidemiology 

Global Trends in Incidence and Historical Perspective 

The M. tuberculosis complex has probably been causing human disease for 

5,000-10,000 years, which is discussed in more detail below. However, it 

appears that the TB epidemic reached a peak in the 18th and early 19th 

centuries in Western Europe and North America, becoming the major cause 

of death, as a result of the Industrial Revolution and associated rural to urban 

migration, high density living and poor nutrition, with incidence peaking at 

500-800/100,000 in Western Europe. TB incidence began to fall in the 

second half of the 19th century due to improved living standards and diet and 

the isolation of infectious individuals. The development of the BCG vaccine in 

the 1950s and availability of combination chemotherapy shortly after further 

helped reduce case numbers.  
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This was followed by a marked resurgence of TB in the 1990s with 

increasing incidence in many countries driven by the reduced priority given to 

TB control programmes and the explosion of the HIV/AIDS epidemic, 

particularly affecting sub-Saharan Africa.1 While this did drive an increased 

focus on improving national TB programmes and investing in research, the 

global incidence of TB had reached approximately 175/100,000 by 2000, 

since when it has been falling at only 1-2% annually giving an estimated 

incidence of 132/100,000 in 2018. The most recent estimates suggest that 

there were 10.0 million new TB cases in 2018, of which just under 1 million 

had HIV co-infection, and 1.5 million deaths.2 

 

Drug-Resistant Tuberculosis 

Data on the incidence and prevalence of DR-TB have been limited by lack of 

DST, although this is improving with increasing global access to rapid 

molecular diagnostics. Early problems of DR-TB were demonstrated in New 

York, where in 1992 one-third of TB was resistant to one drug and one-fifth 

was MDR.1 MDR-TB has since become an increasing problem, particularly in 

some regions such as Eastern Europe where 30-40% of new TB cases are 

MDR-TB, and high TB burden countries such as India and China where there 

are large numbers of MDR-TB cases as a result of the high overall TB 

incidence. There were an estimated 484,000 new cases of MDR-TB in 2018, 

although this figure has wide confidence intervals as only half of 

bacteriologically confirmed cases underwent DST in 2018 (although this was 

an improvement from <10% in 2010). While overall TB incidence is falling, 

the proportion of TB that is MDR is increasing, and the annual number of 
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identified cases has more than doubled in the last decade to over 186,000 as 

the necessary diagnostics become more widespread.2 

 

Awareness of the threat of XDR-TB increased substantially following the 

report of an XDR-TB outbreak caused by a highly drug-resistant strain 

centred around Tugela Ferry in KwaZulu-Natal, South Africa that was 

associated with high mortality.18 This later became widespread throughout 

the province as a result of transmission within communities with a high HIV 

prevalence.19,20 By 2018, there were over 13,000 cases of XDR-TB reported 

globally, with a year-on-year increase in the number of patients enrolled in 

treatment of 16%, which is likely to represent improved access to diagnostics 

for second line drug resistance and increasing availability of new TB drugs. 

Overall, the true incidence of MDR-TB and XDR-TB is likely to be 

increasingly globally although reporting gaps limit the certainty of these 

changes. However, the number of detected DR-TB cases is increasing 

rapidly at 10-20% per year, requiring many more patients to be treated with 

second line drugs than ever before. The increasing number of identified 

patients and availability of new drugs is creating a unique opportunity to 

optimise accurate diagnosis and effective treatment of what was previously 

seen as essentially untreatable disease. 

 

Mycobacterium tuberculosis Genome 

Key Features 

The whole genome sequence of H37Rv, the most commonly used laboratory 

strain of M. tuberculosis, was published in 1998.21 The most recent 
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annotation reports that it is 4,411,532 base pairs in length, larger than most 

bacterial genomes but not as large as Escherichia coli, and contains 3906 

coding genes, of which a large number are responsible for fatty acid 

metabolism. It is very rich in guanine and cytosine residues, and unlike most 

other bacteria, there is no evidence of recombination and no accessory 

genome. About 10% of the genome is devoted to a characteristic set of 

glutamate-rich proteins called the PE and PPE gene families (after the codes 

for amino acids that they consist of, proline and glutamic acid). They are 

heterogenous and consist of numerous tandem repeats, making them 

difficult to resolve with short read sequencing, and are hypothesised to be 

surface antigens that are responsible for interaction with the host immune 

system.  

 

Evolutionary Origins 

The M. tuberculosis complex (MTBC) is likely to have originated from the 

transition of an ancestor of the environmental mycobacterium M. canetti to a 

specialised human pathogen, with a corresponding reduction in genome size 

and loss of the ability for genetic recombination or gene transfer. The original 

divergence of the MTBC is likely to have happened in Africa and then been 

spread globally by human migration, with the animal-adapted strains of the 

MTBC being transferred from humans as evidenced by comparative genomic 

studies that show loss of genes from M. tuberculosis sensu stricto to other 

members of the MTBC.22 Genetic evidence suggests that MTBC is likely to 

have originated around 5,000-10,000 years ago,7,23–25 corresponding with 

archaeological evidence of M. tuberculosis DNA and lipids in skeletal 

remains from 9,000 years ago.26  
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Global lineages 

The modern MTBC comprises of seven human-adapted lineages and several 

animal-adapted strains (Figure 1). Lineages 1, 2, 3, 4 and 7 are traditionally 

referred to as M. tuberculosis sensu stricto, while lineages 5 and 6 are 

known as M. africanum. Lineages 5 and 6 are restricted to West Africa and 

lineage 7 to East Africa, suggesting that they have specifically adapted to 

their host populations. Lineage 1 to 4 are globally distributed, with lineages 2 

and 4 being the most prevalent.27 Lineage 2 is associated with higher 

mutation rates, greater virulence and more frequent drug resistance.28,29 

 

 

Figure 1. a) Genome-based phylogeny of the Mycobacterium 
tuberculosis complex (MTBC) rooted with Mycobacterium canettii. The 
MTBC comprises seven human-adapted lineages (in colour) and several 
lineages adapted to various wild and domestic animals (in grey). 
Branches of the main lineages are collapsed to improve clarity 
(indicated by triangles). M. tuberculosis-specific deletion 1 (TBD1) 
indicates that all lineage 2, lineage 3 and lineage 4 strains share this 
genomic deletion. Similarly, the deletion of the region of difference 7 
(RD7), RD8, RD9 and RD10 is indicated under the respective branches. 
Bootstrap confidence intervals are indicated. Scale bar represents 



 34 

number of nucleotide substitutions per site. b) The global distribution 
of the seven main human-adapted MTBC lineages.  
Image and caption reused with permission from Gagneux.27 

 

Genomic Changes in Drug Resistance 

As M. tuberculosis lacks the ability for horizontal gene transfer, drug 

resistance occurs as the result of chromosomal mutations, which are most 

commonly SNPs, but can also be small insertions or deletions (indels) and 

occasionally large deletions. While resistance is acquired by mutations that 

occur during the course of infection, in high incidence settings, the majority of 

new drug resistant infections are the result of transmission of resistant 

strains rather than de novo acquisition.20,30 Dating studies suggest that 

resistance has emerged to drugs in approximately the order that they were 

introduced into clinical practice, starting with streptomycin and isoniazid, then 

followed by pyrazinamide, injectables, ethambutol, rifampicin and later 

fluoroquinolones.31,32 

 

Drug resistance-associated variants (RAVs) may confer resistance by 

changes in the drug target site, drug activating enzymes or efflux pumps that 

remove antibiotics from the cell. For example, isoniazid is a prodrug to which 

resistance may be conferred by SNPs or occasionally indels in the activating 

enzyme encoded by katG or in SNPs in the target inhA gene that is 

responsible for mycolic acid synthesis. While in theory any katG loss of 

function may lead to isoniazid resistance, the S315T mutation is by far the 

most common as it is able to confer resistance while maintaining enzymatic 

activity and minimising bacterial loss of fitness.33 Rifampicin resistance is 

almost exclusively the result of SNPs in the rifampicin resistance determining 
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region of the rpoB gene that encodes for the  subunit of the target RNA 

polymerase. By contrast, pyrazinamide and bedaquiline resistance may be 

conferred by a large number of different SNPs and indels in the pncA and 

Rv0678 genes respectively; pncA encodes an activating enzyme for 

pyrazinamide, but unlike katG is not essential for bacterial fitness, and 

Rv0678 encodes a negative repressor of an efflux pump that similarly does 

not appear to affect bacterial fitness. The mechanisms of resistance to each 

of the major drug classes are summarised in Table 2.  

 

Within-Host Diversity 

Most modern epidemiological studies suggest that M. tuberculosis has a 

stable mutation rate of 0.3-0.5 mutations per genome per year, much slower 

than most other bacteria due to its long generation time and the purifying 

selective pressure applied by its ecological niche as a specialised human 

pathogen.34 However, the relatively slow mutation rate combined with lack of 

horizontal gene transfer is difficult to reconcile with the remarkable ability of 

M. tuberculosis to acquire drug resistance to every drug that has been used 

against, including those such as bedaquiline and delamanid that have been 

introduced this decade. It is likely that these mutation rate estimates derived 

from between-patient longitudinal data mask increasing evidence of greater 

within-host diversity that may be rapidly selected against, but may amplify 

where a selective advantage is conferred.35 M. tuberculosis within-host 

genetic diversity may be caused by mixed infection with genetically distinct 

strains, or within-host evolution of a single infection strain.36 There have 

been multiple reports of M. tuberculosis within-host genetic diversity arising 
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at drug resistance-conferring sites in the context of single strain infection, 

and it has been hypothesised that early identification of low frequency 

mutations may predict which patients will acquire resistance and fail 

treatment.37–41 However, this identification of low frequency variants is 

complicated by the challenge of discriminating low frequency variants from 

technical error, and sequencing cultured samples may miss genetic diversity 

that present in original clinical samples.42 Within-host genetic diversity 

identified in sputum may be representative of multiple spatially isolated 

bacterial subpopulations in the lung.43,44 

 

Aims and Objectives 

 

The aim of this thesis is to investigate the acquisition of drug resistance by 

Mycobacterium tuberculosis, particularly following new developments in TB 

treatment, and to explore the role of within-host diversity in resistance. 

 

The objectives, in relation to each chapter, are: 

1) Results Chapter 1: Direct Whole Genome Sequencing from Clinical 

Samples 

a. optimise established techniques for performing WGS directly 

from clinical samples 

b. establish if there is a difference in M. tuberculosis within-host 

genetic diversity between original clinical samples and cultured 

isolates 

2)  Results Chapter 2: Dynamics of Within-Host Diversity and 

Heteroresistance 
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a. determine if within-host diversity is related to poor clinical 

outcomes 

b. establish if low frequency RAVs predict acquired fixed 

resistance 

3) Results Chapter 3: Bedaquiline Resistance in South Africa 

a. describe emergence of bedaquiline resistance in a South 

African clinical cohort 

b. evaluate bedaquiline resistance-associated variants and effects 

on phenotypic drug susceptibility 

c. contextualise these findings with other studies conducted in 

Southern Africa 

4) Results Chapter 4: Dating the Global Origins of Bedaquiline 

Resistance 

a. collate mutations in bedaquiline resistance-associated gene 

Rv0678 and reported effect on bedaquiline susceptibility 

b. describe global phylogenetic patterns of Rv0678 mutations in 

M. tuberculosis 

c. date the emergence of Rv0678 mutations 
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General Methods 

 

Culture and phenotypic drug susceptibility testing 

The primary culture method for M. tuberculosis was in Mycobacterial Growth 

Indicator Tubes (MGIT). Sputum samples were decontaminated, 

homogenised and inoculated into MGIT tubes and then incubated in a 

BACTEC MGIT 960 (BD, NJ, USA) until flagging positive. A parallel solid 

culture on 7H11 agar was also set up in the majority of studies. Phenotypic 

DST was performed in this study using the 1% agar proportion method for all 

samples. Phenotypic DST for samples reanalysed from previous work in 

Chapter 145 was performed by the resistance ratio method.46 Critical 

concentrations used to call resistance are shown in Table 3. Minimum 

inhibitory concentrations (MIC) were performed on 7H11 agar for bedaquiline 

at 0.03, 0.06, 0.12, 0.25, 0.5, 1.0, 2.0, 4.0 and 8.0g/mL and clofazimine at 

0.06, 0.12, 0.25, 0.5, 1.0, 2.0 and 4.0 g/mL. 

Drug Critical concentration (g/mL) 

Rifampicin 1.0 

Isoniazid 0.2 (low) / 1.0 (high) 

Ethambutol 7.5 

Ofloxacin 2.0 

Moxifloxacin 0.5 

Kanamycin 5.0 

Bedaquiline 0.25 

Clofazimine 0.25 

Capreomycin 10.0 

Ethionamide 5.0 

p-aminosalicylic acid 2.0 

Table 3. Critical concentrations used for phenotypic drug susceptibility 

testing. 
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DNA extraction and sequencing 

Extraction from culture 

For extraction of DNA from positive cultures, MGIT tubes were centrifuged at 

16,000g for 15 minutes and the supernatant removed. Cells were 

resuspended in phosphate-buffered saline before undergoing heat killing at 

95C for 1 hour followed by centrifugation at 16,000g for 15 minutes. The 

supernatant was removed and the sample resuspended in 1mL sterile saline 

(0.9% w/v). The wash step was repeated. DNA was extracted with 

mechanical ribolysis followed by purification as described in Table 4. 

NEBNext Ultra II DNA (New England Biolabs, MA, USA) was used for DNA 

library preparation. 

 

Extraction from sputum 

For direct sequencing of sputum samples, 1mL aliquots of sputum were heat 

killed, centrifuged at 16,000g for 15 minutes and the supernatant was 

removed, followed by mechanical ribolysis and DNA extraction using a kit-

based method (listed in Table 4) as per the manufacturer’s instructions. 

Target enrichment for whole genome sequencing was performed using 

SureSelect (Agilent, CA, USA) with a custom-designed bait set covering the 

entire positive strand of the M. tuberculosis genome as described 

previously.45 Genomic libraries were prepared with either the standard 

SureSelect or SureSelect Low Input kit as described in the results.  
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Whole genome sequencing 

Batches of 48 multiplexed samples were sequenced on NextSeq 500 

(Illumina, CA, USA) 300-cycle paired end runs with a mid-output kit. 

Sequencing was performed by the Pathogen Genomics Unit at University 

College London in a dedicated laboratory where one sequencing run was 

processed at a time. All paired samples were extracted, prepared and 

sequenced on different days. 

 

 

Optimising M. tuberculosis WGS directly from sputum 

Two sputum samples of 1mL volume were collected concurrently from six 

patients with MDR-TB. One sample was split into two 0.5mL aliquots. DNA 

extraction, target enrichment and library preparation were performed on the 

first aliquot as previously described.48 WGS was performed with 48 M. 

tuberculosis whole genome samples multiplexed on a NextSeq 500 (Illumina, 

CA, USA) 300 cycle paired end mid-output run. The same procedure was 

Analysis DNA source DNA extraction method 

Chapter 1: 

comparison of 

diversity in 

direct/cultured 

samples 

Direct sputum 

(this study) 

DNeasy blood & tissue kit 

(Qiagen, Germany) 

Direct sputum 

(samples from 

reference45)  

DiaSorin Liaison Ixt (DiaSorin, 

Italy) 

MGIT culture 

(this study) 

CTAB47 

MGIT culture 

(samples from 

Doyle et al45) 

DiaSorin Liaison Ixt (DiaSorin, 

Italy) 

Chapters 2/3: 

diversity 

dynamics and 

bedaquiline 

resistance 

Culture 

(MGIT/7H9/ 

7H11) 

AMPure XP beads (Beckman 

Coulter, IN, USA)  

Table 4. DNA extraction methodologies. 
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performed for the second aliquot except the new SureSelect Low Input 

(SSXT-LI) kit was used in place of the standard kit (SSXT).  

 

The second sample underwent human DNA depletion with MolYsis Basic 5 

kit as described by Votintseva et al in Supplementary Figure 5 sections I to 

III.49 After mechanical cell disruption, target enrichment, library preparation 

and WGS were performed using the SSXT-LI kit as described above. DNA 

input range for SSXT-LI is 10-200ng, and 200-500ng for SSXT. The 

maximum DNA input amount was used for all samples. 

 

Bioinformatic analysis was performed with CLC Genomics Workbench v11.0. 

DNA sequence reads were aligned to an H37Rv reference genome 

(GenBank accession NC_000962.3) with minimum length fraction 0.99 and 

similarity fraction 0.98. A base quality filter with minimum central quality 20 

and neighbourhood quality 15 was applied. Duplicate mapped reads and 

broken pairs were removed. Mean genome-wide coverage depth was 

reported. Variants were called if supported by at least 3 reads including one 

on a forward and reverse strand. A base quality filter was applied with a 

minimum central quality of 20 and neighbourhood quality of 15 with a 

neighbourhood radius of 5. Variants falling within the hyper-variable PE/PPE 

regions, insertion elements or within 50 bases of these were excluded. 

 

Mean coverage depth of SSXT-LI and SSXT-LI/MolYsis were initially 

compared to that of SSXT, and then to each other, in GraphPad v 7.0 using 

a one-way ANOVA. 
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Read mapping 

For work discussed in all other sections, DNA sequence reads were adapter 

and quality trimmed then aligned to the H37Rv reference genome with Trim 

Galore v0.6.250 and BBMap v38.59,51 with mapped reads stored in an output 

bam file. Duplicate reads were removed with Picard tools v2.2052 

MarkDuplicates and coverage statistics generated with Qualimap v2.2.1.53 

Where a standard mean coverage level was required, reads were randomly 

downsampled by the required proportion with Picard tools v2.2052 

DownsampleSam as described in the relevant chapters.  

 

Variant calling 

Variant calling for comparison for HA counts was performed with FreeBayes 

v1.3.1.54 Variants falling in or within 50 bases of PE/PPE family genes and 

repeat elements were excluded using the vcfintersect tool in vcflib.55 

Standard variant calling parameters were that variants should be supported 

by 4 reads, with 1 forward and reverse read, no read position bias, and a 

minimum mapping quality of 20 and base quality of 30. Variations of calling 

parameters are described in individual chapter methods sections. 

 

Identification of Mixed Infection 

To identify mixed infections, diagnostic lineage and sublineage-specific 

SNPs were called,56 and isolates with evidence of heterozygous SNPs from 

different lineages or sublineages were classified as mixed infections. To 

establish if any mixed infections of strains from the same sublineage (and so 
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share sublineage-specific SNPs) were present, we used a previously 

described method which identifies isolates with high numbers of 

heterozygous SNPs and then measures the degree of allele frequency 

clustering to discriminate within-host evolution of a single strain from 

infection with two genetically distinct strains.57 

 

Metagenomic assignment 

Metagenomic evaluation was performed using k-mers assignment by 

Kraken. For the classification of non-Mycobacterial reads in sputum (Results 

Chapter 1), Kraken v0.10.658 was used with a custom database previously 

constructed from all available RefSeq genomes for bacteria, archaea, 

viruses, protozoa, and fungi, as well as all RefSeq plasmids (as of 19th 

September 2017) and three human genome reference sequences.59 The 

size of the final database after shrinking was 193 Gb, covering 38,190 

distinct NCBI taxonomic IDs. Then, to assess the proportion of contaminating 

reads that could generate spurious diversity when mapped to M. tuberculosis 

ribosomal genes, we randomly subsampled 100 reads taxonomically 

assigned as non-M. tuberculosis and performed a BLAST search with blastn 

v2.2.2860 against each gene as described from the H37Rv reference 

genome. We only analysed hits of at least 30 bases. 

 

To identify contamination of cultured samples used in evaluation of within-

host diversity (Results Chapter 2), Kraken261 was used to classify the 

proportion of k-mers allocated to the genus Mycobacterium using the 

MiniKraken2 v2 database (updated 23rd April 2019). 
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Statistics 

Statistical analyses were performed with Prism v8.0 (Graphpad, CA, USA) or 

Stata/IC v15.1 (StataCorp, TX, USA). Non-parametric data for paired 

samples were compared using a two-tailed Wilcoxon matched-pairs signed 

rank test, and unpaired samples with the Wilcoxon rank-sum test. Binary 

outcomes were assessed by logistic regression and continuous variables 

with linear regression. The Benjamini-Hochberg procedure was used to 

control for multiple comparisons when evaluating change in median 

nucleotide diversity () between baseline and sequential timepoints with Q 

(false positive rate) of 0.1, which should yield less than one false positive test 

when performing seven tests. 
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Results Chapter 1: Direct Whole 

Genome Sequencing from 

Clinical Samples 

Introduction 

M. tuberculosis WGS is usually performed on fresh or stored frozen cultured 

isolates to obtain sufficient purified mycobacterial DNA.62,63 However, the 

culture process can change the population structure from that of the original 

sample due to genetic drift (random loss of lineages) and/or the selection of 

subpopulations more suited to growth in culture.64–66 Repeated subculture 

leads to loss of genetic diversity and heteroresistance.42 Additionally, in the 

normal course of M. tuberculosis infection, some bacteria exist as viable non-

culturable persister organisms that are hypothesised to cause the high 

relapse rate seen following treatment of insufficient duration. Although these 

organisms may be identified in sputum by techniques such as reporter 

phages or culture with resuscitation promoting factors,67,68 they are likely to 

be missed by any sequencing method reliant on standard culture. 

 

WGS directly from sputum without enrichment is challenging.62 It has 

recently been improved by depleting human DNA during DNA extraction.49 

The use of oligonucleotide enrichment technology SureSelect (Agilent, CA, 

USA) to sequence M. tuberculosis DNA directly from sputum has been 

previously reported48 and its utility in determining a rapid genetic drug 

resistance profile demonstrated.45,69 However, the success rate of direct 

sequencing was lower than for cultured samples (74% vs 100% generated 
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whole genomes), particularly in paucibacillary samples. Depletion of human 

DNA from sputum samples has been shown to improve pathogen DNA 

detection, and M. tuberculosis WGS directly from sputum without target DNA 

enrichment has using a similar procedure.49 

 

It remains unclear to what extent WGS of cultured M. tuberculosis samples 

underestimates the genetic diversity of the population in sputum samples. 

One previous study of 16 patients did not identify increased genetic diversity 

in M. tuberculosis DNA sequenced directly from sputum compared to DNA 

from culture,49 whereas another study of mostly drug susceptible patients 

showed sequencing directly from sputum identified a slight excess of HAs 

relative to culture.45 

 

In this chapter I first investigated whether combining human DNA depletion 

using the commercially available MolYsis kit (Molzyme, Germany) with 

SureSelect target DNA enrichment improved genome coverage for WGS of 

M. tuberculosis directly from sputum. I concurrently sought to compare the 

SureSelect Low Input kit optimised for the use of lower DNA quantities to the 

standard SureSelect kit (minimum 10ng vs 200ng). I then evaluate within-

host diversity in paired direct and cultured sputum samples by reanalysing 

heterozygous alleles (HAs) for the 12 available paired sequences with >60-

fold mean genome coverage that have previously been published45 in 

addition to 21 newly collected samples from patients with MDR-TB and 

further explore the genomic location of the additional diversity identified. 
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Methods 

Patient enrolment 

For comparison of within-sample diversity in directly sequenced and cultured 

isolates, new samples were collected from patients initiating TB treatment in 

Durban, South Africa (n=21) and analysed together with samples from a 

previous study in London, UK (n=12)45. All patients recruited in Durban were 

Xpert MTB/RIF (Cepheid, CA, USA) positive for rifampicin resistance. For the 

optimisation of DNA extraction from sputum, sputum samples were collected 

from six further patients in Durban. All patients had two 1mL sputum samples 

collected prior to starting the current treatment regimen 

 

Sample processing: Optimisation of DNA extraction 

One sputum sample underwent direct DNA extraction as described in the 

main methods section. Extracted DNA was aliquoted into two portions: one 

half underwent hybridisation and library preparation with the SureSelect 

standard kit (DNA input range 200-500ng) (pipeline 1A: SSXT), and the other 

half with the SureSelect Low Input kit (DNA input range 10-200ng) (pipeline 

1B: SSXT-LI). The maximum DNA input amount was used in all cases. 

 

The second sputum sample had DNA depletion performed with MolYsis 

Basic 5 kit as described by Votintseva et al in Supplementary Figure 5 

sections I to III49 followed by mechanical cell disruption and DNA extraction 

as above. Hybridisation and library preparation were performed using the 

SureSelect Low Input kit (pipeline 2: SSXT-LI + MolYsis).  
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Sample processing: within-host diversity in direct and 

cultured samples 

One sample was inoculated into mycobacterial growth indicator tube (MGIT) 

culture (BD, NJ, USA) and the other used for direct DNA extraction as 

described in the main methods section.  

 

Bioinformatic analysis 

During the comparison of within-host diversity in direct and cultured samples, 

the minimum supporting read threshold was initially set at 2 supporting 

reads, with 1 on each strand and no read position bias. The minimum 

supporting read count was then increased in a stepwise fashion from 2 to 15. 

Phylogenetics trees were constructed by calling variants with VarScan 

v2.4.070 mpileup2cns, as this is able to generate consensus-level calls at 

each reference sequence base. SNPs were then used to generate a 

sequence of equal length to the reference using a custom perl script and 

these sequences were combined in a multi-alignment fasta file. SNP sites 

were extracted from these alignments using snp-sites v2.4.1,71 and pairwise 

SNP differences calculated using snp-dists v0.6.3.72 Extracted SNP sites 

were used to generate maximum likelihood phylogenetic trees using RaxML 

v8.2.1273 which were visualised using FigTree v1.4.3.74 

 

Ethics, Consent and Permissions 

All patients gave written informed consent to participate in the study. Ethical 

approval for the London study was granted by NHS National Research 

Ethics Service East Midlands–Nottingham 1 (reference 15/EM/0091). Ethical 
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approval for the Durban study was granted by University of KwaZulu-Natal 

Biomedical Research Ethics Committee (reference BE022/13). 

 

Results: Optimisation of DNA Extraction 

Three different DNA extraction and hybridisation protocols were compared 

for sequencing of direct sputum samples from six patients as described in 

the methods: pipeline 1A (SureSelect standard), pipeline 1B (SureSelect Low 

Input), and pipeline 2 (MolYsis + SureSelect Low Input). MGIT time to 

positivity (TTP) is reported, with low TTP correlated to high bacterial burden. 

Mean reference coverage depth following each DNA extraction pipeline is 

shown in Table 5. Coverage was significantly higher when SSXT-LI (p=0.03) 

or SSXT-LI plus MolYsis (p=0.02) were used instead of standard SSXT. 

SSXT-LI plus MolYsis was significantly better than SSXT-LI alone (p=0.03).   

 

This demonstrates that the SureSelect Low Input kit improves reference 

genome coverage compared to the SureSelect standard kit, and human DNA 

depletion improves coverage yet further. Both offer technical improvements 

that can improve the success of WGS directly from sputum, although the use 

of the MolYsis human DNA depletion kit does require more hands-on 

processing time. 

 

Patient 

ID 
TTP (days) 

Mean coverage depth 

1A: 

SureSelect 

standard 

1B: 

SureSelect 

Low Input 

2: MolYsis + 

SureSelect 

Low Input 

A 7 56.3 71.8 112.15 

B 8 94.2 92.6 135.36 
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C 8 56.1 80.8 114.49 

D 13 20.2 29.3 68.42 

E 33 26.2 39.8 165.62 

F Culture negative 14.3 24.9 37.03 

Mean 44.6 56.5 105.5 

Table 5 Mean reference genome coverage depth of directly sequenced 
samples extracted with three different pipelines. 

 

Results: Within-Host Diversity in Direct and Cultured 

Samples 

Patient Characteristics and Drug Susceptibility Testing 

Whole genome sequences were obtained for 33 patients from both 

mycobacterial growth indicator tube (MGIT) culture and direct sputum 

sequencing. The patients were predominantly of black African ethnicity 

(83%) and 50% were HIV positive. First line phenotypic drug susceptibility 

testing (DST) results identified 20 patients with MDR-TB and one with 

rifampicin monoresistance. In addition there were two isoniazid 

monoresistant patients and ethambutol resistance was detected in 7 

patients. Second-line phenotypic DST was performed for patients with 

rifampicin-resistant or MDR-TB and identified one case of kanamycin 

resistance (Table 6). 

 

All samples had mean genome coverage of 60x or above with at least 85% 

of the genome covered at 20x (Supplementary Table 2). I observed greater 

mean coverage depth in sputum-derived sequences than MGIT sequences 

(median 173.7 vs 142.4, p=0.03, Supplementary Table 2), and so mapped 

reads were randomly downsampled to give equal mean coverage depth in 

each pair. A genotypic susceptibility profile was determined by evaluating 
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MGIT WGS for consensus-level RAVs using a modified version of publicly 

available lists (Supplementary Table 5). Genotypic RAVs predicted all 

rifampicin phenotypic resistance and >95% of isoniazid phenotypic 

resistance. Ethambutol genotypic RAVs were poorly predictive of phenotypic 

resistance in line with findings from other studies75 (Table 6). The patient 

with kanamycin phenotypic resistance was correctly identified by an rrs 

a1401g RAV. No full phenotypic fluoroquinolone phenotypic resistance was 

identified, although several colonies from patient F1013 did grow in the 

presence of ofloxacin (however, not enough to be classified as resistant). 

The consensus sequences from this patient harboured a gyrB E501D 

mutation which is believed to confer resistance to moxifloxacin but not other 

fluoroquinolones, which may explain the borderline phenotypic DST result.76 

 

Genetic Diversity 

To compare consensus sequences from sputum and MGIT, a WGS 

consensus sequence-level maximum likelihood phylogenetic tree was 

constructed (Supplementary Figure 1). As expected, all paired sequences 

were closely related, with a median difference of 0.0 (range 0-1) single 

nucleotide polymorphisms (SNPs). Samples from patients F1066 and F1067 

were closely related with only one consensus-level SNP separating all four 

consensus sequences. There was no obvious epidemiological link between 

these patients (although this study was not designed to collect 

comprehensive epidemiological information) and they lived 20km apart in 

Durban. However, both patients were admitted contemporaneously to an 

MDR treatment facility and sampled on the same day. DNA extraction and 
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sequencing occurred on different runs. Therefore the close genetic linkage 

may represent direct transmission within a hospital setting, a community 

transmission chain or an unlikely cross-contamination during sample 

collection. 

 

 

Having established congruence between sputum and MGIT sequences at 

the consensus level I then compared genetic diversity by DNA source. I first 

defined a threshold for calling variants present as heterozygous alleles (HAs) 

in my entire dataset by using a range of minimum read count frequencies as 

Drug 

Resistant by 

phenotypic 

DST 

Resistant 

by 

genotypic 

DST 

Genotypic 

DST 

sensitivity 

Genotypic 

DST 

specificity 

First line drugs 

Rifampicin 
21/32 

(65.6%) 

21/33 

(63.6%) 

21/21 

(100%)* 

21/21 

(100%) 

Isoniazid 
22/32 

(68.8%) 

24/36 

(66.7%) 

21/22 

(95.5%) 

23/24 

(95.8%) 

Ethambutol 
7/31 

(22.6%) 

15/34 

(44.1%) 

7/7 

(100%) 

7/15 

(46.7%) 

Second line drugs 

Ofloxacin 
0/22 

(0.0%) 

1/22 

(4.5%) 
N/A 

0/1 

(0%)** 

Kanamycin 
1/22 

(4.5%) 

1/22 

(4.5%) 

1/1 

(100%) 

1/1 

(100%) 

Table 6. Phenotypic and genotypic drug susceptibility testing (DST) 
results and sensitivity and specificity of genotypic DST relative to 
phenotypic DST. Phenotypic DST available for first line drugs for 32 of 
the 33 patients, and for second line drugs for 22 patients who 
demonstrated rifampicin drug resistance. *In one directly-sequenced 
sputum sample rifampicin RAVs were missed due to low coverage, 
although they were identified in the corresponding MGIT sample. **This 
sample had <1% of colonies grow in the presence of ofloxacin, so is 
categorised as sensitive but may have low-level or heteroresistance to 
fluoroquinolones (see main text). 
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described in the methods (Figure 2). Below a minimum of three supporting 

reads there was an exponential increase in the number of HAs identified, 

which may be indicative of the inclusion of sequencing errors. To reduce this 

risk, I used a threshold of a minimum of four supporting reads. 

 

 

Genetic diversity may occur because of within-host evolution or mixed 

infection. To identify mixed infection I used a SNP-based barcode56 to scan 

all HAs for a panel of 413 robust phylogenetic SNPs that can resolve M. 

tuberculosis into one of seven lineages and 55 sub-lineages. I found three 

phylogenetic SNPs among the HAs. In all cases the heterozygous 

phylogenetic SNP originated from the same sublineage as other SNPs 

present at 100% frequency, and there were no cases of HAs indicating the 

presence of more than one lineage or sublineage. I screened for mixed 

 

Figure 2. Variation in total number of heterozygous alleles (HAs) 
identified across all 36 patients in sequences generated from sputum 
and MGIT depending on minimum supporting read count threshold.  
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infection by strains of the same sublineage, which would not contain multiple 

sublineage-specific SNPs, by identifying sequences with 10 HAs and then 

using a Bayesian clustering model as described previously57 to determine if 

the HA frequencies segregated to suggest initial infection with 1 strain. This 

identified mixed infection in the sputum sample from patient F1096, which 

had 261 heterozygous alleles, greater than ten times that in any other 

sample. This patient was therefore excluded from further analyses. 

 

As a first step to comparing diversity between sputum and MGIT sequenced 

samples I looked at the location of genetic diversity within the M. tuberculosis 

genome. HAs were widely dispersed across the genome at similar sites in 

both sputum and MGIT samples. The genes with the greatest density of HAs 

are shown in Table 7.  

 

Authorship statement: the work described in the next paragraph was 

conducted by Liam Shaw, PhD student with Prof Francois Balloux 

 

Notably, genetic diversity was found in the ribosomal RNA (rRNA) genes (rrs 

and rrl) uniquely in sputum samples, compared to other genes where 

distribution of diversity between MGIT and sputum was more balanced. As 

rRNA contains regions that are highly conserved across bacteria,77 I 

considered the possibility that SureSelect baits targeting rRNA genes were 

capturing both M. tuberculosis and other bacterial species. To evaluate this, 

metagenomic taxonomic assignment was performed on all reads by 

sampling reads that were not assigned to M. tuberculosis (i.e. presumed 
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contaminants from other bacteria). I then performed a BLAST search against 

the most diverse genes listed in Table 7 which indicated that a sizeable 

proportion of non-M. tuberculosis reads from directly sequenced sputum had 

a BLAST hit of at least 30 bases to M. tuberculosis rrs and rrl genes that 

encode rRNA (330 BLAST hits from sputum sequences vs 4 BLAST hits 

from MGIT sequences, median 8.5% vs 0.0%, p<0.01, Supplementary 

Figure 2). There were no BLAST hits against any of the other genes with 2 

sputum HAs apart from rpoC, for which there were 3 BLAST hits from 

sputum sequences but none from MGIT sequences (median 0.0% for both 

sputum and MGIT sequences), indicating that this issue appears largely 

specific to rRNA. To determine if contaminating reads were contributing to 

HAs identified in intergenic regions, I repeated this analysis for all intergenic 

regions with 2 sputum HAs (Supplementary Table 2). There were no 

BLAST hits to any of these regions, suggesting that this is not the case. The 

taxonomic assignment of these contaminating reads was typical of genera 

composing the oral flora, with a high representation of Actinomyces, 

Fusobacterium, Prevotella, and Streptococcus (Supplementary Figure 3).  
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This supported the hypothesis that the baits may enrich rRNA from other 

organisms so rRNA genes were excluded from further analysis. The 

difference in diversity between sputum and MGIT sequences can be 

explained by the selective nature of MGIT media which will enrich M. 

tuberculosis sequences and the decontamination step used to kill non-

mycobacteria prior to culture inoculation. Importantly the frequency of HAs in 

other highly diverse genes between sequencing strategies was more 

balanced (Table 7) in addition to the lack of BLAST hits of contaminating 

reads to these genes.  

Gene 

Heterozygous 

alleles per base 

Total number of 

heterozygous 

alleles 

Functional 

category 

Sputum MGIT Sputum MGIT 

rv1319c 0.021 0.021 33 33 
Metabolism and 

respiration 

rrs 0.016 0.000 25 0 16S ribosomal RNA 

rrl 0.006 0.000 19 0 23S ribosomal RNA 

ppsA 0.003 0.001 15 4 Lipid metabolism 

rv2082 0.006 0.006 13 14 Unknown function 

accE5 0.006 0.000 3 0 Lipid metabolism 

lppB 0.005 0.005 3 3 
Probable surface 

lipoprotein 

pks12 0.000 0.001 3 10 Lipid metabolism 

rv2319c 0.003 0.005 3 4 Stress protein 

lppA 0.003 0.002 2 1 
Probable surface 

lipoprotein 

rpoC 0.001 0.001 2 3 
RNA polymerase 

beta' subunit 

rv3888c 0.002 0.001 2 1 
Probable membrane 

protein 

vapC25 0.005 0.000 2 0 Possible toxin 

vapC31 0.005 0.002 2 1 Possible toxin 

Table 7. Genes with 2 heterozygous alleles (HAs) across all sputum 
samples, ordered by greatest number of HAs per base. 
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After excluding the sample with mixed infection and removing rRNA gene 

sequences I compared the frequency of HAs in sputum and MGIT. There 

were 265 HAs identified across all sputum samples compared to 200 in 

MGIT samples (median 5.0 vs 4.5, p=0.04, Supplementary Table 2). In both 

sputum and MGIT samples, the majority of HAs were intergenic, and non-

synonymous mutations were more commonly frameshift than missense 

mutations (Table 8). The distribution of HAs by patient is shown in Figure 3.  

 Sputum variants MGIT variants 

Total variants 24480 25465 

Total variants present as HAs 

(% of total variants) 

265 (1.1%) 200 (0.8%) 

Median HAs per sample 5.0 4.5 

Variant type (% all HAs) 

SNP 

MNP 

Insertion 

Deletion 

Complex 

 

217 (81.9%) 

2 (0.8%) 

4 (1.5%) 

24 (9.1%) 

18 (6.8%) 

 

174 (87.0%) 

0 (0.0%) 

1 (0.5%) 

15 (7.5%) 

10 (5.0%) 

Coding change (% all HAs) 

Non-synonymous (missense) 

Non-synonymous (frameshift) 

Synonymous 

Intergenic 

 

93 (35.1%) 

6 (2.3%) 

57 (21.5%) 

109 (41.1%) 

 

77 (38.5%) 

7 (3.5%) 

57 (28.5%) 

59 (29.5%) 

Table 8. Variants identified in MGIT and sputum derived sequences 
from paired samples. Values given represent totals for 32 paired 
samples. SNP = single nucleotide polymorphism; MNP = multi-
nucleotide polymorphism.  
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Figure 3. Number of heterozygous alleles (HAs) found in directly 
sequenced sputum only (sputum), MGIT (MGIT) only or in both samples 
(shared) by patient. 
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respectively at low frequency in sputum only which have the potential to 

confer phenotypic resistance to clofazimine (Rv1979c) and pyrazinamide 

(pncA), although no phenotypic testing was performed for these drugs.  

 

 

Discussion 

In this chapter I performed whole genome sequencing using DNA from 

sputum and MGIT culture in paired samples from 33 patients and compared 

within-patient genetic diversity between methods. All paired sequences were 

closely related at the consensus level, and WGS predicted phenotypic drug 

susceptibility with over 95% sensitivity and specificity for rifampicin and 

isoniazid in line with published data.81 

 

Patient 

ID 

Phenotypic 

resistance 

Mutation Frequency 

(MGIT/sputum) 

Description 

F1002 Rifampicin rpoB S450L 100%/100% High 

confidence 

resistance 

mutation 

F1002 Rifampicin rpoC 

G332R79 

82.6%/21.7% Putative 

compensatory 

mutations F1002 Rifampicin rpoC 

L516P79 

12.7%/7.7% 

F1002 Rifampicin rpoC 

P1040S80 

21.7%/12.3% 

F1066 Isoniazid (high) katG N218fs 0.0%/6.9% Possible 

resistance 

mutations, not 

previously 

described 

F1066 Clofazimine – 

not tested 

Rv1979c 

G376D 

0.0%/0.5% 

F1067 Isoniazid (high) katG N218fs 10.7%/7.6% 

RF021 Pyrazinamide – 

testing failed 

pncA Q122H 0%/2.5% 

Table 9. Resistance associated variants present as heterozygous alleles 
(HAs). 
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I found that the rRNA genes have high levels of diversity in sputum samples, 

but believe this is due to non-mycobacterial DNA hybridising to the capture 

baits. This conclusion is borne out by the taxonomic assignment of reads 

aligning to these genes in common oral bacteria. I therefore excluded these 

from further analysis, and recommend others using enrichment from sputum 

do similarly. I find more diversity when sequencing directly from sputum with 

significantly more unique heterozygous alleles (HAs) than sequencing from 

MGIT culture (p=0.04). 

 

The understanding of within-patient M. tuberculosis genetic diversity is 

becoming increasingly important as the detection of rare variants has been 

shown to improve the correlation between phenotypic and genotypic drug 

resistance profiles42 and can identify emerging drug resistance.37,38 Not 

including a culture step avoids the introduction of bias towards culture-

adapted subpopulations and the impact of random chance and is also likely 

to incorporate DNA from viable non-culturable mycobacteria. A reduction in 

genetic diversity has previously been shown with sequential M. tuberculosis 

subculture,42,64 but was not confirmed by a study performing WGS directly 

from sputum49. However, the 16 paired sputum and MGIT samples 

compared in that study had a minimum of 5x coverage compared to a 

minimum 60x coverage in this study, and were likely to contain less genetic 

material as they were surplus clinical rather than dedicated research 

samples.  
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Two-thirds of the patients with MDR-TB had already been treated for drug 

susceptible-TB (DS-TB), and additional diversity in sputum samples may 

represent early adaptation to drug pressure. As direct sputum sequencing 

does not rely on live mycobacteria, DNA from recently killed M. tuberculosis 

is likely to also be sequenced, meaning that recent genomic mutations are 

likely to be represented as HAs. 

 

In two patients, RAVs present as HAs provided a likely genotypic basis for 

otherwise unexplained phenotypic resistance. Given the small total number 

of resistance mutations in this study, it is not possible to draw conclusions 

about the frequency of heterozygous RAVs in directly sequenced sputum. 

However the presence of heterozygous RAVs in both MGIT and sputum 

sequences reinforces the biological importance of these mutations. 

 

To reduce the risk of sample cross contamination, paired samples were 

extracted on different days, prepared in different sequencing libraries and 

sequenced on different runs. However it is not possible to completely 

exclude the possibility of contamination during sample collection and 

between different samples processed in batches. A further limitation of this 

study is that it can be difficult to distinguish low frequency variants from 

sequencing error. The SureSelect library preparation protocol for sputum 

sequencing incorporates more PCR cycles than that used for MGIT 

sequencing, which may increase the risk of error. Where possible this could 

be evaluated further by performing technical sequencing replicates on 

extracted DNA samples, although this was not possible due to insufficient 



 62 

surplus material and financial constraints. To reduce the risk of sequencing 

errors I used high read and mapping quality thresholds, and required a 

stringent 98% identity between sequenced reads and the reference genome. 

Low frequency variants of particular clinical importance could be confirmed 

by resequencing the same DNA samples.  

 

Conclusions 

Directly sequencing M. tuberculosis from sputum is able to identify more 

genetic diversity than sequencing from culture, a finding that has since been 

replicated by others82, and previously established methods for sequencing 

from sputum can be improved by including human DNA depletion. 

Understanding within-patient genetic diversity is important to understand 

bacterial adaptation to drug treatment and the acquisition of drug resistance. 

It also has potential to identify low frequency RAVs that may further enhance 

the prediction of drug resistance phenotype from genotype. 
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Results Chapter 2: Dynamics of 

Within-Host Diversity and 

Heteroresistance 

 

Introduction 

M. tuberculosis has traditionally been viewed as a genetically homogenous 

bacterium that has evolved into a specialised human pathogen with a lower 

mutation rate than most other bacteria and no accessory genome or potential 

for horizontal gene transfer.34 More recent work has identified significant 

within-host M. tuberculosis genetic diversity which may result from mixed 

infection with multiple strains or within-host microevolution of a single 

infecting strain.36 Such genetic diversity is not surprising given that M. 

tuberculosis infections typically last months to years and within-host bacterial 

populations may peak at over one billion colony forming units. At one 

extreme, up to 50 consensus-level SNP differences having been reported to 

occur over the duration of infection in patients with advanced disease when 

sampling from multiple body sites.83 While genetic diversity arising from 

mixed infections has been associated with poor clinical outcomes,84,85 the 

effect of within-host diversity of single strain infections is undefined.  

 

Within-host genetic diversity reflects the extent to which genomes (in this 

case M. tuberculosis genomes originating from individual bacteria) within a 

population (comprising all bacteria in the cultured isolate) are genetically 

distinct. It can be measured by nucleotide diversity (), which is the mean 
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number of nucleotide substitutions per site between any two randomly 

selected DNA sequences in a population, and takes a value between 0 and 

1.86 We refer to any site carrying more than one allele as ‘heterozygous’, 

following standard practice in the population genetics literature to define 

multi-allelic loci, irrespective of ploidy.49,57,87–89 

 

Understanding factors affecting within-host M. tuberculosis genetic diversity 

may offer insights into mechanisms controlling bacterial replication and 

evolution. Studying sequential isolates from individual patients over the 

course of treatment could help identify signatures of bacterial adaptation to 

drug treatment and the host immune environment. Previous studies of within-

host diversity have focused on reanalysis of published sequences from 

patients who have failed treatment. One detailed study of five patients 

revealed that overall M. tuberculosis genomic diversity increased with 

disease severity and was particularly high in pre-mortem isolates from two 

patients presumably due to high bacterial load.90 The most diverse genes 

were those involved in production of cell envelope lipids. No evidence for a 

decrease in diversity during treatment or any effect of M. tuberculosis lineage 

or drug resistance profile was found, and HIV statuses were not available for 

analysis. A larger analysis of combined data from eight publicly available 

studies reporting patients who failed treatment found that genes associated 

with antibiotic resistance displayed highest diversity, while the within-host 

diversity across remaining gene classes (essential, non-essential, PE/PPE 

genes and antigen genes) seemed unaffected.91 
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However, when reanalysing data collected by other groups, it may be difficult 

to account for the role that pathogen culture and subsequent subculturing 

steps may have on genetic diversity through random loss or selection of 

culture-adapted subpopulations. I and others have shown that culture-

independent sequencing of M. tuberculosis directly from sputum identifies 

more genetic diversity than sequencing from culture,82,92 while other studies 

have shown subculture can lead to loss of heterozygous RAVs.42 

Furthermore, detailed analysis of low-frequency variants can be affected by 

errors induced during PCR steps of genomic library preparation93 and 

incorrect mapping of contaminant DNA.94 

 

Mixed populations of wild-type alleles and RAVs confer heteroresistance, 

where populations of resistant and susceptible bacteria co-exist within the 

same host. This may occur as the result of differential drug penetration to 

spatially and pathologically distinct lung regions43 leading in effect to 

monotherapy and subsequent resistance acquisition or survival of 

susceptible bacteria. Such mixed populations of wild type alleles and RAVs 

have been termed macroheteroresistance when RAVs are present at 5% 

frequency, a threshold above which they would be identified by most 

standard WGS pipelines, and microheteroresistance when RAVs are at <5% 

frequency.95 Several case reports have identified heterozygous RAVs 

(hetRAVs) that have increased in frequency over the course of 

treatment37,96,97 leading to fixed resistance, including variants originally 

identified at <1% frequency,41 and genetic microheteroresistance has been 

identified predating acquired phenotypic resistance.98 However, due to high 
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levels of turnover of low-frequency variants, it may be difficult to predict 

which hetRAVs are likely to persist or become fixed and which ones will 

disappear. HetRAVs are likely to be variably identified by current 

diagnostics99,100 and so it may be difficult to predict whether such resistance 

is taken into account when clinical drug treatment regimens were designed 

for these patients.  

 

The limit of detection for heterozygous variants depends on several factors 

including the number of reads covering a site, the minimum number of 

supporting reads required to call a variant and error rates at each step of the 

sequencing pipeline. For example, in this study where I have included 

sequences with a minimum 55x mean genome coverage with four reads 

required to call a variant, the limit of detection would be an allele frequency 

of 7%. I also use deep sequencing to >3000x coverage, where using a 

minimum of 6 supporting reads gives resolution to identify variants down to 

0.2% frequency. However, the important caveat to this is that as coverage 

depth increases and the limit of detection decreases, the potential false 

positive rate due to PCR or sequencing errors increases. Using a base 

quality score of >30 (an error rate of 1 in 1000) and published DNA 

polymerase error rates,101 a base error rate of 0.1-0.2% would be expected, 

although rates up to 3% have been previously reported in some genomic 

regions.102 

 

In this study we used prospectively enrolled patients with TB to identify 

factors associated with within-host M. tuberculosis genetic diversity in single 
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strain infections and assess whether this type of genetic diversity is 

associated with poor outcomes. We then investigated the outcomes of 

genetic heteroresistance and whether presence of microheteroresistance 

could predict the emergence of macroheteroresistance. 

 

Methods 

Patient recruitment 

I analysed data from five observational cohort studies and a randomised 

controlled trial in KwaZulu-Natal, South Africa, as described in Table 10, 

conducted between 2016 and 2019. I selected mostly cohorts that recruited 

patients with DR-TB, as these patients have previously experienced the 

worst outcomes and most problems with acquired resistance, as well as one 

drug-susceptible cohort. Patients were recruited before or on the day of 

initiating treatment or undergoing a major change in treatment due to a 

change in drug resistance profile or clinical treatment failure. To be classified 

a major change in treatment regimen, the patient had to be starting at least 

two new drugs, be culture positive and have a previous regimen that was 

likely to be ineffective based on drug susceptibility testing (DST) results. At 

enrolment, all patients completed a study questionnaire and provided a 

sputum sample. Patients were reassessed at the intervals described in Table 

10 with a follow-up questionnaire and repeat sputum sample (except in 

Hlabisa DR-TB cohort where follow-up involved completion of clinical record 

forms only). All patients provided written informed consent to participate. All 

study protocols were approved by the University of KwaZulu-Natal 

Biomedical Research Ethics Committee. PRAXIS was also approved by 
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Columbia University Review Board and the Hlabisa DR-TB study by the 

London School of Hygiene & Tropical Medicine Ethics Committee.  

 

S
tu

d
y
 n

u
m

b
e
r 

Study name Design 
Patients 

recruited 

Sputum 

collection 

timepoints 

Patients 

with 

baseline 

(and 1 

sequential) 

isolates by 

minimum 

coverage 

55x 80x 

1 PRAXIS Aim 1 

(NCT03162107) 

Observational 

cohort study 

MDR / XDR 

Starting 

bedaquiline 

BL, M1, M2, 

M3, M4, M5, 

M6, EndTX 

57 

(23) 

49 

2 PRAXIS Aim 2 

(NCT03162107) 

Randomised 

controlled trial 

MDR / XDR 

Starting 

bedaquiline 

BL, M2, M6, 

EndTX 

35 (6) 38 

3 CUBS (PZAP 

arm) 

Observational 

cohort study 

MDR 

Treated with 

pyrazinamide 

BL, W1, W2, 

W4, W6, 

M2, M3, M4, 

M5, M6 

79 

(54) 

72 

4 REPORT-SA Observational 

cohort study 

DS BL, W1, W3, 

M2, M6 

(EndTX) 

66 

(33) 

67 

5 Hlabisa DR-TB Observational 

cohort study 

MDR BL 113 

(N/A) 

108 

6 CUBS (FIND arm) Observational 

cohort study 

MDR BL, M2, M6, 

EndTX 

49 (2) 18 

 Total    399 

(118) 

352 

Table 10. Description of cohort studies from which patients in this 
analysis were included. 

 

Every patient from these cohorts was included if they were enrolled prior to 

February 2019 and were culture positive with a baseline M. tuberculosis 

isolate with sufficient mean genome-wide coverage depth for the proposed 

analysis: 80x for evaluation of baseline diversity, 55x for evaluation of 

diversity and heteroresistance in sequential isolates. Minimum coverage 

thresholds were chosen to maximise sequencing coverage depth, and 

therefore ability to identify low level variation, while ensuring that sufficient 
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numbers of samples fulfilled the criteria for inclusion. A lower threshold was 

used for the sequential analysis as some follow-up samples did not meet the 

minimum 80x coverage depth threshold. As described below, sequences for 

diversity analyses were downsampled to a standard mean coverage, while 

original coverage was used for heteroresistance. A list of isolates included in 

each analysis and associated accession numbers is available in 

Supplementary Spreadsheet 1. 

 

Targeted sequencing of drug resistance genes 

Where emergent RAVs were identified by WGS, targeted deep sequencing 

was performed retrospectively on stored surplus extracted DNA from 

preceding isolates. A custom-designed SureSelect bait set (Agilent) covering 

genes associated with drug resistance comprising approximately 3% of the 

genome was designed and used for target capture of M. tuberculosis DNA 

from drug resistance-associated genes (Supplementary Table 1). 

Overlapping 120 base pair RNA baits were designed using SureDesign 

(Agilent) to cover the entire positive strand of over 800 M. tuberculosis 

genomes downloaded from NCBI Sequencing Read Archive selected to 

cover the global genetic diversity of M. tuberculosis. Genomic DNA was 

fragmented to approximately 330 base pairs, which is longer than the 

standard sequencing read of 150 base pairs. Hybridisation and library 

preparation were performed with the SureSelectXT Low Input kit (Agilent) 

protocol according to the manufacturer’s instructions, including 20-23 PCR 

cycles depending on input concentration. Genomic libraries were multiplexed 
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with 96 isolates sequenced on a NextSeq 500 (Illumina, CA, USA) 300-cycle 

paired end run using a mid-output kit.  

 

Bioinformatic Analysis 

For a variant to be called, 4 supporting reads were required for WGS as 

described in the General Methods and 6 supporting reads for targeted deep 

sequencing, including at least one on each strand with coverage 10. 

Variants were classed as heterozygous if present at <95% frequency or fixed 

if present at 95% frequency. Variants falling within repetitive regions poorly 

resolved by short read mapping (PE/PPE and esx genes and those 

categorised as insertion sequences and phages103) were excluded from the 

analysis.  

 

To prevent differences in coverage depth potentially affecting measures of , 

aligned sequences were downsampled using Picard Tools v2.2052 

DownSampleSam. For baseline analysis, sequences were downsampled to 

mean 80x coverage depth and for sequential analysis to mean 55x coverage. 

Sequences were not downsampled for the analysis of heteroresistance. 

Within-isolate  was calculated by an in-house program that has been 

described previously104 using base counts extracted from mapped 

alignments by bam-readcount105 with mapping quality >20 and base quality 

>30. Diversity of individual genes was calculated using Popoolation v1.2106 

with the following parameters: pool size 500, minimum coverage 4, minimum 

count 2, minimum quality 30. For the comparison of diversity at the gene 

level, coding genes were annotated with one of seven functional categories 
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as described in Mycobrowser.103 For comparability, we also labelled each 

gene as antibiotic resistance (Rv0678, Rv1979c and rplC were recategorised 

as antibiotic resistance genes), antigen, essential or non-essential as 

described previously (PE/PPE genes were excluded from our analysis).91 

 

We first aimed to determine if the number of PCR cycles in library 

preparation or proportion of reads assigned to Mycobacteria in the isolate 

affected within-patient genetic diversity, as each PCR cycle comes with a 

theoretical risk of introducing base errors. We also investigated the possibility 

that contaminating reads erroneously mapped to Mycobacteria may inflate 

the genetic diversity.  

 

For identification of RAVs, we used a curated list of resistance-conferring 

mutations adapted from published sources (Supplementary Table 5). For 

mutations in the bedaquiline/clofazimine resistance-associated gene Rv0678 

and delamanid resistance-associated genes fbiA/B/C, fgd1 and ddn, where a 

wide array of different mutations leading to loss of function occur, we took a 

more sensitive approach and manually evaluated all non-synonymous SNPs 

and indels for potential to cause resistance. We assumed that all loss of 

function mutations (frameshift or premature stop codons) to be potentially 

causative of resistance, as well as any SNPs that had previously been 

reported to associated with resistance. 
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Clinical Assessment 

Structured clinical record forms were completed at all visits by dedicated 

research nurses. Responses were taken from patients verbally as well as 

from clinic/hospital records. Chest radiography findings were recorded as 

documented by the treating clinician. Six-month outcome was assessed as 

favourable (alive, on treatment, M. tuberculosis culture negative at months 5 

and 6) or unfavourable (death, loss to follow-up, culture positive at month 5 

or 6). 

 

Statistical analysis 

Statistical analyses were performed using Stata/IC v15.1 (StataCorp, TX, 

USA). Distributions of non-parametric data were compared with Wilcoxon 

rank-sum test. Binary outcomes were assessed by logistic regression and 

continuous variables with linear regression. The Benjamini-Hochberg 

procedure was used to control for multiple tests when evaluating change in 

median  between baseline and sequential timepoints with Q (false positive 

rate) of 0.1, which should yield less than one false positive test when 

performing seven tests. 

 

Results 

Patient selection and identification of mixed infection 

A total of 399 from the 710 patients recruited into six different studies 

described in Table 10 were included in this study. The most common reason 

for exclusion were lack of a positive M. tuberculosis culture for sequencing. 

Treatment data were available for 334/399 (84%) patients and are described 
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in the next paragraph. In some of these 334 cases there was discordance 

between the initial clinical resistance profile upon which drug treatment 

decisions were based and the study WGS profile: 2/66 (3%) patients initially 

diagnosed with DS-TB patients actually had MDR-TB at baseline, and 

25/268 (9%) patients treated for DR-TB did not have rifampicin resistance 

detected on WGS. This may have been due previous mixed infection with 

other strains not found in the study sample, false positive/negative DST 

results or lab error. 

 

All patients with DS-TB were treated with the standard treatment regimen 

(rifampicin, isoniazid, pyrazinamide and ethambutol). In line with global 

developments, there were substantial changes in DR-TB treatment regimens 

over the course of this study (2016-2019). At the beginning of this period, 

long regimens (20 months+) based on a fluoroquinolone and kanamycin 

were standard. For MDR-TB, these were progressively replaced with the 

short (nine-month) regimen based on kanamycin and a fluoroquinolone, and 

later bedaquiline and a fluoroquinolone. PreXDR/XDR-TB treatment 

remained long individualised regimens, although use of bedaquiline and 

linezolid became more common. Among the 268 patients with DR-TB for 

whom we have treatment data, all except three had been treated with 

bedaquiline or kanamycin: 128 received bedaquiline, 118 kanamycin and 19 

received both or switched from kanamycin to bedaquiline. All except two 

patients with DR-TB received a fluoroquinolone. Full baseline treatment 

information in included in Supplementary Spreadsheet 1. 
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There were 352 patients with sequences meeting the minimum coverage 

threshold of 80x included in the analysis of baseline isolates (collected at 

initiation or major change to treatment). We excluded 21/352 isolates (6.0%) 

that we characterised as mixed infection, and conducted detailed analyses 

on the remaining 331 single strain infections. We did not identify any patient 

or bacterial factors significantly associated with likelihood of mixed infection 

(Supplementary Table 6). Patients were only included in the analysis of 

sequential isolates if they had >1 successfully sequenced positive culture 

after excluding isolates with evidence of reinfection or superinfection since 

baseline (15 SNP differences from baseline isolate) or mixed infection. 

There were 348 individual isolates from 118 patients with >1 timepoint at 

coverage above 55x included in the sequential analysis.  

 

Whole genome nucleotide diversity at baseline 

Among single strain infections, there was no difference in median  when 

isolates were stratified by the number of PCR cycles (p=0.72, equality of 

medians test, Supplementary Figure 4). There was also no evidence for an 

association between  and the proportion of reads assigned to Mycobacteria 

(R-squared 0.6%, p=0.16 for linear association, Supplementary Figure 5), 

suggesting that high stringency mapping with BBMap adequately prevented 

mapping of contaminating reads. Finally, we tested whether isolates grown 

on solid media or after a single subculture in 7H9 were less diverse than 

those sequenced from MGIT culture, and again found no evidence for a 

statistically significant difference in  between groups (Supplementary Figure 

6). We therefore concluded that the number of PCR cycles, isolate 



 75 

contamination and culture media did not significantly impact on within-host 

genetic diversity for the purposes of this study. As expected, mixed infections 

had significantly higher median  than single strain infections (7.7510-6 v 

9.4810-7, p<0.001, Wilcoxon rank-sum test). 

 

As bacterial load was expected to affect , we tested for association with two 

measures of bacterial load: sputum smear grading and time to positivity of 

the original MGIT isolate (TTP). Smear grading is expected to increase and 

TTP to decrease with higher bacterial burden. There was no linear trend 

between increasing smear grade and  (R-squared 0.3%, p=0.43, 

Supplementary Figure 7), and while there was evidence for a linear trend of 

increase of  with higher TTP (coefficient 1.2210-8, p=0.017, Supplementary 

Figure 8), it explained only a small proportion of the variance (R-squared 

1.8%). 

 

To investigate how  varied in patients starting/changing TB treatment, we 

tested its association with the following patient factors: age, sex, HIV status, 

CD4 count <200 (and taking antiretroviral therapy (ART)), cavitation on chest 

radiography, previous TB infection and if the patient was on TB treatment at 

the time of enrolment (for example for DS-TB prior to detection of drug 

resistance) (Table 11). We found that absence of cavitation on chest 

radiography (p=0.017, Wilcoxon rank-sum), taking ART (if HIV positive) 

(p=0.017) and who were taking TB treatment (p=0.049) at the time of 

enrolment were independently associated with a lower  on univariate 

analysis. In addition to these patient factors, we also examined bacterial 
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lineage and drug resistance profile (Table 11). Lineages 2 and 4 are the 

major groups circulating in South Africa27 which was also the case in our 

dataset. Patients infected with lineage 2 strains had greater  than those with 

lineage 4 infections (p<0.001). While there was no difference in  between 

patients with genetically DS-TB and TB genetically resistant to first line drugs 

(rifampicin/multidrug-resistant TB, RR/MDR-TB), patients with genetic 

second-line drug resistance (pre-/extensively drug-resistant TB, pre-

XDR/XDR-TB) had lower  than patients with DS-TB (p<0.001) and RR-TB 

(p<0.001).  
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Characteristic Number Median (IQR) p value 

PATIENT FACTORS 

Age category 

<25 

25-30 

30-35 

35-40 

40-50 

50 

 

32 

63 

63 

50 

72 

45 

 

0.995 (0.490-1.54) 

1.09 (0.619-1.48) 

0.981 (0.659-1.55) 

0.846 (0.489-1.15) 

0.961 (0.664-1.52) 

0.863 (0.578-1.23) 

 

0.73* 

 

Sex 

Male 

Female 

 

188 

137 

 

0.969 (0.640-1.55) 

0.944 (0.563-1.39) 

 

0.31 

Previous TB 

No 

Yes 

 

167 

155 

 

0.973 (0.619-1.53) 

0.916 (0.578-1.41) 

 

0.50 

HIV status 

Negative 

Positive 

 

60 

268 

 

1.02 (0.678-1.48) 

0.939 (0.573-1.47) 

 

0.33 

CD4 count 

<200 

200 

 

90 

107 

 

0.937 (0.587-1.36) 

0.831 (0.498-1.30) 

 

0.33 

Taking antiretroviral 

therapy 

No 

Yes 

 

 

99 

176 

 

 

1.07 (0.689-1.70) 

0.837 (0.562-1.34) 

 

 

0.017 

Cavitation on chest 

radiography 

No 

Yes 

 

 

89 

26 

 

 

0.725 (0.467-1.09) 

1.05 (0.668-1.59) 

 

 

0.017 

On TB treatment at 

enrolment 

No 

Yes 

 

 

153 

170 

 

 

1.03 (0.672-1.63) 

0.847 (0.563-1.36) 

 

 

0.049 

BACTERIAL FACTORS 

M. tuberculosis Lineage 

1 

2 

3 

4 

 

10 

117 

8 

196 

 

1.49 (1.14-2.10) 

1.46 (1.02-1.93) 

1.24 (1.09-1.62) 

0.691 (0.486-1.04) 

 

Lineage 2 v 4 

<0.001 

Drug resistance profile 

DS 

MDR/RR 

Pre-XDR/XDR 

 

83 

179 

69 

 

1.14 (0.668-1.71) 

1.03 (0.651-1.51) 

0.689 (0.446-0.948) 

 

DS v MDR 0.22 

DS v XDR <0.001 

MDR v XDR <0.001 

Table 11. Clinical and bacterial correlates of nucleotide diversity in 
baseline samples downsampled to 80x mean coverage, showing 
number in each category, median and interquartile range, and p-value 
(Wilcoxon rank sum, except k-sample equality of medians where 
denoted by *). 
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Association between nucleotide diversity and outcome 

We next tested if there was a correlation between baseline (initiation or major 

change to treatment)  and six-month outcome. Six-month outcomes were 

available for 297/331 (89.7%) patients with single strain infection, of whom 

236/297 (79.5%) had a favourable six-month outcome. Unfavourable 

outcomes were due to death (24/297, 8.1%), loss to follow-up (20/297, 

6.7%), and microbiological failure without acquired genetic resistance 

(11/297, 3.7%) or with acquired genetic drug resistance (6/297, 2.0%). We 

found that male sex, HIV coinfection and not taking ART therapy if HIV 

positive were associated with higher risk of unfavourable outcome 

(Supplementary Table 7). Interestingly, genetically MDR-TB infection was not 

associated with worse outcomes at month six than genetically DS-TB, 

although pre-XDR/XDR-TB infection was on univariate analysis (Table 11). 

Mixed infection, lineage, age, cavitation and previous TB infection also did 

not affect outcome. On univariate analysis,  was not associated with six-

month outcome (Table 12). Not taking ART if HIV positive, preXDR/XDR-TB 

and taking TB treatment at the time of diagnosis (e.g. for DS-TB prior to an 

MDR-TB diagnosis) were considered as potential confounders and adjusted 

odds ratios were calculated. A final multivariate model was constructed 

including these potential confounders for both all patients (not including ART 

as a confounder) as well as HIV positive patients only (including ART as a 

confounder), but neither demonstrated an association between baseline  

and six-month outcome (Table 12).  
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Dynamics of nucleotide diversity at the whole genome and 

gene level during treatment 

For the analysis of sequential isolates, all sequences (including baseline 

sequences) were downsampled to mean 55x genome-wide coverage. There 

were 118 patients included in this analysis, of which 115 had baseline 

isolates that met inclusion criteria. Three patients were excluded as they did 

not have a baseline sequence meeting criteria. Median  in these 115 

isolates was 8.6710-7, and not significantly different (p=0.104, Wilcoxon 

rank-sum test) to the value of 9.4810-7 from the 331 baseline isolates 

downsampled to 80x analysed above. When comparing median  among all 

isolates at each timepoint, week 1 and 2 isolates showed an increase in  to 

1.1410-6 and 1.1510-6 respectively (Figure 4), while there was no 

difference between baseline  and that at later timepoints. As this could be 

Characteristic Hazard ratio (95% CI)  p-value 

PATIENT FACTORS 

Age (per year increment) 1.02 (0.99-1.04) 0.2561 

Male sex 1.97 (1.11-3.48) 0.0189 

Positive HIV status 3.78 (1.31-10.94) 0.0043 

CD4 count 200 0.56 (0.27-1.18) 0.1278 

Taking antiretroviral therapy 2.55 (1.21-5.38) 0.0090 

Previous TB 1.41 (0.80-2.50) 0.2331 

Cavitation on chest radiography 0.63 (0.17-2.39) 0.4859 

On TB treatment at enrolment 0.51 (0.29-0.90) 0.0184 

BACTERIAL FACTORS 

M. tuberculosis lineage 2 (v lineage 4) 0.98 (0.54-1.79) 0.9602 

Drug resistance profile (v DS) 

MDR/RR 

Pre-XDR/XDR 

 

1.62 (0.77-3.42) 

2.42 (1.04-5.59) 

 

0.204 

0.039 

Mixed infection 1.28 (0.45-3.69) 0.6415 

Nucleotide diversity 0.84 (0.53-1.36) 0.4923 

Table 12. Correlates of month six outcome showing hazard ratio and 
95% confidence intervals (95% CI). All hazard ratios refer to patients 
with single strain infection, except for the hazard ratio for mixed 
infection. 
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due to patients with less diverse baseline sequences culture converting 

rapidly, the analysis was repeated by including only patients who had a 

positive culture after week 2 of treatment, which yielded similar results 

(Supplementary Figure 9). The increase in  at weeks one and two remained 

statistically significant after correcting for multiple tests for both of these 

analyses. It is important to note that 61/115 (53%) of these patients were 

receiving TB treatment at the time of the baseline sample that was deemed 

to be ineffective due to programmatically-identified drug resistance, as is 

commonly the case for patients starting DR-TB treatment in South Africa. 

These patients had generally been taking treatment for one or more months 

and had by definition remained culture positive. However, it is possible that 

the changes in within-isolate diversity profiles for these patients over time 

may be different to those who were completely drug-naïve. When 

considering only the 54 patients who were not taking TB treatment at the 

time of enrolment, there were no statistically significant differences in  

during treatment (Supplementary Figure 10). 

 

Gene-level nucleotide diversity 

We then assessed within-isolate genetic diversity for all coding genes at 

baseline (initiation or major change to treatment). In addition to functional 

categories, two additional redundant categories of antibiotic resistance genes 

and antigen genes were generated as described in the methods. There was 

no difference in mean  between any gene or functional category in the 331 

single strain baseline isolates downsampled to 80x coverage (Table 13). The 

most diverse coding genes at baseline are listed in Supplementary Table 8, 
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although many are not yet well described. In line with previous results,92 

Rv1319c, a putative adenylate cyclase responsible for regulation of cellular 

metabolism was the gene displaying the highest within-host genetic diversity.  

 

 

To establish which functional categories of genes were driving changes in  

over time, we examined  in the sequential isolates from the 115 patients 

described above. Diversity increased across multiple functional categories at 

the week 1 timepoint, before decreasing but remaining more diverse than at 

baseline (Figure 5). At each timepoint different genes were responsible for 

 

Figure 4. Box plot showing median and interquartile range of nucleotide 

diversity in sequential samples for timepoints where there were 5 

samples. Numbers indicate number of isolates at each timepoint. 
Circles mark outlying values. Bars indicate where distribution 
significantly different from baseline. 
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the changes in diversity seen (Table 14). The changes in mean  were seen 

at month six are likely influenced by the small number of patients remaining 

culture positive (11 patients). However there was a notable increase in 

antibiotic resistance gene  at this timepoint, driven by hetRAVs in Rv0678, a 

gene responsible for bedaquiline resistance, and which occurred exclusively 

in patients who were treated with bedaquiline and subsequently acquired 

clinical resistance.  

 

 

 

Figure 5. Change in mean nucleotide diversity over time according to 
gene functional categories. Two additional redundant categories are 
also plotted (bold text). 
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Heteroresistance 

I then assessed the prevalence of heteroresistance in isolates with a 

minimum coverage depth of 55x that were not mixed infections. There were 

399 baseline isolates included in this analysis, with genetic resistance 

Classification Mean  Lower 95% 

CI 

Upper 95% 

CI 

Functional groups 

Cell wall and cell processes 3.05 10-6 2.69 10-6 3.40 10-6 

Conserved hypotheticals 3.50 10-6 2.88 10-6 4.11 10-6 

Information pathways 3.26 10-6 2.97 10-6 3.55 10-6 

Intermediary metabolism and respiration 3.21 10-6 2.62 10-6 3.80 10-6 

Lipid metabolism 3.37 10-6 2.75 10-6 3.98 10-6 

Regulatory proteins 2.93 10-6 2.64 10-6 3.22 10-6 

Unknown 3.76 10-6 1.80 10-6 5.72 10-6 

Virulence 3.34 10-6 2.38 10-6 4.29 10-6 

Alternative descriptions 

Antibiotic resistance 3.99 10-6 2.91 10-6 5.08 10-6 

Antigen 3.17 10-6 2.68 10-6 3.65 10-6 

Table 13. Mean nucleotide diversity () and 95% confidence intervals by 
functional group and gene description.  

Order 
Baseline  Week 1 Baseline  Month 2 Baseline  Month 6 

Gene  Gene  Gene  

1 ftsW 0.00502332 ftsW 0.00496322 ftsW 0.00398242 

2 Rv0011c 0.00279738 rpiB 0.00206529 Rv3212 0.0021552 

3 Rv3212 0.00245474 Rv3212 0.00092321 Rv0181c 0.00084635 

4 Rv0181c 0.00107065 Rv0181c 0.00071756 Rv3643 0.00060802 

5 Rv3643 0.00063662 murF 0.0003861 Rv0849 0.00051907 

6 Rv0849 0.0006036 Rv0011c 0.00033069 Rv2669 0.00041098 

7 rpiB 0.00054476 echA15 0.00024742 Rv2050 0.00039737 

8 Rv2669 0.00047104 cysA1 0.0002316 echA15 0.00034697 

9 echA15 0.00037174 Rv2464c 0.00021928 Rv1453 0.00030928 

10 Rv2466c 0.00035195 Rv0849 0.00020978 Rv2670c 0.00029539 

Table 14. Genes with greatest increase in nucleotide diversity () 
between timepoints. 
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(presence of 1 heterozygous or fixed RAV) most frequently identified in 

baseline isolates for rifampicin (77.1%) and high-level isoniazid resistance 

(katG RAVs, 60.4%) as shown in Figure 6a in keeping with the sampling 

strategy for this study. Genetic resistance conferred only by hetRAVs was 

proportionately most common for bedaquiline, where the majority (60.0%, 

6/10) of isolates contained only heterozygous RAVs, and fluoroquinolones 

(12.7%, 9/62) as shown in Figure 6b. Examining all baseline hetRAVs 

(including where multiple hetRAVs occurred in one isolate or where they 

were combined with fixed RAVs), allele frequencies varied from the limit of 

detection (7% at the minimum coverage of 55x, or 3% at coverage of 150x) 

to our nominated cut-off for fixation of 95% (Figure 6c).  

 

 

Where longitudinal sampling was available, the majority of patients with 

resistance conferred by hetRAVs had either one resistance mutation 

 

Figure 6. (A) Number of baseline isolates with genetic resistance (i.e. 
containing any RAV) by drug (B) percentage of baseline isolates with 
genetic resistance containing only hetRAVs and (C) baseline allele 
frequency of all hetRAVs by drug, with lines showing median and 
interquartile range. 
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reaching fixation (9/20, 45%) or heteroresistance persisting with at least one 

hetRAV (8/20, 40%) (Table 15, full index of all hetRAVs in Supplementary 

Table 9). In three cases (15%) hetRAVs disappeared altogether: one Rv0678 

M146T mutation at 2.0% frequency (conferring bedaquiline resistance), one 

rpoB S450L mutation at 9.1% frequency (rifampicin resistance) and one 

embB D328Y mutation at 43.9% frequency (ethambutol resistance). In the 

five cases of rifampicin heteroresistance that became fixed or persisted, all 

patients actually had two separate hetRAVs, all of which displayed dynamics 

consistent with clonal interference of two resistant subpopulations (Figure 

7a-e). Rifampicin had already been stopped in all five patients following 

diagnosis of MDR-TB. Clonal interference was also seen in both patients 

with fluoroquinolone heteroresistance (Figure 7f-g) and one of the patients 

with bedaquiline/clofazimine heteroresistance (Figure 7h), and all of these 

patients were still treated with the respective drugs. All pyrazinamide 

heteroresistance was caused by T153fs mutations at high frequency, that 

were at or close to the arbitrary cut-off of 95% for fixation.  
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Predicting emergent resistance 

Emergent resistance in this cohort was rare, with only 9/286 (3.1%) of 

patients from cohorts where follow-up samples were routinely collected 

(studies one to four in Table 10) identified as acquiring RAVs after exclusion 

of mixed infections and reinfections. Among the 77 patients with fully drug-

susceptible TB (DS-TB) one patient acquired a rifampicin RAV when they 

relapsed at month 12, having initially culture converted at week 3, and one 

patient acquired an isoniazid RAV. Additionally, one patient acquired a 

fluoroquinolone RAV, and six patients acquired bedaquiline and clofazimine 

cross-resistance RAVs, one of whom also acquired delamanid RAVs (Table 

16). All new RAVs occurred in the presence of treatment with the drug. All 

bedaquiline resistance was conferred by RAVs in the efflux pump repressor 

gene Rv0678, with no RAVs identified in the other resistance-associated 

genes atpE or pepQ, which have been more frequently associated with 

resistance in vitro or murine model studies.107,108 

 

Drug 

Patients with hetRAV presence in further sample(s) (%) 

Total 

number 

RAV(s) 

become 

fixed 

RAV(s) 

remain 

heterozygous 

RAV(s) 

disappear 

Rifampicin 6 4 (66.7%) 1 (16.7%) 1 (16.7%) 

Isoniazid 1 - 1 (100.0%) - 

Pyrazinamide 6 3 (50.0%) 3 (50.0%) - 

Ethambutol 1 - - 1 (100.0%) 

Fluoroquinolones 2 1 (50.0%) 1 (50.0%) - 

Second line 

Injectables 
1 - 1 (100.0%) - 

Bedaquiline 3 1 (33.3%) 1 (33.3%) 1 (33.3%) 

Table 15. Resistance patterns in longitudinal samples from patients 
with resistance conferred only by heterozygous resistance-associated 
variants (hetRAVs) at baseline. Numbers refer to patients. 
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To establish if emergence of genetic resistance could be predicted by 

presence of low-frequency (≤1%) variants in preceding isolates, we 

performed deep sequencing of resistance-associated genes (Supplementary 

Table 1) with minimum and mean coverage of 2897x and 4072x respectively 

for seven of the nine patients with emergent resistance and sufficient surplus 

DNA after standard WGS. Deep sequencing revealed large numbers of low-

frequency variants. For example, the mean number of Rv0678 variants 

called was 66 over all baseline isolates. Despite this, none of the emergent 

RAVs described in Table 16 were identified in the preceding deep-

sequenced isolates and no phenotypic resistance was identified to any drug 

tested prior to the emergence of a RAV on WGS, with the exception of 

participant P3524 where three of five additional bedaquiline/clofazimine 

RAVs that appeared at month six were present at frequencies around 1% in 

the month 2 isolate. The month 2 isolate was phenotypically bedaquiline and 

clofazimine resistant but also had bedaquiline RAVs at >5% frequency. 

Further use of deep sequencing to identify low-frequency variants will require 

a system validated to detect a range of allele mixtures.  
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Figure 7. Allele frequency graphs for patients with evidence of clonal 
interference in rpoB (A-E), gyrAB (F-G) and Rv0678 (H). 
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R0075 Rifampicin 
rpoB D435V 

rpoB S450L 

12* 

12* 

83.3% 

17.2% 

absent 

absent 

K0064 Isoniazid katG W328stop 0.25 5.9% - 

P0064 Fluoroquinolones gyrA D94N 2 47.6% absent 

K0061 Bedaquiline Rv0678 G138stop 0.25 4.5% - 

P0082 Bedaquiline 
Rv0678 C46fs 

Rv0678 D47fs 

5 

4 

92.6% 

55.6% 

absent 

absent 

P0200 Bedaquiline Rv0678 D47fs 6 95.3% absent 

P3505 Bedaquiline Rv0678 G147fs 6 94.5% absent 

P3524 

Bedaquiline 

Rv0678 Q22P 

Rv0678 D47fs 

Rv0678 A57E  

Rv0678 R72T  

Rv0678 D88fs  

Rv0678 D88A  

Rv0678 G121R  

Rv0678 L122P  

2 

2 

6 

6 

6 

6 

6 

6 

85.1% 

45.2% 

10.6% 

9.2% 

12.0% 

13.0% 

6.0% 

7.4% 

absent 

absent 

0.55% 

absent 

absent 

absent 

1.09% 

0.94% 

Delamanid 
fbiC A487fs 

fbiC S534stop 

6 

6 

24.7% 

11.9% 

absent 

absent 

K0084 Bedaquiline 

Rv0678 V1A 

Rv0678 G37fs 

Rv0678 R89W 

6 

6 

6 

60.0% 

11.9% 

12.5% 

absent 

absent 

absent 

Table 16. Emergent RAVs occurring in patients with single strain 
infections while on treatment. *later relapsed and became culture 
positive 

 

To establish if emergence of resistance could be predicted by presence of 

low frequency (<1%) variants in preceding samples, I performed deep 

sequencing of resistance-associated genes (Supplementary Table 1) with 

minimum and mean coverage of 2897x and 4072x respectively. Seven of the 

nine patients with emergent resistance had deep-sequenced samples 

preceding emergence of resistance. Deep sequencing revealed large 

numbers of low frequency variants. For example, the mean number of 
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Rv0678 variants called was 66 in each baseline sample. Despite this, in the 

seven samples with >1 preceding deep sequenced-isolate, the emergent 

variants described in Table 16 were not identified apart from patient P3524, 

where three of five additional variants that appeared at month six were 

present at <1% frequency in the month 2 sample.   

 

Discussion 

In this study I have analysed within-host diversity of M. tuberculosis isolates 

at the whole genome level, across gene classes and at specific resistance-

associated sites in several South African TB cohorts. A particular strength of 

this study is that all cohorts were prospective, reducing the potential for bias 

in patient selection and by limiting the number of subculturing steps prior to 

and following isolate storage.  

 

The 6% rate of mixed infection that we identified is not as high as the 10-

20% that has been reported in other studies in high-burden settings,57,109 

especially considering that WGS offers additional sensitivity to detect mixed 

infections compared to previous technologies. This may be because time to 

treatment initiation has decreased with health systems changes, including 

introduction of the Xpert MTB/RIF rapid diagnostic.110,111 I did not identify any 

factors associated with risk of mixed infection and contrary to previous 

studies did not detect worse outcomes in patients with mixed infection, 

although I compared six-month rather than end of treatment outcome and my 

studies were heavily weighted for patients with DR-TB.  
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I sought to determine if technical factors such as subculturing in liquid or 

solid media and isolate contamination could affect within-host genetic 

diversity, and reassuringly none had a measurable effect. While subculturing 

has been shown to lead to a loss in genetic diversity, I limited subculturing to 

a single event and tried to transfer the maximum volume of liquid culture 

possible or scrape all colonies from solid plates. To prevent cross-mapping 

of contaminating reads artefactually inflating within-host genetic diversity, we 

used sequence read mapping software that allows stringent read-identity 

parameters to be set which appeared effective on this dataset.  

 

I expected diversity to be related to bacterial load in the original patient 

sample but the absence of a correlation with smear positivity or TTP may be 

because these are not ideal measures of true within-patient bacterial load, 

being inherently limited by the stochasticity of sputum sampling and potential 

culture-induced bias. Conversely other factors such as drug penetration or 

immune control may be more important drivers of within-host genetic 

diversity than bacterial population size. Supporting this, I did find greater 

genetic diversity in patients with cavitary disease which may lead to spatially 

separated bacterial subpopulations, likely exposed to a different 

microenvironment for example in respect to drug concentrations (Table 11). I 

also observed higher within-host genetic diversity in patients who were HIV 

positive but not taking ART suggesting an effect of immune constitution not 

captured by CD4 count. M. tuberculosis lineage 2 was correlated with greater 

diversity than lineage 4, supportive of the proposed higher mutation rate in 

lineage 2.28,29 DS and MDR-TB infections had similar genetic diversity, while 
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preXDR/XDR were less diverse and may represent the likely fitness costs of 

these additional mutations (Table 11).112 

 

Overall, clinical outcomes were excellent with similar six-month outcomes in 

DS and MDR-TB, backing up recent promising observational reports from 

MDR-TB programmes,113 although six-month outcomes may not fully 

translate into end of treatment outcomes.114 While mixed infections have 

previously been reported to be associated with poor end of treatment 

outcomes,84,85 in this study baseline nucleotide diversity () at the point of 

initiating or undergoing a major change in treatment regimen in single strain 

infection was not associated with six-month outcome (Table 12). Although 

we did not identify worse outcomes in patients with mixed infection (which 

may be as numbers were small), it suggests that the association between 

mixed infection and poor outcomes reported elsewhere84,85 is mediated by a 

process independent of genomic diversity. 

 

There was a significant increase in overall genomic  at weeks 1-2, which 

then reduced back to similar levels to baseline throughout the rest of 

treatment (Figure 4). There was no evidence of a decrease from baseline in 

 during the later stages of treatment, although the number of patients who 

were culture positive at later timepoints was small, and inevitably 

successfully treated patients become culture negative within the first weeks 

of treatment. The initial increase in diversity was driven by increases in  of 

multiple different gene functional categories (Figure 5). While diversity 

appeared to increase again at month six, numbers were small at this 
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timepoint. As shown previously, I observed no enrichment of T cell antigens 

or antibiotic resistance genes,91 except for the increase in diversity in 

antibiotic resistance genes at month six driven by hetRAVs in Rv0678 among 

patients who had acquired bedaquiline resistance. 

 

Frequency of genetic heteroresistance varied considerably by drug and was 

most common for bedaquiline and fluoroquinolones and rare for isoniazid 

and rifampicin in line with previous descriptions (Figure 6b).115 In contrast to 

other drugs, pyrazinamide heteroresistance was largely caused by a single 

T153fs mutation at >90% frequency that did not reach fixation, potentially as 

the associated fitness cost116 causes an evolutionary pressure to maintain 

the wild type allele (although the fitness implications of pncA mutations 

remain disputed).117 Rv0678 bedaquiline/clofazimine RAVs often persisted 

as heterozygous variants often throughout treatment, suggesting there is an 

as yet undetermined underlying biological explanation why they fail to reach 

fixation. A driving factor behind heteroresistance to other antimycobacterial 

drugs may be the existence of M. tuberculosis subpopulations in lung 

cavities, where some drugs may penetrate at subtherapeutic concentrations 

or not at all.43,118 While this has not yet been conclusively demonstrated for 

bedaquiline, along with clofazimine it is predicted to exhibit poor penetration 

into cavities.119 

 

While the majority of hetRAVs persisted or became fixed, some of those at 

lower frequencies disappeared in sequential sampling. The current allele 

frequency limit of detection of Xpert MTB/RIF for rifampicin heteroresistance 
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by Xpert MTB/RIF is 20-80%99 and 5% for fluoroquinolone heteroresistance 

by line probe assays.100 It is important that future rapid molecular diagnostics 

and whole genome sequencing pipelines are designed to identify and 

quantify genetic heteroresistance, as allele frequency may affect the clinical 

significance of these mutations. Most patients with rifampicin and all with 

fluoroquinolone heteroresistance demonstrated fluctuating hetRAV 

frequencies consistent with clonal interference (Figure 7), suggesting the 

presence of more than one subclone co-existing for weeks or months within 

a patient, rather than single dominant clone. 

 

Emergent resistance during treatment was rare in this study compared to 

reports from only a few years ago quoting acquired second-line drug 

resistance in >25% of patients with MDR-TB during treatment.120 This could 

be due to the now widespread use of bedaquiline and other bactericidal 

drugs which have been shown to reduce acquisition of second line drug 

resistance121 and other programmatic changes including introduction of rapid 

molecular diagnostics for resistance and the nine-month regimen in addition 

to the rigorous exclusion of mixed and reinfection by WGS of all isolates. 

Rv0678 variants conferring bedaquiline/clofazimine cross-resistance 

accounted for the majority of emergent resistance mutations, which is likely 

to reflect both the relative importance of these drugs to current regimens and 

also that it may be comparatively easy for M. tuberculosis to acquire 

resistance due to the large mutational target for bedaquiline/clofazimine 

resistance with any mutation disrupting the function of the Rv0678 gene 

removing repression of the MmpL5 efflux pump. 
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While there have been several reports of microheteroresistance (RAVs with 

<5% allele frequency) RAVs pre-dating the emergence of 

macroheteroresistance (RAVs with 5-95% allele frequency) or fixed 

resistance, in this prospectively enrolled cohort we found a high degree of 

noise with large numbers of very low-frequency variants detected on 

retrospective deep sequencing of isolates collected preceding the 

emergence of resistance of WGS. This may reflect either high turnover of 

variants that are rapidly selected against and/or sequencing error, and 

effectively separating the two remains challenging without a gold standard to 

discriminate the two. SureSelect RNA bait enrichment has previously been 

shown to not to bias population structure of heterozygous alleles with 

frequency >1%,122 but should be studied further in M. tuberculosis using a 

culture and sequencing pipeline that has been formally validated with in vitro 

allele mixtures of different frequencies covering the range of interest. 

However, as very few of the emergent RAVs were identified even among the 

multiple low-frequency variants that may represent standing variation or 

sequencing error,34 it suggests that weekly or more frequent sampling in 

addition to effective exclusion of sequencing error would be required to 

identify low-frequency RAVs that were likely to be clinically significant. This is 

in agreement with another study of treatment failures that found that only 

variants at >19% frequency were likely to become fixed91 and that very low-

frequency variants did not affect outcome of patients with DS-TB.84 
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Limitations of this study include that, as for the majority of studies of M. 

tuberculosis, WGS was performed on cultured isolates that may not truly 

represent the true within-host diversity. Sequencing directly from sputum is 

now possible but has not been implemented on sufficient scale to utilise 

during this study period. Not all cohorts collected samples at all timepoints, 

with week 1 data sourced from two cohorts and week 2 data from one cohort. 

Some patients were already taking treatment at the time of study entry, and 

although to be enrolled the patient would have to still be culture positive and 

require addition of 2 new drugs, it is possible that pre-treatment may have 

affected genetic diversity. Additionally, I selected cohorts that primarily 

recruited patients with DR-TB as these patients were expected to be at 

higher risk of acquiring further drug resistance and have prolonged culture 

positivity compared to patients with DS-TB. Therefore, while the findings may 

be true for these cohorts which ultimately had good treatment outcomes and 

relatively rare acquisition of further resistance, they do not necessarily 

represent a true cross-section of patients with TB in South Africa or 

elsewhere in the world.  

 

Conclusions 

In this prospective study of South African patients starting TB treatment, 

most of whom had at least first line drug-resistance, there was no association 

between within-host genetic diversity and clinical outcome for patients 

infected with a single strain. Studying within-host M. tuberculosis genetic 

diversity identifies changes in genetic diversity during treatment and is a 

potential tool to investigate the bacterial response to selective pressures. 
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Further work is required to delineate allele frequency thresholds for 

identification of significant low-frequency RAVs, and frequent sampling may 

be required to identify them. The emergence of bedaquiline/clofazimine and 

delamanid resistance is concerning and highlights the need for rigorous 

antimicrobial stewardship and resistance monitoring.  
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Results Chapter 3: Bedaquiline 

Resistance in South Africa 

Introduction 

Bedaquiline is a highly effective new TB drug and has substantially improved 

DR-TB outcomes in clinical trial113 and programmatic settings.123 The WHO 

has classified bedaquiline as a group A drug and recommends its inclusion in 

the majority of DR-TB treatment regimens.124 It is also under further 

evaluation in multiple phase III clinical trials.  

 

There have been a number of reports of bedaquiline resistance in 

patients.39,125–127 RAVs in clinical isolates are almost exclusively mutations in 

the Rv0678 gene resulting in raised M. tuberculosis MICs that mostly cause 

cross-resistance to bedaquiline and clofazimine.128 It is concerning that 2-4% 

of patients in the C208-C209 clinical trials were infected with bedaquiline-

resistant strains harbouring Rv0678 RAVs, despite minimal or no previous 

exposure to the drug.127 Serial passage of M. tuberculosis in vitro in the 

presence of clofazimine has been shown to select for the development of 

Rv0678 variants conferring bedaquiline cross-resistance even in the absence 

of bedaquiline, suggesting that clinical use of clofazimine could lead to 

bedaquiline resistance even in the context of limited bedaquiline use.129 

However, accurate identification of resistance is limited by uncertainties over 

the appropriate critical concentrations to be used to differentiate resistant 

and susceptible isolates. The MIC of bedaquiline above which isolates are 

deemed resistant has been set as 0.25g/mL, although some isolates with 
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Rv0678 mutations have MICs at or below this concentration.16 Due to limited 

data, the critical concentration for clofazimine has not been established for 

7H11 agar, although has been set at 1g/mL in mycobacterial growth 

indicator tube (MGIT) culture.16 

 

KwaZulu-Natal is the province with highest HIV and TB burden in South 

Africa. It is the site of an extensively drug-resistant TB (XDR-TB) outbreak 

initially described in Tugela Ferry.19 Subsequently XDR-TB has become 

widespread in the province, with over half of cases due to transmission of a 

highly drug-resistant strain in HIV-burdened communities.20 Bedaquiline 

clinical trials were conducted in KwaZulu-Natal and the region became an 

early adopter with over 3000 DR-TB patients receiving bedaquiline between 

2012 and 2018 (Iqbal Master, personal communication). Despite widespread 

use, no routine phenotypic or genotypic drug susceptibility testing has been 

performed for bedaquiline leaving the potential for unidentified resistance to 

spread.  

 

While baseline Rv0678 variants have been previously described, their clinical 

significance in patients with DR-TB starting bedaquiline-containing regimens 

is unclear.121 Emergence of bedaquiline resistance during treatment has also 

been documented but the frequency with which this occurs is unknown. In 

this chapter I report the frequency of baseline and emergent bedaquiline 

RAVs and associated clinical outcomes in a well-characterised prospective 

cohort of patients with DR-TB treated with bedaquiline-containing regimens 

in KwaZulu-Natal, South Africa. I also conduct phylogenetic analysis of 
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Rv0678 variants in an extended dataset of circulating M. tuberculosis strains 

in the region. 

 

Methods 

Clinical  

Sequential adult patients with DR-TB presenting at King Dinuzulu Hospital in 

KwaZulu-Natal, South Africa were enrolled in the PRAXIS study130 

(NCT03162107) between November 2016 and January 2019. The parent 

study is an adherence study of bedaquiline and ART, and HIV co-infection 

was a mandatory inclusion criterion. All patients were already taking or due 

to start antiretroviral therapy, with capacity to give written informed consent 

either in English or isiZulu. All were diagnosed with TB resistant to at least 

rifampicin by molecular or conventional methods and were within the first two 

weeks of starting a DR-TB treatment regimen including bedaquiline. Clinical 

data, questionnaires, and sputum were collected with monthly study visits 

over the first six months of treatment. Thereafter patients were followed by 

telephone until end of treatment. Bedaquiline adherence was measured 

through a cellular enabled electronic pillbox (Wisepill RT2000, Wisepill, 

South Africa) using pillbox opening as a surrogate for medication adherence 

over the first six months of treatment. Six-month cumulative adherence was 

calculated as observed compared to expected Wisepill openings. 

 

The study protocol was approved by the Biomedical Research Ethics 

Committee of the University of KwaZulu-Natal and the Columbia University 

Review Board. 
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Identification of bedaquiline and clofazimine-resistant 

isolates 

In addition to the bedaquiline-resistant isolates reported from the PRAXIS 

study, I screened all sequenced isolates from three other DR-TB cohort 

studies and a small number of isolates from patients with XDR-TB at the 

KwaZulu-Natal TB reference laboratory as described in Table 17. RAVs that 

were potentially able to cause bedaquiline or clofazimine resistance were 

identified from whole genome sequence data. A list of genomic regions and 

variants that were considered potentially causative of resistance are provided 

in Table 18. 

 

Microbiology 

Serial monthly sputum samples were obtained for liquid culture in MGIT 

(mycobacterial growth indicator tube) and solid culture on 7H11 agar for M. 

tuberculosis. Positive cultures underwent pDST for first and second-line 

drugs and bedaquiline MICs were performed for all isolates as described in 

the main Methods chapter. Other laboratory test results were captured from 

hospital electronic medical records or performed as part of study procedures 

(e.g. HIV viral load). 

 

 

Study Design 
Patients 

recruited 

Sputum 

collection 

timepoints 

Number 

of 

patients 

Number 

of 

samples 

PRAXIS 

Aim 1 

Observational 

cohort study 

MDR / XDR 

HIV 

coinfected 

BL, M1, M2, 

M3, M4, M5, 

M6, EndTX 

76 145 
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Starting 

bedaquiline 

PRAXIS 

Aim 2 

Randomised 

controlled trial 

MDR / XDR 

HIV 

coinfected 

Starting 

bedaquiline 

BL, M2, M6, 

EndTX 
41 53 

Hlabisa  

DR-TB 

Observational 

cohort study 
MDR 

BL, M1, M6, 

EndTX 

(sputum at 

BL only) 

113 113 

CUBS  

(FIND arm) 

Observational 

cohort study 
MDR 

BL, M2, M6, 

EndTX 
64 81 

CUBS  

(PZAP arm) 

Observational 

cohort study 

MDR 

Treated with 

pyrazinamide 

BL, W1, W2, 

W4, W6, 

M2, M3, M4, 

M5, M6, 

EndTX 

91 256 

Provincial 

referral 

laboratory 

isolates 

Ad hoc XDR N/A 6 28 

Total    391 676 

Table 17. List of isolate sources including four cohort studies, a 
randomised clinical trial and reference laboratory, with collection 
timepoints and number of patients and samples from each source. 
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Drug Gene Variant Reference 

Bedaquiline atpE 

D28A Segala et al131 

D28G Segala et al131 

D28N Huitric et al108 

Zimenkov et al126 

D28P Huitric et al108 

D28V Ismail et al129 

L59V Huitric et al108 

A63P Huitric et al108 

A63V Zimenkov et al126 

I66M Huitric et al108 

Clofazimine Rv1979c 
V52G Xu et al125 

V351A Zhang et al132 

Bedaquiline/ 

Clofazimine 

pepQ 

A14fs Almeida et al107 

L44P Almeida et al107 

R271fs Almeida et al107 

Any frameshift variant (see 

text) 

 

Rv0678 
Any variant (see 

Supplementary Table 12) 

 

Table 18. Variants considered potentially associated with resistance to 
bedaquiline and/or clofazimine.  

 

Selection of publicly available sequences for phylogeny 

To describe the genetic diversity of M. tuberculosis with bedaquiline and 

clofazimine RAVs and investigate phylogenetic evidence for transmission of 

resistant strains, I compiled datasets of lineage 2 and lineage 4 M. 

tuberculosis whole genome sequences from the studies in Table 17, plus 

lineage 2 (n=33) and lineage 4 (n=34) sequences from the REPORT-SA 

drug-susceptible cohort study at our centre. I also included publicly available 

sequences from previously published studies including sequences from 

Southern Africa (defined as the countries of the Southern African 

Development Community).31,92,133–136 To identify further sequences on the 

short-read archive with variants in Rv0678, I screened publicly available M. 
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tuberculosis sequences from Southern Africa using BIGSI137 against an 

internally developed updated index (to April 2019) for all previously reported 

Rv0678 RAVs.138 

 

Phylogenetic trees 

All raw sequences included were classified by lineage using phylogenetic 

SNPs.56 Sequences containing more than one sublineage-specific SNP were 

classified as mixed infections and were excluded. My final dataset comprised 

429 isolates in lineage 2 and 698 lineage 4 isolates concatenated into two 

alignments. For lineage 2 the H37Rv genome (NC_000962.3) isolate was 

included as an out-group while a lineage 3 out-group (SRR1188186) was 

included in the lineage 4 dataset. The final alignments comprised 5,563 

SNPs for lineage 2 and 18,670 SNPs for lineage 4. A maximum-likelihood 

phylogeny was constructed on both sets of SNP alignments using RaxML-

NG with 100 boot-strap replicates, a GTR+G substitution model and 

performing ascertainment correction for the number of invariant sites. 

Resulting phylogenies were plotted using the R package ggtree v1.16.5.   

 

Classification of RAVs 

In the phylogenetic analysis using public data, where MICs were not 

available, Rv0678 mutations were classified as resistance-conferring if they 

were frameshift mutations or had previously been associated with an MIC 

above the critical concentration of 0.25g/mL in 7H9/7H11 media.138 

Frameshift mutations are theoretically most likely to cause resistance as they 

disrupt the protein resulting in a loss of Rv0678 function. While this is not 

consistently demonstrated in our data we find this is usually in the context of 
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frameshift variants which have not reached fixation in the population (i.e. 

below 95% allele frequency) which may lead to variable phenotypic 

penetrance. To take account of the area of technical uncertainty covering 

strains with MICs equal to the critical concentration of 0.25g/mL, I 

introduced an ‘intermediate’ category, which has previously been proposed 

to incorporate isolates with an MIC falling outside 95% of wild-type strains.139 

Strains were labelled ‘susceptible’ if they were previously associated with a 

normal MIC, or ‘unknown’ if MIC data were not previously reported. The 

promoter variant c-11a was classified as ‘hypersusceptible’.127 The 

references used for labelling strains are shown in Table 18. 

 

Treatment outcomes 

Culture conversion at six months was defined as a minimum of two 

consecutive monthly M. tuberculosis cultures without growth at month five or 

six. End of treatment outcomes were assigned according to standard 

definitions.140 Descriptive statistics were performed using usual methods. 

Means were compared using Fisher’s exact test. The Kaplan-Meier survival 

curve was constructed with censoring for loss to follow-up and comparing 

strata using a log-rank test (SAS Version 9.4, NC, USA).  

 

Results 

Clinical demographics 

During the study period, 965 adult TB patients presented to the study site 

and were assessed for eligibility (Figure 8). Three hundred patients were 

eligible and consented to enrolment in the PRAXIS parent study. Positive 
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baseline MTB cultures and whole genome sequencing (WGS) results were 

available for 92 patients who are the subjects of the present report. There 

was an even gender balance and median age of 36 years (IQR 30.0-43.0); 

66% had a previous history of TB treatment and 23% had a previous history 

of DR-TB treatment. Median CD4 count at bedaquiline treatment initiation 

was 276 (IQR 134-452). All patients were receiving ART at starting 

bedaquiline with 80% on non-nucleoside reverse transcriptase inhibitor-

based regimens and 20% on boosted protease inhibitor based-regimens 

(Table 19). 

 

Baseline Rv0678 variants were identified in 5.4% (5/92) patients with a 

sequenced positive baseline culture prior to initiating bedaquiline treatment 

(Figure 9). Although none of the MICs for samples with baseline Rv0678 

variants exceeded the bedaquiline critical concentration, 3/5 had MICs at the 

top of the wild-type range (0.25g/mL). The bedaquiline MIC of patient B, 

who had a baseline Rv0678 variant, increased from 0.03µg/mL at baseline to 

0.25g/mL at month 2 with an increase in Rv0678 variant allele frequency 

from 72% to 96%. Additional emergent Rv0678 variants occurred in 5.7% 

(5/87) patients during treatment (Figure 9). Emergent Rv0678 variants were 

associated with a >8-fold increase in bedaquiline MIC.  
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Variable 

Patients with 

Rv0678 variants 

n = 10 (%) 

Patients without 

Rv0678 variants 

n = 82 (%) 

All patients 

n = 92 (%) 

Gender    

Male 3 (30.0) 42 (51.2) 45 (48.9) 

Female 7 (70.0) 40 (48.8) 47 (51.1) 

 

Figure 8. Enrolment flowchart showing number of patients screened, 
enrolled and included in analysis. DR-TB = drug-resistant tuberculosis, 
DST = drug susceptibility testing, ART = antiretroviral therapy, WGS = 
whole genome sequencing.  

 
 
 
 
 
 
 

300 DR-TB HIV patients 
starting bedaquiline-

containing regimens enrolled 
in parent PRAXIS Study 

297 available for analysis 

3 excluded 

99 culture positive at 
baseline 

92 successful WGS 

198 MTB culture negative 

7 failed WGS 

965 TB patients screened for 
eligibility during the study 

period 

665 not enrolled in PRAXIS Study 
 

HIV uninfected 160 
Incompatible MTB DST 24 
Not on or starting ART 2 
Not on or starting bedaquiline 5 
Pregnant 30 
Prisoner 12 
<18 years old 22 
Bedaquiline > 2 weeks prior 126 
Lacking capacity 27 
Too ill to enroll 99 
Enrolled in another study 44 
Declined to participate 24 
Other 66 
Not Recorded   
    24 

24 
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Age (y)    

<36 7 (70.0) 37 (45.1) 44 (47.8) 

≥36 3 (30.0) 45 (54.9 48 (52.2) 

Median (IQR) 31.5 (30.0-43.0) 36.0 (30.0-45.0) 36.0 (30.0-

44.0) 

Type of TB 

MDR (or RR) 

Pre-XDR 

XDR-TB 

 

2 (20.0) 

3 (30.0) 

5 (50.0) 

 

37 (45.1) 

22 (26.8) 

23 (28.1) 

 

39 (42.4) 

25 (27.2) 

28 (30.4) 

Any TB history    

Yes 6 (60.0) 55 (67.7) 61 (66.3) 

No 4 (40.0) 27 (32.9) 31 (33.7) 

History of MDR-TB 

treatment 

   

Yes 2 (20.0) 19 (23.2) 21 (22.8) 

No 8 (80.0) 63 (76.8) 71 (77.2) 

Cavitary disease on chest 

radiograph* 

Yes 

No 

 

 

0 

3 (100.0) 

 

 

19 (23.5) 

62 (76.5) 

 

 

19 (22.6) 

65 (77.4) 

CD4 cell count / mm3 at 

bedaquiline initiation** 

   

≤ 200 5 (50.0) 26 (32.9) 31 (34.8) 

> 200 5 (50.0) 53 (67.1) 58 (65.2) 

Median (IQR) 203 (108-502) 282 (134-452) 276 (134-452) 

ART     

Nevirapine 7 (70.0) 67 (81.7) 74 (80.4) 

Lopinavir/ritonavir 3 (30.0) 15 (18.3) 18 (19.6) 

 
*8 missing 
**3 missing 
 
Table 19. Baseline demographic and clinical characteristics of DR-TB HIV 
patients from KwaZulu-Natal Province, South Africa initiating bedaquiline-
containing regimens and with an M. tuberculosis isolate with whole 
genome sequencing data available (n = 92). IQR = interquartile range. 
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Figure 9. Patients with Rv0678 mutations in positive TB sputum 
cultures. Resistance profiles are for the current and most recent 
previous TB episodes. Drugs used in treatment regimen are indicated, 
with those ineffective due to resistance coloured red. H=isoniazid, 
Z=pyrazinamide, E=ethambutol, FQ=fluoroquinolones, B=bedaquiline, 
C=clofazimine, Et=ethionamide, L=linezolid, T=terizidone, PAS=p-
aminosalicylic acid, D=delamanid, Im=imipenem. Patient A was 
phenotypically ethionamide resistant in the absence of ethionamide 
resistance-associated variants. Rv0678 variants are categorised as 
baseline (orange background) or emergent (white background). Amino 
acid changes at variant sites are specified (fs = frameshift mutation). 
Bars indicate culture-positive samples without variants (grey), 
heterozygous variants (light blue) and fixed variants (dark blue). 
Minimum inhibitory concentrations (MICs) are shown at baseline and at 
subsequent timepoint if performed (red lines). *In patient J six further 
low-frequency Rv0678 variants appeared at month six (A57E, R72T, 
D88fs, D88A, G121R, L122P). 

 

All patients with baseline or emergent Rv0678 variants had resistance to 

another second-line core drug (fluoroquinolones and second-line injectable 

agents) and 60% had previously been treated for rifampicin-resistant TB. 

Patients with Rv0678 mutations were more likely to have XDR-TB (58%) 

than those without (28%). None had been previously treated with bedaquiline 

or clofazimine. No pepQ or atpE frameshift mutations or non-synonymous 

Patient ID

Resistance profile Treatment 
regimen 

(number of 
effective drugs)

6 month 
outcome

Subsequent 
outcome

Bedaquiline 
RAVs

Culture positivity and RAV presence 
by treatment month

Baseline 
MIC 

Subsequent 
MIC Current 

TB

Previous TB 

History

A Pre-XDR RR
Z FQ B C Et L Tz

PAS (3)
Failure

Lost to 
follow-up

R109L
R159fs

0.25 0.25

B Pre-XDR RR
Z FQ B C L Tz PAS 

Im (4)
Failure Death E49fs 0.03 0.25

C Pre-XDR None H Z FQ B C (2)
Culture 

converted
Successful V20G 0.25 N/A

D XDR None
H Z FQ B C Tz

PAS (3)
Failure Death F93S 0.25 0.25

E XDR RR Z FQ B C L Tz (3)
Culture 

converted
Successful F93L 0.12 N/A

F XDR None
Z FQ B C L Tz PAS 

(6)
Failure Death

C46fs
D47fs

0.06 1.0

G XDR RR
Z E FQ B C Et L Tz

PAS (6)
Culture 

converted
Successful C46fs 0.03 1.0

H XDR RR
Z E FQ B C Et L Tz

PAS (4)
Failure Failure D47fs 0.06 0.5

I XDR RR B C L Tz PAS D (6) Failure Death E147fs 0.03 0.25

J XDR None
Z FQ B C Et L Tz

PAS (5)
Failure Death

Q22P
D47fs*

0.03 1.0

B
as

el
in

e

M
o

n
th

 1

M
o

n
th

 2

M
o

n
th

 3

M
o

n
th

 4
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o

n
th

 5

M
o

n
th

 6

Culture positive, Rv0678 variant present 5-95%

Culture positive, Rv0678 variant present >95%

Culture positive, Rv0678 variant absent

MIC measured

Baseline bedaquiline RAV

Emergent bedaquiline RAV

Drugs with 
resistance in 

red
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variants previously associated with resistance were identified. No other 

phenotypic or genotypic resistance to any other drug emerged during 

treatment. Baseline drug resistance profiles and regimen composition for 

patients with baseline and emergent Rv0678 variants are shown (Figure 10). 

 

 

In 4/5 (80.0%) cases, emergent bedaquiline resistance occurred as a result 

of within-patient evolution of the infecting strain, while in one case (patient G) 

resistance was suggestive of superinfection with a bedaquiline-resistant 

strain. The month four bedaquiline-resistant strain infecting patient G was 

 

Figure 10. Baseline drug resistance profiles for patients with infection 
with Rv0678 variants, regimen composition and estimated number of 
active drugs. Patient B was additionally treated with imipenem. Patient 
A was phenotypically ethionamide resistant in the absence of 
ethionamide RAVs, and was assumed resistant for the purpose of this 
figure. Active drugs refers to the number of drugs to which each 
patient’s infection was predicted to be susceptible. 
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separated by three single nucleotide polymorphisms (SNPs) from the strain 

infecting patient F, less than the five SNP difference threshold commonly 

used to infer transmission. Both patients were admitted simultaneously to the 

same hospital and this may therefore represent a direct nosocomial 

transmission event, as there was no evidence of sample cross-

contamination. 

 

Clinical outcomes 

Median follow-up duration for the entire cohort was 12.8 months (IQR 6.0-

18.9) and mortality was 20.7% (19/92). Overall, 73/92 (79.3%) patients 

culture converted by six months. Among patients without Rv0678 mutations, 

70/82 (85%) culture converted; while in patients with baseline Rv0678 

mutations 2/5 (40%) culture converted. Among five patients with baseline 

Rv0678 variants, 3/5 (60%) had an unsuccessful outcome (two deaths and 

one loss to follow-up) compared to 16/82 (18.4%) in patients without Rv0678 

variants (p=0.058). Patients with emergent Rv0678 variants were more likely 

to be culture-positive at six months than those without (4/5, 80.0% v 12/82, 

14.6%, p=0.004) and 4/5 (80.0%) died or were lost to follow-up compared to 

15/82 (18.3%) without (p=0.007) (Figure 11). Among patients with a baseline 

or emergent Rv0678 variant, 70% (7/10) had an unsuccessful outcome 

(death, treatment failure, or loss to follow-up) compared to 18% (15/82) 

without (p=0.001). 

 

Author statement: Figure 11 was produced by Allison Wolf, Clinical 

Research Co-ordinator to Dr Max O’Donnell. The phylogenetic analysis 
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Rv0678 variants in the extended dataset 

Across the PRAXIS study and the other studies at the Africa Health 

Research Institute listed in Table 17, we identified a total of 31 isolates with 

Rv0678 RAVs from 16 patients causing raised bedaquiline and clofazimine 

MICs (Supplementary Table 10 and Supplementary Table 11). I did not 

identify any atpE, pepQ or Rv1979c variants that have previously been 

associated with resistance. RAVs were present in pre-treatment samples in 

seven patients and emerged during treatment in eight patients, with one 

patient unclassifiable due to the absence of a baseline sample. MIC testing 

was performed for 21 of the isolates with RAVs. MICs were above the critical 

concentration for bedaquiline resistance in 9/21, intermediate in 9/21, and 

shown in Figure 12 was performed by Lucy van Dorp, Postdoctoral 

Researcher with Professor François Balloux. 

 

Figure 11. Kaplan-Meier curve for survival probability following 
initiation of bedaquiline therapy with censoring for loss to follow-up. 
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within the wild-type range in 3/21. However, of the three samples in the wild-

type range, one (P0150) had an MIC that increased at a later timepoint in the 

absence of new mutations and another (H0147) was separately 

phenotypically resistant when tested at a binary critical concentration of 

0.25g/mL, suggesting challenges associated with reproducibility of 

resistance testing. The third (P0121) had a fixed F93L mutation. 

 

The distribution of clofazimine MICs in genetically wild-type and mutated 

isolates (for the list of RAVs in Table 18) is shown in Table 20, indicating an 

area of technical uncertainty around 0.25-0.5g/mL. All clofazimine MICs 

<0.25g/mL occurred in genotypically wild-type isolates, and clofazimine 

MICs >0.5g/mL all occurred in isolates with mutations listed in Table 18. 

Three separate variants were identified in Rv1979c (Supplementary Table 10 

and Supplementary Table 11): E38D, D286G and R409Q. None have been 

previously associated with resistance, and all were present in isolates with 

both low (<0.25) and high (>0.5) clofazimine MICs, suggesting that they are 

likely to be phylogenetic SNPs. 

 

Clofazimine MIC 

(g/mL) 
0.12 0.25 0.5 1.0 2.0 4.0 

Wild type 2 4 1    

Rv0678 variant  1 3 3 11 2 
Table 20. Clofazimine MICs tested on 7H11 agar with the 1% proportion 
method, showing number of isolates that have genetically wild-type 
Rv0678 and those with Rv0678 variants. 

The majority of Rv0678 RAVs 17/23 (73.9%) were heteroresistant, with the 

presence of both variant and wild-type alleles existing within the same 

clinical sample. There was considerable variety in the variants identified, with 

only three (D47fs [n=4], I67fs [n=3] and C46fs [n=2]) occurring more than 



 114 

once (Supplementary Table 10 and Supplementary Table 11). Only one 

heterozygous variant increased in frequency to fixation, with the others 

remaining heterozygous, suggesting clonal interference with other 

heterozygous Rv0678 variants in the same sample with co-existence of 

multiple separate genetic subpopulations. 

 

Eight (50%) patients infected with lineage 4 Mtb strains had Rv0678 variants, 

seven patients (44%) with lineage 2 strains and one patient (6%) with a 

lineage 1 strain. These proportions are not significantly different to the 

frequency of each lineage in the dataset (lineage 1; 2.3%, lineage 2; 27.7%, 

lineage 3; 2.3%, lineage 4; 67.7% of non-mixed infections, p=0.30). 

 

Extended South African Dataset 

I carried out a phylogenetic analysis of Rv0678 mutations in lineages 2 and 4 

– the two major M. tuberculosis lineages present both in South Africa and 

globally. The lineage 2 analysis included 429 isolates (156 newly sequenced 

from our centre), and the lineage 4 analysis 698 isolates (247 newly 

sequenced from our centre). In these extended datasets, we found an 

additional 39 patients with Rv0678 variants (5 in lineage 2 and 34 in lineage 

4), and an additional 46 patients with lineage 2 infection who had the c-11a 

promoter mutation associated with low MICs to bedaquiline.127 I did not find 

any atpE, Rv1979c or pepQ SNPs previously reported with resistance. 

However I did find four patients with previously unreported pepQ frameshift 

mutations, which may cause resistance, in the extended dataset: two 

patients with D51fs mutations (at 97.8% and 16.1% allele frequencies) that 
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were recruited into the same study in Cape Town133 (accessions 

ERR1873424 and ERR1873561) that were genetically related (one SNP 

difference), one patient with I249fs (53.3%) and S312fs (43.5%) mutations 

(SRR1175307) and one patient with a V273fs (12.1%) mutation in 

combination with an Rv0678 G121R mutation (SRR1167167). All had 

multidrug-resistant or extensively drug-resistant TB as determined by WGS. 

 

The phylogenetic relatedness of the isolates with Rv0678 variants likely to be 

associated with resistance is shown in Figure 12, Supplementary Figure 11 

and Supplementary Figure 12. In lineage 2, Rv0678 RAVs were identified in 

20 sequences from 18 patients. Apart from three sequential samples from 

patient P0082 and the likely nosocomial transmission to patient G (P0101) at 

King Dinuzulu Hospital (marked on figure with asterisk), the isolates from the 

other 16 patients contained eight different mutations and were distributed 

throughout the phylogeny, indicating multiple independent resistance 

emergence events. Five patients were from this study and five were from 

other studies in KwaZulu-Natal31 (two patients) and the Western Cape133,134 

(three patients). 

 

Among the lineage 4 strains, I identified a clade of 20 isolates from patients 

in eSwatini with an M146T mutation,141 although both resistant and 

susceptible bedaquiline MICs have previously been reported with this 

variant.125,142 Interestingly these samples were collected between 2009 and 

2012, prior to the introduction of bedaquiline or clofazimine to the country’s 

national TB programme, suggesting that they were selected for by another 
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evolutionary pressure such as previous use of clofazimine as a leprosy drug 

or the use of azole antifungals. Other Rv0678 variants likely to be associated 

with resistance were identified in 49 isolates from 40 patients, of which six 

sequences from separate patients were identified from a previous study in 

KwaZulu-Natal.31 Genetically identical sequences were isolated from three 

patients in Manguzi Hospital in KwaZulu-Natal within one month of each 

other (accessions SRR1184367, SRR1184369 and SRR1180407) that 

shared a V1fs mutation, while the other samples all appeared to represent 

independent emergences of resistance emergence events.  
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Figure 12. (previous page) Phylogeny of Southern African (A) lineage 2 
and (B) lineage 4 strains showing drug resistance profiles. Coloured 
outer ring indicates presence of Rv0678 variants as described in the key 
with associated predicted bedaquiline resistance classification. Tip label 
colours indicate multidrug (yellow) and extensively drug resistant (red) 
TB. 

 

Discussion 

In this study, I identified Rv0678 variants associated with phenotypic 

bedaquiline resistance in a cohort of DR-TB HIV patients initiating treatment 

with bedaquiline in KwaZulu-Natal, South Africa. Among patients with a 

baseline positive M. tuberculosis culture, 5.4% had baseline Rv0678 variants 

and an additional 5.7% acquired bedaquiline resistance during treatment. 

Despite the fact that phenotypic testing demonstrated MICs at or below the 

critical concentration for bedaquiline failure, for some isolates, patients with 

both baseline and emergent resistance experienced treatment failure and 

increased mortality. However, patients with Rv0678 mutations were more 

likely to have XDR-TB than those without mutations, a resistance profile that 

is associated with poor outcomes.   

 

My findings are consistent with other reports of Rv0678 variants in clinical 

isolates, many of which are associated with raised MICs below or at the 

critical concentration,16 and the understanding that the current critical 

concentration does not adequately discriminate between mutant and wild-

type isolates. Strains with higher (but nonetheless susceptible) MICs for 

other TB drugs have been linked to a higher risk of relapse.143 Thus, the key 

question is whether raised BDQ MICs (which are nonetheless below the 

critical concentration for bedaquiline) have clinical consequences and 
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undermine reliance on BDQ phenotypic DST for clinical decision making and 

monitoring resistance transmission.  

 

Both baseline and emergent Rv0678 variants occurred most frequently in 

patients with resistance to other second-line drugs. Three out of four patients 

with emergent resistance who did not culture convert at six months had 

adherence <70% indicating poor adherence was a major driver of emergent 

resistance. All acquired variants that were tested were associated with a >8-

fold MIC increase to at or above the critical concentration. As expected, 

treatment outcomes in this group were very poor, highlighting the importance 

of bedaquiline in these regimens. It is concerning that all five patients with 

emergent resistance had at least four active drugs in their regimen. 

Interestingly, emergent resistance to no other drug was found during the 

follow-up period. Bedaquiline may represent such a key drug within 

treatment regimens that resistance develops to bedaquiline or to no drug in 

the regimen. Resistance generation may have been further driven by the 

combination of bedaquiline and clofazimine, as mutations in Rv0678 can 

cause resistance to both these drugs. Additionally, it may be comparatively 

easy for bacteria to develop bedaquiline resistance, particularly with 

clofazimine co-administration. 

 

The 5.4% of baseline isolates with Rv0678 variants identified here are similar 

to the 6.6% of isolates with non-synonymous variants from the C208 and 

C209 bedaquiline clinical trials127 (p=0.81). C209 reported 4-fold MIC 

increases associated with Rv0678 variants in 12/205 (4.4%) patients in the 
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modified intention to treat population,121 similar to the 4/92 (4.3%) patients in 

this study, although its focus was to establish the long-term safety of 

bedaquiline rather than report detailed clinical outcomes. 

 

The majority of Rv0678 variants were heterozygous and did not reach 

fixation, suggesting that a proportion of bacteria within patients were able to 

persist despite lacking an identified bedaquiline RAV. In my extended 

dataset of 16 patients with Rv0678 variants, four were simultaneously 

infected with M. tuberculosis containing more than one heterozygous variant. 

This points to multiple emergences of resistance within each patient, which 

was most extreme for patient J who had eight different heterozygous variants 

by month six. Heteroresistance has been identified to other TB drugs 

although less frequently (as described by Operario et al144 and in Results 

Chapter 2). Heteroresistance may confound MIC testing if fitter drug 

susceptible populations predominate in phenotypic DST media and fail to 

represent the true dynamics of M. tuberculosis in the host. 

 

The phylogenies of the two major epidemic M. tuberculosis lineages in South 

Africa (lineages 2 and 4) demonstrate that RAVs occur across both lineages 

and in genetically distant strains. This indicates multiple emergence events, 

and I have additionally identified strains from earlier studies in KwaZulu-Natal 

carrying previously unidentified bedaquiline resistance. In combination with 

the emergence of resistance demonstrated in this study, this demonstrates 

the potential for bedaquiline resistance to spread unchecked throughout the 
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province if adequate routine DST and surveillance measures are not 

instituted.  

 

This study has several important limitations including the high rate of 

baseline culture negativity, meaning that two-thirds of patients treated for 

DR-TB could not be evaluated for genotypic resistance. Additionally, the total 

number of patients with Rv0678 variants was small, which limits the 

interpretation of clinical outcome differences. Many factors related to poor 

outcome also cluster together (e.g. poor adherence to ART and suboptimal 

management of HIV coinfection), making it difficult to determine to what 

extent resistance is causative of poor outcome or merely a co-variate of 

other predictors. Larger prospective studies are required to establish the 

relative contributions of poor adherence, presence of baseline resistance 

mutation and strength of the background regimen on treatment outcomes. 

However, relative strengths of this study include its size, the largest 

prospective study of bedaquiline resistance to date, and prospective study 

design. While the early adoption of bedaquiline in South Africa makes it a 

useful case study, data generated may not be generalisable outside of 

southern Africa, since the TB epidemic in South Africa is relatively unique 

due to the high rates of HIV co-infection.  

 

Conclusions 

I found Rv0678 variants associated with borderline bedaquiline MICs in 

baseline isolates from patients starting DR-TB treatment were associated 

with poor outcomes. I also identified emergent bedaquiline resistance in over 
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10% of patients with resistance to another second-line drug, raising concerns 

about optimal composition and construction of regimens for DR-TB 

treatment, especially given the central role bedaquiline plays in DR-TB 

regimens currently in use and in the clinical trial pipeline. It also calls into 

question the rationale of combining two drugs with shared mechanisms of 

resistance such as clofazimine and bedaquiline. These results highlight the 

critical importance of developing accurate genotypic monitoring for 

bedaquiline resistance and the need for careful adherence monitoring and 

support to ensure the success of new treatment strategies for DR-TB. 
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Results Chapter 4: Dating the 

Global Origins of Bedaquiline 

Resistance 

Introduction 

M. tuberculosis has demonstrated the ability to acquire resistance to every 

drug that has been employed to treat it. Drug resistance in M. tuberculosis is 

conferred by chromosomal mutations and the lack of both horizontal gene 

transfer and recombination in the organism allows whole genome 

sequencing to accurately reconstruct the global spread and acquisition of 

drug resistance mutations. Phylogenetic studies have demonstrated that 

there are often multiple introductions of M. tuberculosis lineages into distinct 

geographical regions, with repeated independent drug resistance emergence 

events occurring locally at country level.135,145,146 Resistance to the major first 

and second line drugs appears to have occurred in a stepwise manner.31,147 

For example, mutations conferring resistance to isoniazid – one of the first 

antimycobacterials introduced – tend to have been acquired prior to 

resistance to rifampicin, the other major first line drug. These also predate 

resistance mutations for second line drugs, which are so termed given they 

are used clinically to treat patients who are infected with strains already 

resistant to first line therapies. This was demonstrated in KwaZulu-Natal, 

South Africa, where resistance associated mutations accumulated between 

10 to 50 years prior to their identification, leading to the largest reported 

outbreak of XDR-TB.31 
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As described in the Introduction and Results Chapter 3, bedaquiline is a new 

antimycobacterial agent that has been responsible for significant 

improvements in DR-TB treatment outcomes, although there have been 

increasing reports of resistance emerging. Mutations conferring resistance to 

bedaquiline were first identified in the atpE gene encoding the target F1F0 

ATP synthase pump in vitro.108 Subsequently, resistance conferring 

mutations have been found in pepQ in a murine model and potentially in a 

small numbers of patients.107 However, the vast majority of resistance 

observed in clinical isolates have been identified in the context of RAVs in 

the Rv0678 gene, a negative repressor of expression of the MmpL5 efflux 

pump. Loss of function of Rv0678 leads to pump overexpression148 and 

increased MICs to bedaquiline as well as to the recently repurposed 

antimycobacterial clofazimine and the azole class of antifungal drugs128. In 

comparison to most other M. tuberculosis RAVs a diverse range of SNPs 

and frameshift Rv0678 mutations have been reported as associated to 

resistance, which are often present as heterozygous alleles within patients 

as discussed in Results Chapter 2 and elsewhere.39–41,125,126,149,150 Rv0678 

variants may be associated with a raised, normal or low bedaquiline MIC, 

with some MICs in isolates with variants clustering around the critical 

concentrations used to classify resistant versus susceptible strains. 

 

While bedaquiline and clofazimine cross-resistance has now been reported 

across three continents, following the rapid expansion in usage of both of 

these drugs, it is surprising that baseline isolates in 8/347 (2.3%) patients 

from phase IIb bedaquiline studies demonstrated Rv0678 RAVs and high 
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bedaquiline MICs in the absence of prior documented use of bedaquiline or 

clofazimine.127 While there are isolated clinical reports from multiple 

geographical regions, the global situation regarding when and where 

bedaquiline resistance is emerging has not yet been investigated. In this 

chapter, I construct whole genome sequence phylogenies of lineages 2 and 

4, the two global M. tuberculosis lineages responsible for the majority of drug 

resistance.147 I use a combination of data collected for this study and publicly 

available whole genome sequencing data. I enriched our choice of sequence 

data to include isolates with Rv0678 variants, identified using two database 

screening tools, to reconstruct the time and location of the emergence of 

variants associated with bedaquiline resistance. 

 

Authorship statement: This chapter was a collaborative work. I drafted the 

introduction, enriched baseline datasets for samples with Rv0678 variants 

and jointly wrote the discussion. Baseline datasets were provided by 

others (lineage 2 by Juanita Pang, lineage 4 by Ola Brynildsrud). The 

variant calling pipeline was designed by Arturo Torres Ortiz. Tree building 

and dating was performed by Lucy van Dorp, with confirmatory BEAST 

runs by Mislav Acman.  

 

Methods 

Sample collection 

In this study I curated large representative datasets of M. tuberculosis whole 

genome sequences encompassing the global genetic and geographic 

distribution of lineages 2 and 4 (Figure 13, Supplementary Table 11 and 
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Supplementary Spreadsheet 3). Samples were selected when full meta 

information was available on the geographic location and date of collection. 

Selected samples were also specifically enriched to include all available 

sequenced isolates with Rv0678 variants, which in some cases included 

isolates with no published metadata. To ensure high quality consensus 

alignments we required that all samples mapped with a minimum percentage 

cover of 96% and a mean coverage of 30x to the H37Rv reference genome 

(NC_000962.3). We excluded any samples with evidence of mixed strain 

infection as identified by the presence of lineage-specific SNPs to more than 

one sublineage56 or the presence of a high proportion of heterozygous 

alleles.57 The total number of samples included in the datasets we 

constructed, and their source is shown in Supplementary Table 11 and an 

index of all samples available in Supplementary Spreadsheet 3. 

 

A large, global dataset of 1669 lineage four M. tuberculosis sequences has 

recently been constructed, which we used as the basis for curating our 

lineage 4 dataset.135 As no equivalent dataset existed for lineage 2, we 

screened the Sequence Read Archive (SRA) and European Nucleotide 

Archive (ENA) using BIGSI137 for the rpsA gene sequence containing the 

lineage two defining variant rpsA a636c56 with a 100% match. This search 

returned 6307 M. tuberculosis genomes, of which 1272 represented unique 

samples that had the minimum required metadata. Metadata from three 

studies were added manually as they were not included in their respective 

SRA submissions but were available within the published study.145,151,152 
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Figure 13. Compiled global phylogenetic datasets. Panel a) and b) 
provide the geographic location of isolates included in the lineage 2 
and lineage 4 datasets respectively. Pies are scaled by the number of 
samples (given above each pie) with the colour of the inner pie 
providing the fraction of samples with any variants in Rv0678 (coloured 
as per the legend at bottom), as highlighted with an asterisk. In both 
cases samples without associated metadata on the geographic location 
of sampling are shown in the Pacific Ocean with a grey outer ring. 
Coloured outer rings provide the geographic location as given in the 
legend at bottom. c) and d) provide the collection dates associated with 
each sample in the lineage 2 and lineage 4 datasets respectively 
highlighting those with any variants in Rv0678 (colour). The timeline at 
top provides the first clinical trial into clofazimine and bedaquiline 
together with the date of bedaquiline FDA approval (2012). 

 

 

For isolates with only information on the year of sample collection we set the 

date to be equal to the middle of the year. For those with information on 

month but not date we set the date of collection to the first of the month. For 

sequenced samples which were missing associated metadata (32 lineage 2 

and 19 lineage 4) we attempted to estimate an average time of sample 

collection in order to impute a likely sampling date. To do so we computed 

the average time between date of collection and sequence upload date for all 
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samples with associated separately in each of the lineage 2 and lineage 4 

datasets (Supplementary Figure 13). For lineage 2 we estimated a mean lag 

time of 4.7 years (0.5–12.6 years 95% CI). For lineage 4, having excluded 

three sequences obtained from 18th century mummies from Hungary,23 we 

estimated a mean lag time of 6.9 years (0.6-19.1 years 95% CI). 

 

To enrich the datasets for isolates with Rv0678 variants, we included further 

sequences from our own studies in KwaZulu-Natal, South Africa (as 

described in Results Chapters 1, 2 and 3), other studies of drug-resistant TB 

in southern Africa,31,123,134–136  and Peru.153 In these cases, and to facilitate 

the most accurate possible estimation of the date of resistance emergence, 

we included all samples with Rv0678 variants as well as genetically related 

sequences without Rv0678 variants. 

 

To identify published raw sequencing data with Rv0678 variants from studies 

where bedaquiline/clofazimine resistance may have been previously 

unidentified, we screened the SRA for sequence data containing 85 

previously published Rv0678 variants40,138,149,150,154 with BIGSI.137 BIGSI was 

employed against a publicly available indexed database of complete 

SRA/ENA bacterial and viral whole genome sequences current to December 

2016, and also employed locally against an updated in-house database 

which additionally indexed SRA samples from January 2017 until January 

2019. We also used the PYGSI tool155 to interrogate BIGSI with the Rv0678 

sequence adjusted to include every possible single nucleotide substitution. In 

each instance we included 30 bases upstream and downstream of the gene 
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as annotated on the H37Rv reference genome. For the purpose of this study 

we only considered coding region non-synonymous substitutions and 

insertions and deletions. In the final lineage 2 dataset 195/1514 (12.9%) 

samples had Rv0678 variants, and in lineage 4 this was 244/2168 (11.3%). 

 

Reference mapping and variant calling 

Original fastq files for all included sequences were downloaded and paired 

reads mapped to the H37Rv reference genome with bwa mem v0.7.17.156 

Mapped reads were sorted and de-duplicated using Picard Tools v2.20 

followed by indel realignment with GATK v3.8.157 Alignment quality and 

coverage was recorded with Qualimap v2.21.53 Variant calling was 

performed using bcftools v1.9 calling variants for reads mapping with a 

minimum mapping quality of 20, base quality of 20, no evidence of strand or 

position bias, a minimum coverage depth of 10 reads and support of at least 

two reads on each strand. 

 

All sites with insufficient coverage to identify a variant or the reference were 

excluded (marked as ‘N’), as were those in or within 50 bases of PE/PPE 

genes, or in insertion sequences or phages. SNPs present in the alignment 

with at least 75% frequency were used to generate a pseudoalignment of 

equal length to the H37Rv reference using a custom Perl script for use in 

phylogenetic analysis. 

 

A more permissive variant calling pipeline was used to identify Rv0678 

variants as they are often present at <100% frequency with a high incidence 
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of frameshift mutations. Here we instead employed FreeBayes v1.254 to call 

all variants present in the Rv0678 gene (or up to 100 bases upstream) that 

were present at 5% frequency (alternate allele fraction -F 0.05) and 

supported by at least four reads including one on each strand. 

 

Classification of resistance variants 

All raw fastq files were screened using the rapid resistance profiling tool 

TBProfiler158 against a curated whole genome drug resistance mutations 

library. This allowed rapid assignment of polymorphisms associated with 

resistances to different antimycobacterial drugs and categorisation of MDR 

and XDR M. tuberculosis status (Supplementary Figure 14, Supplementary 

Figure 15, Supplementary Figure 16, Supplementary Figure 17). 

 

Classification of Rv0678 variants 

The diverse range of Rv0678 variant and paucity of widespread MIC testing 

means that there are limited data from which to infer the phenotypic 

consequences of identified Rv0678 variants. The approach we selected was 

to predict whether variants would confer a normal or raised MIC where 

strains containing that variant had previously been subjected to phenotypic 

testing (Supplementary Table 12). We introduced an intermediate category 

to describe isolates with MICs at the critical concentration (e.g. 0.25g/mL on 

Middlebrook 7H11 agar) where there is an overlap of Rv0678 mutated and 

wild-type isolates with uncertain clinical implications.16 At sites where an MIC 

had previously been reported in association with a given amino acid 

substitution at that position, we assumed that this was true for other amino 
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acid substitutions at that position as well unless there were data to indicate 

otherwise. We assumed that all other disruptive frameshift and stop 

mutations would confer resistance in light of the role of Rv0678 as a negative 

repressor where loss of function should lead to efflux pump overexpression. 

All other promoter and previously unreported missense mutations were 

categorised as unknown. 

 

Global phylogenetic inference 

The alignments for phylogenetic inference were masked for the Rv0678 

region using bedtools v2.25.0. All variant positions were extracted from the 

resulting global phylogenetic alignments using snp-sites v2.4.1,71 including a 

lineage 4 outgroup for the lineage 2 alignment (NC_000962.3) and a lineage 

3 outgroup for the lineage 4 alignment (SRR1188186). This resulted in a 

68,891 SNP alignment for lineage 4 and 29,942 SNP alignment for lineage 2. 

A maximum likelihood phylogenetic tree was constructed for both SNP 

alignments using RAxML-NG v0.9.0159 specifying a GTR+G substitution 

model, correcting for the number of invariant sites using the ascertainment 

flag (ASC_STAM) and specifying a minimum branch length of 1x10-9 

reporting 12 decimal places (--precision 12) (Figure 14). 

 

Estimating the age of emergence of Rv0678 variants 

To test whether the resulting phylogenies can be calibrated by time we first 

dropped the included outgroups from the phylogeny and rescaled the trees 

so that branches were measured in unit of substitutions. We then computed 

a linear regression between root-to-tip distance and the time of sample 
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collection using BactDating.160 In both lineage phylogenies, both with and 

without imputation of dates for samples with missing metadata, we obtained 

a significant correlation following 10,000 steps of date randomization 

(Supplementary Figure 18). 

 

To estimate a timed phylogeny we applied BactDating v1.01160 for 1x107 

MCMC iterations (nbIts=1x10-7), without updating the root (updateRoot=F), 

with a mixed gamma clock model and otherwise default parameters. In both 

cases the MCMC chains demonstrated convergence to stable values 

(Supplementary Figure 19, Supplementary Figure 20). 

 

 

 
Figure 14. BactDating inferred timed phylogenies (x-axis) for the a) 
lineage 2 and b) lineage 4 datasets. Tips are coloured by the geographic 
region of sampling as given in the legend. The bar provides the Rv0678 
phenotype (colour) based on assignment of nonsynonymous variants in 
Rv0678. 

 

The resulting phylogenetic trees were visualised and annotated for place of 

geographic sampling and Rv0678 variant status using ggtree v1.14.6.161 
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Clades carrying shared variants in Rv0678 were identified and the time to the 

age of the node (point estimates and 95% HPDs) extracted from the time-

stamped phylogeny using the R package Ape v5.3.162 For isolated samples 

exhibiting variants in Rv0678 the time of sample collection was extracted 

together with the date associated with the upper bound on the age of the 

next closest node of the tree (Figure 15, Supplementary Figure 21, 

Supplementary Figure 22). 
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Figure 15. BactDating inferred point estimates for the dates of clades 
with Rv0678 variants for the lineage 2 (a) and lineage 4 (b) datasets. 
Predicted Rv0678 phenotype is given by the colour as defined in the 
legend at bottom. The full mutation timelines are provided in 
Supplementary Figure 21 and Supplementary Figure 22. 

 

Results 

The global diversity of lineage 2 and lineage 4 

To investigate the global distribution of M. tuberculosis isolates with variants 

in Rv0678, we curated two large datasets of strains from the dominant global 

Estimated node date (point estimate)

1

*

2

*

266

55

1

50

14

*

3

2

1

1

1

52

1

*

208

*

355

*

60

75

1

*

609

1

*

24

*

3

1

*

36

*

16

13

*

189

Sampling Region

Central Asia

East Africa

East Asia

Europe

Middle East

Missing

North America

North Asia

Oceania

South Africa

South America

South Asia

West Africa

rv0678 Phenotype Prediction

Resistant Intermediate Hypersusceptible Susceptible Unknown WildType

Rv0678 Phenotype:

0

20

40

60

1
8

5
0

1
9

0
0

1
9

5
0

2
0

0
0

0

10

20

30

40

50

1
8

5
0

1
9

0
0

1
9

5
0

2
0

0
0

Li
n

e
ag

e
 2

 s
am

p
le

 c
o

u
n

t
Li

n
e

ag
e

 4
 s

am
p

le
 c

o
u

n
t

a)

b)

1

*

2

*

266

55

1

50

14

*

3

2

1

1

1

52

1

*

208

*

355

*

60

75

1

*

609

1

*

24

*

3

1

*

36

*

16

13

*

189

Sampling Region

Central Asia

East Africa

East Asia

Europe

Middle East

Missing

North America

North Asia

Oceania

South Africa

South America

South Asia

West Africa

rv0678 Phenotype Prediction

Resistant Intermediate Hypersusceptible Susceptible Unknown WildType

Clofazimine 
clinical trial

Bedaquiline clinical trial/

FDA approval



 135 

lineages 2 and 4. Both datasets were selectively enriched for samples with 

variants in Rv0678 (see Methods) and with accompanying full metadata for 

geolocation and time of sampling (Figure 13, Supplementary Table 11, 

Supplementary Spreadsheet 3, Supplementary Figure 13). The final lineage 

2 dataset included 1514 isolates collected over 24.5 years (between 1994 

and 2019) yielding a 29,942 SNP alignment of lineage 2. The lineage 4 

dataset comprised 2168 sequences collected over 232 years, including three 

samples from 18th century Hungarian mummies23 encompassing 68,891 

SNPs. Both datasets included recently generated data from South Africa 

(156 lineage 2, 243 lineage 4) and Peru (nine lineage 2, 154 lineage 4). 

 

Consistent with previous studies146,163,164 both datasets are highly diverse, 

encompassing multiple sublineages, which exhibit strong geographic 

structure (Figure 14). As a nonrecombining clonal organism, identification of 

known mutations in M. tuberculosis can provide a rapid mechanism to predict 

phenotypic resistance from genotypes. Based on genotypic profiling,115 

within the lineage 2 dataset 616 strains were classified as MDR-TB (40%) 

and 295 (20%) as XDR-TB. Within the lineage 4 dataset 796 isolates were 

classified as MDR-TB (37%) and 115 as XDR-TB (5%). Full resistance 

profiles are provided in Supplementary Figure 14. As is commonplace with 

genomic datasets, these percentages are dataset specific due to the inherent 

bias in the availability of sequence data from clinical and drug resistant 

isolates in public repositories. 
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Both the lineage 2 and 4 phylogenetic trees displayed a significant temporal 

signal (Supplementary Figure 18), making them suitable for time-calibrated 

phylogenetic inference. We estimated the time to Most Recent Common 

Ancestor (tMRCA) of both datasets using Bayesian phylogenetic tip-dating 

approaches160,165 (Supplementary Figure 19, Supplementary Figure 20). For 

lineage 2 we inferred a tMRCA of 1329CE (826CE – 1658CE 95% highest 

posterior density [HPD]) and a clock rate of 2.4x10-7 mutations per site (95% 

confidence interval 2.1x10-7 – 3x10-7). For the lineage 4 dataset we inferred a 

tMRCA of 88CE (386BCE – 489CE 95% HPD) and a clock rate of 5.7x10-8 

mutations per site (4.8x10-8 – 7.9x10-8). These inferred rates are in line with 

previously published estimates.166 Notably we found a higher clock rate in 

lineage 2 compared to lineage 4. Since lineage 2 was also found to be more 

recent than lineage 4, this is consistent with the general pattern of a lower 

apparent substitution rate when considering evolution over longer periods of 

time.167,168 

 

Identification of Rv0678 variants 

atpE and pepQ bedaquiline RAVs have only rarely been identified in clinical 

isolates. Therefore, to explore the distribution of isolates with bedaquiline 

associated mutations we focused on characterising the full mutational 

spectrum of Rv068 across both lineages. In total we identified 483 non-

synonymous and promoter Rv0678 variants in 439 sequences (195 lineage 

2; 244 lineage 4). For all non-synonymous and promoter mutations in 

Rv0678 we classified, based on the literature, six possible phenotypic 

categories: wild type (reference), hypersusceptible, susceptible, 
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intermediate, resistant and unknown (Supplementary Table 12, 

Supplementary Figure 15, Supplementary Figure 16, Supplementary Figure 

17). The most commonly observed variants and their classifications are listed 

in Table 21. Notably we identified several cases of sequenced isolates with 

variants in Rv0678 collected prior to the first clinical trials for bedaquiline in 

2007. For lineage 2 we identified 10 such cases of which 8 comprised 

variants previously associated to phenotypic bedaquiline resistance. For 

lineage 4 we identified 15 sequences with Rv0678 variants of which 13 have 

previously been previously associated with phenotypic bedaquiline 

resistance (Figure 13c-d). 

 

Of the 195 lineage 2 isolates identified with variants in Rv0678, 17 samples 

have more than one variant in the same gene (9%). In lineage 4, 15 samples 

(15/244; 6%) were observed with more than one variant co-occurring in the 

Rv0678 gene. We identified a significant relationship between the presence 

of Rv0678 variants and drug resistance status in both the lineage 2 and 4 

datasets (Supplementary Figure 16, Supplementary Figure 17), though in 

both cases we identified otherwise fully phenotypically susceptible isolates 

carrying Rv0678 RAVs (lineage 2 n=12; lineage 4 n=26). 

 

Rv0678 

variant(s) 

Previously 

observed 

resistance 

Lineage 2 Lineage 4 Total 

Ile67fs Resistant 5 84 89 

Asp5Gly Susceptible 19 3 22 

Met146Thr Susceptible 1 20 21 
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Leu40Val Unknown 0 19 19 

Arg90Cys Resistant 2 9 11 

Glu49fs Resistant 2 8 10 

Ala59Val Resistant 7 0 7 

Val20Ala Intermediate 1 6 7 

Asn98Asp Resistant 0 6 6 

Asp141fs Resistant 0 6 6 

Gly121Arg Resistant 5 1 6 

Val1Ala Resistant 6 0 6 

Arg109Leu & 

Arg156fs* 
Resistant 0 5 5 

Arg96Gly Unknown 0 5 5 

Table 21. Frequency (by lineage) of variants in Rv0678 detected in a 
total of at least (≥ 5) sequences. *These variants were seen in 

combination in 5 sequences from the same patient. 

 

One isolate (ERR2677436) which already had two Rv0678 RAVs at low 

allele frequency – Val7fs (11%) and Val20Phe (20%) – also contained two 

low frequency atpE RAVs: Glu61Asp (3.2%) and Alal63Pro (3.7%). Three 

isolates obtained in 2007-08 from separate but neighbouring Chinese 

provinces contained the Rv1979c Val52Gly RAV, which has been reported to 

be associated with clofazimine resistance in a study from China125 but was 

associated with a normal MIC in another.169 Several frameshift and 

premature stop mutations in pepQ have been previously associated with 

bedaquiline and clofazimine resistance. In this dataset, we identified 18 

frameshift mutations in pepQ across 11 patients, one of which also had a 

Rv0678 frameshift mutation. In one patient the pepQ frameshift occurred at 
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the Arg271 position previously reported to be associated with bedaquiline 

resistance.107 

 

The time to emergence of Rv0678 variants 

To estimate the age of the emergence of different Rv0678 non-synonymous 

variants, we identified all nodes in the global time calibrated phylogenies 

delineating clades of isolates carrying a particular Rv0678 variant (Figure 

15). For the lineage 2 dataset we identify 28 unique phylogenetic nodes 

where Rv0678 RAVs emerged, of which 21 were represented by a single 

isolate in the dataset. The point estimates for these nodes ranged from 

November 1995 to November 2018. Ten RAV-associated nodes were 

estimated (point estimates) to predate 2007 when the first bedaquiline 

clinical trial started (Supplementary Figure 21). 

 

For the lineage 4 dataset we identify 44 unique nodes where Rv0678 RAVs 

emerged, of which 30 were represented by a single isolate in the dataset. 

The point estimates for these nodes ranged from March 1851 to January 

2019 (Figure 15, Supplementary Figure 22). We identified one large clade of 

65 samples, predominantly collected in Peru, which all carry the Ile67fs 

Rv0687 RAV.129,170,171 We estimate this variant to have arisen in 1872 (1823-

1908). This significantly predates the first use of azoles, clofazimine or 

indeed bedaquiline. Bayesian skyline analysis of this clade indicates 

however that it only started to expand around 1950, coinciding with the 

development of clofazimine (Supplementary Figure 24).172 

 



 140 

Discussion 

Our work suggests that the emergence of variants in Rv0678, including 

RAVs, is not solely driven by the use of antimycobacterials – including 

bedaquiline and clofazimine (in treatment regimens) – or azoles which have 

also been proposed as a further potential selective force.128 A total of 333 

Rv0678 nonsynonymous variants were estimated to have emerged before 

the first clinical trials of bedaquiline in 2007. Phylogenetic inference pointed 

to the oldest bedaquiline-resistant clade composed mostly of samples from 

Peru carrying Ile67fs RAV to have emerged around 1872 (1823-1908), 

suggesting bedaquiline RAVs have been in circulation for at least 150 years. 

Our phylogenetic inference pointing to the emergence of Rv0678 

nonsynonymous variants is also confirmed by the presence of 38 sequences 

with Rv0678 RAVs collected prior to 2007. This is of particular concern as it 

implies that non-synonymous mutations in Rv0678 confer little fitness cost 

and there is a pre-existent reservoir of resistant strains including in otherwise 

fully susceptible strains, which is likely to rapidly expand with the increasing 

use of bedaquiline and clofazimine in TB treatment.  

 

We identified a large number of different Rv0678 nonsynonymous variants 

across both of our M. tuberculosis lineage cohorts; 45 in lineage 2 (19 unique 

RAV combinations) and 76 in lineage 4 (26 unique RAV combinations). Any 

mutation leading to the loss of function of the Rv0678 protein is expected to 

translate into raised bedaquiline MICs, through the overexpression of the 

MmpL5 efflux pump. The mutational target leading to bedaquiline resistance 

is wider than for most other TB drugs and further raises concerns about the 
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ease with which bedaquiline resistance can emerge during treatment. It is 

concerning that resistance to the new class of nitroimidazole drugs such as 

pretomanid and delamanid is also conferred by loss of function mutations in 

any of at least five genes, suggesting that they may also have a low barrier 

to resistance. 

 

While we identify many non-synonymous variants in Rv0678, we 

acknowledge that several of our detected variants have no associated MIC 

values available in the literature and are thus currently not phenotypically 

validated. Also, determining the phenotypic consequences of Rv0678 

variants that have previously been described is challenging as there are 

often only limited reports correlating MICs to genotypes, and at least four 

different methods are used to determine MICs (7H11, MGIT, microtitre, 

REMA), some of which do not have associated critical concentrations. Even 

where critical concentrations have been set, there is an overlap in MICs of 

isolates that appear genetically wild type and those that have mutations likely 

to cause resistance,16 with uncertain clinical implications. In addition, the 

hyper-susceptibility mutations, such as the large c-11a promoter clade in 

lineage 2, appears to increase susceptibly to bedaquiline, although the 

mechanism for this is unknown. Given the early emergence of this variant 

and its geographical concentration in South Africa and neighbouring eSwatini 

it is further suggestive of non-pharmacological influences on Rv0678 in its 

role as regulator of multiple MmpL efflux systems. While large-scale 

genotype/phenotype analyses will likely support the development of rapid 

molecular diagnostics, targeted or whole genome sequencing, at reasonable 
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depths, may provide the only opportunity to detect all possible Rv0678 RAVs 

in clinical settings. 

 

Our results are highly clinically relevant as several studies have identified the 

presence of Rv0678 variants in clinical strains isolated at baseline pre-

exposure.127,170,171 These cases, along with acquired resistance during 

therapy, are associated with substantially worse clinical outcomes in 

patients. It is therefore imperative to monitor and prevent the widespread 

transmission of bedaquiline resistant clones, particularly in high MDR/XDR-

TB settings. In addition, the long half-life of bedaquiline can result in 

exposure to subtherapeutic concentrations when treatment adherence is 

poor, selecting for further resistance. 

 

Bedaquiline resistance can also be conferred by other RAVs including in 

pepQ (bedaquiline and clofazimine), atpE (bedaquiline only) and Rv1979c 

(clofazimine only). We only found atpE mutations at low allele frequency in 

one patient who also had Rv0678 variants, which is in line with other work 

suggesting they rarely occur in clinical isolates, likely due to a high fitness 

cost. Likewise, we only identified Rv1979c mutations in three patients in 

China, although there were other variants in Rv1979c for which ability to 

cause phenotypic resistance has not been previously assessed. Frameshift 

pepQ mutations that are potentially causative of resistance were identified in 

11 patients, in keeping with its possible role as an additional rare resistance 

mechanism. 
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Conclusions 

The large and disparate set of mutations in Rv0678 we identified across our 

dataset, pre-dating the antibiotic era, highlights the importance of future 

monitoring and rapid drug susceptibility testing to inform effective treatment 

choices and mitigate the spread of further DR-TB spread. 
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Overall Conclusions 

Summary of Findings 

The work in this thesis identifies important new findings for the study of 

within-host genetic diversity of M. tuberculosis. Firstly, that WGS M. 

tuberculosis directly from sputum preserves genetic diversity (and 

conversely, that it is lost during culture). This did not have any appreciable 

impact on the identification of drug resistance in the cohort studied, although 

this may be different in other cohorts with more pre-existing resistance and 

more frequently emergent resistance 

 

Following this, I performed a longitudinal study of genetic diversity and 

genetic heteroresistance in patients with DR-TB over six months. Due to 

technical limitations at the inception of this study, this was performed on 

cultured isolates (rather than directly sequenced sputum), although 

measures were taken to limit any further loss in diversity as much as 

possible. Interestingly, baseline within-host genetic diversity increased in the 

first two weeks of treatment due to increases in diversity in multiple gene 

classes. However, genetic diversity was not related to clinical outcomes or 

acquired resistance. Acquired resistance was surprisingly rare (3.1%) in this 

cohort, although it is concerning that most of the resistance that did occur 

was to bedaquiline. 

 

Further study of bedaquiline resistance in a cohort of patient with DR-TB at 

the provincial referral hospital (58% of whom had XDR-TB) revealed that 

5.4% had baseline mutations in the bedaquiline-resistance associated 
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Rv0678 gene associated with high bedaquiline MICs, and that a further 5.7% 

of them acquired resistance during treatment. Analysis of publicly available 

data suggested that the acquisition of bedaquiline resistance is ongoing in 

multiple independent emergent events across South Africa, and I identified 

two presumed nosocomial transmissions. Expanding this to analyse large 

global datasets revealed that Rv0678 mutations that confer bedaquiline and 

clofazimine cross-resistance have actually existed prior to the antibiotic era 

suggesting that they can be selected for by non-pharmacological pressures, 

although their rate of emergence has increased since the development of 

clofazimine in the 1950s, and particularly since the use of bedaquiline in the 

last decade. 

 

Application of the Work and Future Directions 

This work is timely as it coincides with a period of rapid change in the 

diagnosis and treatment of DR-TB. The limitations of current rapid molecular 

diagnostics, such as Xpert MTB/RIF and Hain line probe assays, which do 

not identify resistance to new and repurposed drugs and have limited ability 

to detect heteroresistance, have driven the WHO to actively pursuing 

targeted sequencing solutions to be used globally. The improvements in 

genome coverage when directly sequencing M. tuberculosis from sputum 

through human DNA depletion and use of a new library preparation kit have 

the potential to be incorporated in a better direct-from-sputum sequencing 

solution, and we have applied for this system to be evaluated by the 

Foundation for Innovative New Diagnostics.  

 



 146 

The biological benefit of direct sequencing of M. tuberculosis in terms of 

improved preservation of within-host genetic diversity will inform design of 

future studies that aim to investigate within-host diversity and low frequency 

resistance mutations, but will be reliant on the development of more reliable 

direct sequencing solutions.  

 

The changes identified in with-host diversity during the initial phases of 

treatment may allow future work to understand the role of these changes and 

potentially target these genes in a therapeutic strategy. This evidence 

suggests that genetic heteroresistance is important when present at 

frequencies greater than around 20-30% of a sample, although this needs to 

be validated in larger prospective studies. Additionally, the lack of evidence I 

found for very low frequency variants (<5%) implies that if they are to be 

used clinically, a fully validated pipeline for their detection and evidence of 

their clinical relevance in prospectively collected data will be necessary. 

 

The identification of emergent bedaquiline resistance and challenges of 

relying on the current resistance critical concentration used with culture-

based susceptibility testing are highlighted will hopefully inform the uptake of 

drug susceptibility testing for new drugs in the region and further afield. In 

particular, my finding of an association of poor clinical outcomes in patients 

infected with strains containing Rv0678 RAVs that are nevertheless below 

the critical concentration for bedaquiline resistance highlights the likely need 

to test drug susceptibility at more than one concentration and potential role 

for combined genotypic and phenotypic DST.  
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Evidence that Rv0678 variants conferring bedaquiline and clofazimine cross-

resistance emerged prior to the antibiotic era and have then increased in 

frequency recently support the hypothesis that their presence may be driven 

by non-pharmacological factors, although use of these drugs likely selects for 

such variants. It highlights the need for drug susceptibility testing to these 

drugs to be accessible to all patients who are treated with them, even in 

areas where there may be thought to be little underlying resistance. 

 

I am a consultant on two further grant applications that are currently under 

assessment for follow-on work on new drug resistance in KwaZulu-Natal. In 

addition, all genetic variants identified and susceptibility testing results are 

shared with Cryptic consortium that is aiming to definitively associate genetic 

mutations and minimum inhibitory concentrations for second-line tuberculosis 

drugs. 
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Data Availability 

Data for each chapter are available at the National Center for Biotechnology 

Information Sequencing Read Archive (NCBI SRA) under the following 

BioProject accessions: 

 

Results Chapter 1 PRJNA486713 

Results Chapter 2 PRJNA559528 

Results Chapter 3 PRJNA559528 

Results Chapter 4 To be confirmed 
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Supplementary Materials 

 

Supplementary Tables 

 

Supplementary Table 1 Genes and co-ordinates on H37Rv reference 
genome for drug resistance bait set.  

 

NC_000962.3 

coordinate Description Resistance conferred 

Start End 

5139 9918 gyrB...gyrA Fluoroquinolones 

53562 55799 ponA1 Rifampicin 

125542 130641 ctpI Variable gene 

222188 223630 Rv0191 Efflux pump 

244383 247418 mmpl3 mmpL3 inhibitors 

409261 414338 iniB…iniC Isoniazid 

490682 491893 fgd1 Delamanid 

575247 576890 mshA Ethionamide 

629939 631786 Rv0538 Variable gene 

650678 651604 Rv0560c DprE1 inhibitors 

759706 767420 rpoB…rpoC Rifampicin 

775485 779587 mmpL5…Rv0678 Bedaquiline/Clofazimine 

781459 782034 rpsL Streptomycin 

800708 802233 rplC…rplD Linezolid 

814227 815090 rpsE Unknown 

840846 841756 vapB31…vapC31 Variable genes 

945955 947415 Rv0849 Streptomycin/Kanamycin 

1010035 1011834 Rv0907 Variable gene 

1302830 1305601 fbiC Delamanid 

1313624 1315291 pks3 Variable gene 

1361697 1362833 Rv1218c Streptomycin/Kanamycin 

1405980 1407440 Rv1258c Streptomycin/Kanamycin 

1416080 1417447 embR Ethambutol 

1460944 1461390 atpE Bedaquiline 

1471745 1476895 rrs…rrl Injectables 

1480793 1482601 Rv1319c Variable gene 

1586109 1587866 Rv1410c Efflux pump 

1624353 1625465 opcA Variable gene 

1673299 1675111 fabG1_promoter Isoniazid/Ethionamide 
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1833441 1835087 rpsA Pyrazinamide 

1893476 1894330 Rv1667c Efflux pump 

1917839 1918846 tlyA Capreomycin 

1929685 1931556 cycA Cycloserine 

2101550 2103142 ndh Clofazamine/Ethionamide 

2153788 2156211 katG Isoniazid 

2156048 2156692 furA Isoniazid 

2221618 2223264 Rv1979c Clofazamine 

2231579 2232319 erm(37) Macrolides 

2288580 2289341 pncA Pyrazinamide 

2294430 2307086 pks12 Variable gene 

2338608 2340974 Rv2082 Variable gene 

2414833 2416494 murD Variable gene 

2434536 2434847 Rv2172c-idsA2 Capreomycin 

2518014 2519465 kasA Isoniazid 

2714023 2715432 eis Kanamycin 

2725470 2726880 oxyR…ahpC Isoniazid 

2733129 2734244 rbsK Variable gene 

2746034 2747698 folC PAS 

2859199 2860518 pepQ Bedaquiline 

2866367 2867886 lppA…lppB Variable genes 

2881308 2882247 Rv2561 Variable genes 

2986738 2987715 ribD PAS 

3004644 3005750 Rv2688c Efflux pump 

3017734 3019521 sigA Housekeeping gene 

3022360 3023532 sigB Housekeeping gene 

3067945 3068188 thyX-hsdS.1 PAS 

3073579 3074571 thyA PAS 

3086719 3088035 ald Cycloserine 

3129243 3131873 Rv2823c Variable gene 

3152938 3154731 efpA Efflux pump 

3196330 3196950 Rv2887 DprE1 inhibitors 

3245344 3251175 ppsA Variable gene 

3272113 3273309 drrA Efflux pump 

3336695 3338017 ddlA Cycloserine 

3366543 3367367 Rv3008 Efflux pump 

3430286 3430810 mmr Streptomycin/Kanamycin 

3448403 3450091 Rv3083 Ethionamide 

3511317 3511681 PPE52-nuoA Unknown 

3568300 3568779 whiB7 Streptomycin/Kanamycin 

3624809 3626713 mtrB Variable gene 

3640442 3642981 fbiA…fbiB Delamanid 
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3840093 3841520 alr Cycloserine 

3986743 3987399 ddn Delamanid 

4007230 4008282 nat PAS 

4043761 4044381 panD Pyrazinamide 

4155639 4156829 dnaQ Variable gene 

4201793 4202713 proZ Efflux pump 

4235678 4237264 dprE1 DprE1 inhibitors 

4239762 4249910 embC…embB Ethambutol 

4268824 4269933 ubiA Ethambutol 

4325903 4328299 ethA…ethR Ethionamide 

4407427 4408302 gid Streptomycin 
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Supplementary Table 2 Original mean coverage depth and number of 
heterozygous alleles (HAs) after exclusion of hypervariable (e.g. PE/PPE) 
and ribosomal RNA genes. Patient F1096 had evidence of mixed infection 
in the sputum sequence and so was excluded from analysis.  

 

Patient ID Mean coverage depth % covered at 20x HA count 

MGIT Sputum MGIT Sputum MGIT Sputum 

BH037 71.9 97.3 95.9% 90.3% 1 2 

BH052 113.3 244.2 96.6% 90.0% 21 11 

F1002 73.9 98.7 96.8% 92.1% 5 6 

F1013 96.1 135.0 97.1% 91.6% 2 4 

F1016 58.8 255.4 95.6% 96.1% 3 4 

F1019 161.5 76.7 97.1% 88.6% 4 6 

F1051 241.5 293.4 97.3% 95.6% 7 5 

F1053 199.5 216.5 97.8% 95.2% 2 4 

F1056 256.1 92.9 96.4% 89.5% 7 12 

F1062 123.6 264.2 96.9% 95.9% 8 5 

F1066 77.8 563.9 95.8% 96.8% 4 5 

F1067 232.4 364.9 95.5% 96.5% 11 7 

F1074 184.5 173.7 97.7% 95.1% 3 4 

F1075 161.4 101.3 97.2% 90.9% 3 4 

F1077 85.4 156.1 95.9% 93.8% 2 4 

F1079 118.8 245.2 92.2% 95.7% 4 5 

F1080 97.7 94.1 93.5% 90.2% 6 9 

F1085 245.6 293.8 97.9% 97.0% 12 10 

F1094 87.0 368.5 94.0% 96.7% 5 5 

F1096 147.5 60.9 96.7% 85.8% 3 329 

F1107 138.0 417.5 96.6% 97.4% 0 1 

F1123 124.5 111.1 96.8% 93.1% 2 5 

F1126 101.1 314.8 95.8% 96.2% 6 5 

NM010 164.9 167.4 98.0% 90.3% 7 7 

RF003 139.4 80.4 98.4% 86.7% 5 5 

RF016 142.4 314.2 96.7% 97.2% 2 1 

RF017 230.1 101.8 97.5% 92.9% 13 13 

RF021 147.4 214.1 97.3% 95.8% 11 23 

WH011 132.5 172.0 98.4% 92.5% 4 4 

WH036 179.3 127.6 97.1% 87.4% 3 20 

WH041 188.5 102.2 97.5% 89.2% 0 8 

WH043 211.5 286.8 98.4% 97.0% 15 16 

WH044 169.0 217.0 98.4% 95.6% 22 45 
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Supplementary Table 3 Intergenic regions with 2 heterozygous alleles 

(HAs) across all sputum samples, ordered by greatest number of HAs per 
base. 

 

Intergenic region HAs per base Total number of HAs 

Sputum MGIT Sputum MGIT 

pe_pgrs18-mprA 0.043 0.022 16 8 

pe_pgrs45-rv2616 0.041 0.029 14 10 

nrdH-rv3054c 0.040 0.015 19 7 

proT-vapC12 0.017 0.003 6 1 

alr-rv3424c 0.017 0.003 5 1 

pe_pgrs17-rv0979c 0.013 0.000 4 0 

rv2355-ppe40 0.009 0.000 7 0 

lgt-rv1615 0.007 0.000 5 0 

rv0794c-rv0795 0.007 0.005 3 2 

rv3428c-ppe59 0.006 0.000 7 0 

pe8-rv1041c 0.002 0.001 2 1 
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Supplementary Table 4 National Center for Biotechnology Information 
Sequence Read Archive (NCBI SRA) accession numbers for each sample.  

 

Patient ID NCBI SRA Accession Number 

MGIT Sputum 

BH037 SRR11342699 SRR11342698 

BH052 SRR11342657 SRR11342646 

F1002 SRR11342635 SRR11342686 

F1013 SRR11342675 SRR11342668 

F1016 SRR11342667 SRR11342666 

F1019 SRR11342697 SRR11342696 

F1051 SRR11342665 SRR11342664 

F1053 SRR11342663 SRR11342662 

F1056 SRR11342661 SRR11342660 

F1062 SRR11342659 SRR11342658 

F1066 SRR11342656 SRR11342655 

F1067 SRR11342654 SRR11342653 

F1074 SRR11342652 SRR11342651 

F1075 SRR11342650 SRR11342649 

F1077 SRR11342648 SRR11342647 

F1079 SRR11342645 SRR11342644 

F1080 SRR11342643 SRR11342642 

F1085 SRR11342641 SRR11342640 

F1094 SRR11342639 SRR11342638 

F1096 SRR11342637 SRR11342636 

F1107 SRR11342634 SRR11342695 

F1123 SRR11342694 SRR11342693 

F1126 SRR11342692 SRR11342691 

NM010 SRR11342690 SRR11342689 

RF003 SRR11342688 SRR11342687 

RF016 SRR11342685 SRR11342684 

RF017 SRR11342683 SRR11342682 

RF021 SRR11342681 SRR11342680 

WH011 SRR11342679 SRR11342678 

WH036 SRR11342677 SRR11342676 

WH041 SRR11342674 SRR11342673 

WH043 SRR11342672 SRR11342671 

WH044 SRR11342670 SRR11342669 
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Supplementary Table 5. Database of genetic mutations used in this thesis 
that were treated as drug-resistant conferring. 
 

(A) The entirety of these databases were included: 

First line drugs (rifampicin, isoniazid, pyrazinamide, 

ethambutol) 

Walker et al173 

Second line drugs (all others) Phelan et al115 

 

(B) The following additional mutations were added: 

Gene Drug Variant 

atpE Bedaquiline D28A 

atpE Bedaquiline D28G 

atpE Bedaquiline D28N 

atpE Bedaquiline D28P 

atpE Bedaquiline D28V 

atpE Bedaquiline L59V 

atpE Bedaquiline E61D 

atpE Bedaquiline A63P 

atpE Bedaquiline A63V 

atpE Bedaquiline I66M 

Rv0678 Bedaquiline/Clofazimine 

any non-synonymous/frameshift –  

evaluated individually 

pepQ Bedaquiline/Clofazimine A14fs 

pepQ Bedaquiline/Clofazimine L44P 

pepQ Bedaquiline/Clofazimine R271fs 

Rv1979c Clofazimine V52G 

Rv1979c Clofazimine V351A 

fgd1 Delaminid G49fs 

fbiA Delaminid D49Y 

ddn Delaminid G81D 

ddn Delaminid G81S 

rplC Linezolid T460C 

rrl Linezolid c1921t 

rrl Linezolid g2061t 

rrl Linezolid g2270c/t 

rrl Linezolid g2294a 

rrl Linezolid g2299t 

rrl Linezolid g2447t 

rrl Linezolid g2576t 

rrl Linezolid g2576t 

rrl Linezolid a2689t 
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rrl Linezolid g2746a 

rrl Linezolid a2810c/t 

rrl Linezolid g2814t 

rrl Linezolid c2848a 
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Supplementary Table 6. Associations between mixed infection and patient 
and bacterial factors. 
 

Characteristic Number (%) 
p-value (no. in 

category) 

PATIENT FACTORS 

Age Category 

<25 

25-30 

30-35 

35-40 

40-50 

50 

 

1/32 (3.03%) 

5/68 (7.35%) 

8/71 (11.27%) 

4/54 (7.41%) 

1/73 (1.37%) 

2/47 (4.26%) 

 

0.195 

N=346 

Sex 

Male 

Female 

 

15/203 (7.39%) 

6/143 (4.20%) 

 

0.221 

N=346 

Previous TB 

No 

Yes 

 

11/178 (6.18%) 

10/165 (6.06%) 

 

0.963 

N=343 

HIV status 

No 

Yes 

 

6/66 (9.09%) 

15/283 (5.30%) 

 

0.244 

N=349 

CD4 count 

200 

<200 

 

6/96 (6.25%) 

2/109 (1.83%) 

 

0.103 

N=205 

Taking antiretroviral therapy 

No 

Yes 

 

5/104 (4.81%) 

9/185 (4.86%) 

 

0.983 

N=289 

Cavitation on chest 

radiography 

No 

Yes 

 

4/93 (4.30%) 

2/28 (7.14%) 

 

0.544 

N=121 

On TB treatment at enrolment 

No 

Yes 

 

11/164 (6.71%) 

10/180 (5.56%) 

 

0.656 

N=344 

BACTERIAL FACTORS 

Resistance profile 

DS 

MDR/RR 

Pre-XDR/XDR 

 

6/89 (6.74%) 

12/192 (6.77%) 

2/71 (2.82%) 

 

0.456 

N=352 
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Supplementary Table 7. Correlates of month six outcome showing hazard 
ratio and 95% confidence intervals (95% CI) and p-values calculated by 
logistic regression. All hazard ratios refer to patients with single strain 
infection, except for the hazard ratio for mixed infection.  

 

 

Characteristic Hazard ratio (95% CI)  p-value 

PATIENT FACTORS 

Age (per year increment) 1.02 (0.99-1.04) 0.2561 

Male sex 1.97 (1.11-3.48) 0.0189 

Positive HIV status 3.78 (1.31-10.94) 0.0043 

CD4 count 200 0.56 (0.27-1.18) 0.1278 

Taking antiretroviral 

therapy 

2.55 (1.21-5.38) 0.0090 

Previous TB 1.41 (0.80-2.50) 0.2331 

Cavitation on chest 

radiography 

0.63 (0.17-2.39) 0.4859 

On TB treatment at 

enrolment 

0.51 (0.29-0.90) 0.0184 

BACTERIAL FACTORS 

Mtb lineage 2 (v lineage 4) 0.98 (0.54-1.79) 0.9602 

Drug resistance profile (v 

DS) 

MDR/RR 

Pre-XDR/XDR 

 

1.62 (0.77-3.42) 

2.42 (1.04-5.59) 

 

0.204 

0.039 

Mixed infection 1.28 (0.45-3.69) 0.6415 
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Supplementary Table 8. Classification, description and nucleotide 

diversity () of the 10 most diverse coding genes in baseline sequences. 

 

Gene Classification Functional category  Functional 

description 

 

Rv1319c Non-Essential intermediary 

metabolism and 

respiration 

Probable 

adenylate cyclase 

2.65 10-4 

Rv3424c Non-Essential conserved 

hypotheticals 

Unknown 2.55 10-4 

Rv2825c Non-Essential conserved 

hypotheticals 

Unknown 1.51 10-4 

Rv1435c Non-Essential cell wall and cell 

processes 

Unknown 1.07 10-4 

Rv2319c Essential virulence, 

detoxification, 

adaptation 

Unknown 9.26 10-5 

cysA2 Non-Essential intermediary 

metabolism and 

respiration 

Sulfotransferase 7.41 10-5 

fadD18 Non-Essential lipid metabolism Lipid degredation 7.39 10-5 

Rv2081c Non-Essential cell wall and cell 

processes 

Unknown 6.46 10-5 

Rv0740 Non-Essential conserved 

hypotheticals 

Unknown 5.82 10-5 

Rv1765c Antigen conserved 

hypotheticals 

Unknown 5.32 10-5 
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Supplementary Table 9. Frequencies and outcomes of baseline hetRAVs. 

 
P

a
ti

e
n

t 
ID

 

Drug Mutation 

Allele frequency (%) 

S
a
m

p
le

 1
 

S
a
m

p
le

 2
 

S
a
m

p
le

 3
 

S
a
m

p
le

 4
 

S
a
m

p
le

 5
 

K0045 Rifampicin Asp435Val 64.1 42.6 
   

K0045 Rifampicin Ser450Leu 31.3 56.1 
   

K0056 Rifampicin Leu430Pro 15.4 77.8 100.0 
  

K0056 Rifampicin Asp435Val 75.7 18.4 0.0 
  

K0062 Rifampicin Ser450Leu 9.1 0.0 0.0 
  

K0084 Rifampicin His445Tyr 7.8 0.0 0.0 
  

K0084 Rifampicin Ser450Leu 92.3 100.0 100.0 
  

K0085 Rifampicin His445Asp 88.6 100.0 100.0 
  

K0085 Rifampicin Leu452Pro 9.1 0.0 0.0 
  

P0117 Rifampicin His445Tyr 41.4 0.0 100.0 
  

P0117 Rifampicin His445Arg 49.2 98.0 0.0 
  

P3418 Isoniazid (katG) Gly297Val 48.5 11.5 
   

K0049 Pyrazinamide Thr153fs 92.7 96.8 92.1 
  

P0037 Pyrazinamide Thr153fs 91.3 100.0 
   

P0044 Pyrazinamide Thr153fs 93.1 97.2 94.1 
  

P3505 Pyrazinamide Thr153fs 93.6 96.4 
   

P3519 Pyrazinamide Thr153fs 94.8 93.3 
   

P3535 Pyrazinamide Thr153fs 93.3 97.0 
   

K0006 Ethambutol Asp328Tyr 43.9 0.0 0.0 
  

P0027 Fluoroquinolones Glu501Asp 30.0 14.0 5.6 61.7 51.7 

P0027 Fluoroquinolones Ala90Val 39.1 36.5 91.3 10.7 0.0 

P0027 Fluoroquinolones Asp94Gly 28.4 42.9 0.0 0.0 33.9 

P0117 Fluoroquinolones Asn499Tyr 33.9 0.0 100.0 
  

P0117 Fluoroquinolones Ala90Val 14.7 0.0 0.0 
  

P0117 Fluoroquinolones Asp94Gly 47.9 100.0 0.0 
  

P0040 Second line 

injectables 

Ala67fs 88.2 94.4 
   

P0027 Bedaquiline Arg109Leu 75.4 92.3 94.3 22.5 31.3 

P0027 Bedaquiline Arg156fs 12.9 7.8 8.1 54.1 30.2 

P0150 Bedaquiline Glu49fs 72.1 96.1 96.9 
  

P3427 Bedaquiline Met146Thr 2.0 0.0 
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Supplementary Table 10. Rv0678 RAVs, phenotypic DST and bedaquiline 
and clofazimine MICs by sample. pDST for selected first and second-line 
drugs where performed and bedaquiline MICs for all patients who had or 
developed Rv0678 variants. Patients are referred to here by five-character 
study identifier, with letter in brackets referring to patient identifier from 
the main paper. Patient P3524 (J) month 6 isolate also had these variants: 
A57E (10.6%) R72T (9.2%) D88fs (12.0%) D88A (13.0%) G121R (6.0%) 
L122P (7.4%). 

 

Study ID 

(Key to 

thesis 

chapter) 

Time-

point 

Sequencing 

ID 

Rv0678 

variant 

(frequency) 

pDST 

B
e

d
a

q
u

ili
n

e
 M

IC
 

C
lo

fa
z
im

in
e

 M
IC

 

R
if
a

m
p

ic
in

 

Is
o

n
ia

z
id

 (
lo

w
) 

Is
o

n
ia

z
id

 (
h

ig
h

) 

O
fl
o

x
a

c
in

 

K
a

n
a

m
y
c
in

 

B
e

d
a

q
u

ili
n

e
 

C
lo

fa
z
im

in
e
 

P0027 

(A) 
Baseline 06_P0027B 

R109L 

(67.9%) 

R156fs 

(25.8%) 

R R R R S S R 0.25 1.0 

P0027 

(A) 
Month 1 01_P00271 

R109L 

(86.8%) 

R156fs 

(16.5%) 

       --  

P0027 

(A) 
Month 3 01_P00273 

R109L 

(86.7%) 

R156fs 

(9.5%) 

       --  

P0027 

(A) 
Month 4 01_P00274 

R109L 

(29.1%) 

R156fs 

(69.6%) 

       --  

P0027 

(A) 
Month 5 07_P00275 

R109L 

(27.8%) 

R156fs 

(69.2%) 

       --  

P0027 

(A) 
Month 6 04_P00276 

R109L 

(23.9%) 

R156fs 

(57.1%) 

R R R R S S R 0.25 2.0 

P0150 

(B) 
Baseline 08_P0150B 

E49fs 

(72.0%) 
R R R R S S R 0.03 0.25 

P0150 

(B) 
Month 1 08_P01501 

E49fs 

(94.2%) 
       --  

P0150 

(B) 
Month 2 08_P01502 

E49fs 

(96.7%) 
       0.25 2.0 

P3016 

(C) 
Baseline 14_P3016B 

V20G 

(100.0%) 
       0.25 4.0 

P0005 

(D) 
Baseline 03_P0005B 

F93S 

(100.0%) 
R R R R S S R 0.25 0.25 

P0005 

(D) 
Month 1 09_P00051 

F93S 

(100.0%) 
       --  
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P0005 

(D) 
Month 5 06_P00055 

F93S 

(100.0%) 
       --  

P0005 

(D) 
Month 6 03_P00056 

F93S 

(100.0%) 
       0.25 1.0 

P0121 

(E) 
Baseline 04_P0121B 

F93L 

(100.0%) 
R R R R R S R 0.12 

Failed 

x3 

P0082 

(F) 
Baseline 03_P0082B Wild type R R R R R S S 0.06 0.25 

P0082 

(F) 
Month 4 05_P00824 

D47fs 

(93.4%) 
       0.5 2.0 

P0082 

(F) 
Month 5 06_P00825 

C46fs 

(35.9%) 

D47fs 

(53.3%) 

       1.0 2.0 

P0082 

(F) 
Month 6 06_P00826 

C46fs 

(23.1%) 

D47fs 

(69.8%) 

R R R R R S R 1.0 2.0 

P0101 

(G) 
Baseline 04_P0101B Wild type R R R R R S S 0.03 0.12 

P0101 

(G) 
Month 4 06_P01014 

C46fs 

(97.7%) 
       1.0 2.0 

P0200 

(H) 
Baseline 09_P0200B Wild type R R R R R S S 0.06 0.25 

P0200 

(H) 
Month 6 14_P02006 

D47fs 

(92.3%) 
R R R R R R R 0.5 2.0 

P3505 (I) Baseline 13_P3505B Wild type R R R R R S S 0.03 0.12 

P3505 (I) Month 6 25_P35056 
E147fs 

(100.0%) 
       0.25 0.5 

P3524 

(J) 
Baseline 21_P3524B Wild type R R R R R S S 0.03 0.25 

P3524 

(J) 
Month 2 21_P35242 

Q22P 

(85.1%) 

D47fs 

(12.6%) 

       1.0 2.0 

P3524 

(J) 

Month 

6 
25_P35246 

Q22P 

(9.8%) 

D47fs 

(45.2%) 

 

 

     R R 0.5 2.0 
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Supplementary Table 11. Additional clinical isolates with Rv0678 RAVs. 
*There was discordance with the same sample tested separately at a 

critical concentration of 0.25g/mL appearing phenotypically resistant. 

  
 

Study 

ID  

Time-

point 

Sequencing 

ID 

Rv0678 

variant 

(frequency) 

pDST 

B
e

d
a

q
u

ili
n

e
 M

IC
 

C
lo

fa
z
im

in
e

 M
IC

 

R
if
a

m
p

ic
in

 

Is
o

n
ia

z
id

 (
lo

w
) 

Is
o

n
ia

z
id

 (
h

ig
h

) 

O
fl
o

x
a

c
in

 

K
a

n
a

m
y
c
in

 

B
e

d
a

q
u

ili
n

e
 

C
lo

fa
z
im

in
e
 

L0001 Baseline 06_L00101 Wild type        
Not 

done 

Not 

done 

L0001 
Month 

12 
07_L00102 

R96G 

(8.8%) 
       

Not 

done 

Not 

done 

L0001 
Month 

19 
06_L00103 

R96G 

(100.0%) 
       

Not 

done 

Not 

done 

H0147 Baseline 12_H0147B 
A118T 

(100.0%) 
R R R S S R R 0.12* 0.5 

H0184 Baseline 23_H0184B 
I67fs 

(8.3%) 
R R R S S S R 0.25 2.0 

F8064 
Month 

20 
13_F8064B 

D47fs 

(7.1%) 

I67fs 

(54.3%) 

L136R 

(22.6%) 

R R R R S R R 1.0 2.0 

K0056 Week 1 22_K00562 Wild type        0.06 0.5 

K0056 Week 6 22_K00566 
I67fs 

(95.1%) 
       0.5 4.0 

K0084 Baseline 24_K0084B Wild type        0.03 0.25 

K0084 Week 2 24_K00842 Wild type        
Not 

done 

Not 

done 

K0084 Month 6 26_K0084K 

V1A 

(62.8%) 

G37fs 

(8.1%) 

R89W 

(11.8%) 

       0.25 0.5 
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Supplementary Table 11. Source of whole genome sequences included in 
the global lineage 2 and lineage 4 alignments. The number in brackets 
designate those with Rv0678 variants. 

 

Data source 

Sequence count (with 

Rv0678 variants) 

Lineage 2 Lineage 4 

Base dataset 1016 (12) 1166 (0) 

South Africa – our centre 156 (12) 243 (17) 

Southern Africa – other studies 209 (51) 380 (27) 

Peru 11 (3) 266 (68) 

BIGSI 102 (102) 86 (86) 

PYSGI 18 (18) 24 (24) 

Outgroup and Strain Bank174 sequences 4 (0) 4 (0)  

Total (excluding outgroups) 1514 (198) 2168 (222)  
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Supplementary Table 12. Rv0678 mutations with previously observed 
phenotypes. 

 

Variant Previously observed phenotype Reference 

-44_delTG Intermediate Villellas et al127 

c-11a Hypersusceptible Villellas et al127 

Val1Ala Resistant Somovski et al175 

Ser2Arg Resistant Inferred 

Ser2Ile Resistant Xu et al125 

Asp5Gly Susceptible Martinez et al176 

Met17Leu Susceptible Villellas et al127 

Met17Val Susceptible Inferred 

Val20Ala Intermediate Inferred 

Val20Gly Intermediate This study 

Glu21Asp Resistant Yang et al142 

Glu21Lys Resistant Inferred 

Gln22Arg Resistant Inferred 

Gln22His Resistant Inferred 

Gln22Pro Resistant This study 

Met23Leu Susceptible Zimenkov et al126 

Met23Val Susceptible Martinez et al176 

Ser31Arg Resistant Yang et al142 

Thr33Ala Resistant Ismail et al177 

Thr33Ser Resistant Yang et al142 

Ala36Thr Resistant Ismail et al177 

Leu40Ser Intermediate Zimenkov et al126 

Leu40Phe Intermediate Inferred 

Leu40Trp Intermediate Inferred 

Trp42Arg Susceptible Villellas et al127 

Cys46Arg Resistant Ismail et al177 

Arg50Trp Resistant Villellas et al127 

Ser52Phe Resistant Villellas et al127 

Ser52Thr Resistant Inferred 
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Ser52Tyr Resistant Inferred 

Ser52Thr Resistant Inferred 

Ser53Leu Intermediate Pang et al178 

Ser53Pro Resistant Ismail et al177 

Glu55Asp Susceptible Martinez et al176 

Ala57Glu Resistant This study 

Ala59Val Resistant Villellas et al127 

Ala62Val Resistant Villellas et al127 

Ala62Thr Resistant Inferred 

Ser64Arg Resistant Hartkoorn et al128 

Ser64Gly Resistant Inferred 

Ser64Arg Resistant Inferred 

Gly66Trp Susceptible Zimenkov et al126 

Gly66Val Susceptible Inferred 

Ile67Val Intermediate Yang et al142 

Ile67Ser Resistant Ismail et al139 

Ser68Gly Resistant Andries et al148 

Ser68Asn Resistant Inferred 

Arg72Trp Resistant Ismail et al177 

Arg72Thr Resistant This study 

Leu74Pro Resistant Ismail et al177 

Gly78Arg Susceptible Zimenkov et al126 

Phe79Ser Resistant Yang et al142 

Phe79Cys Resistant Inferred 

Phe79Leu Resistant Inferred 

Leu83Pro Resistant Ismail et al177 

Val85Ala Susceptible Zimenkov et al126 

Val85Gly Susceptible Inferred 

Val85Ile Susceptible Inferred 

Gly87Arg Susceptible Martinez et al176 

Asp88Arg Resistant This study 

Asp88Gly Susceptible Yang et al142 
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Arg89Trp Intermediate This study 

Arg90Cys Resistant Yang et al142 

Phe93Leu Susceptible This study 

Phe93Ser Intermediate This study 

Phe93Val Intermediate Inferred 

Arg94Gln Resistant Andries et al148 

Asn98Asp Resistant Yang et al142 

Asn98Lys Resistant Inferred 

Asn98Ser Resistant Inferred 

Asn98Val Intermediate Zimenkov et al126 

Ala101Thr Susceptible Villellas et al127 

Ala101Ser Susceptible Inferred 

Ala102Pro Resistant Ismail et al177 

Arg109Leu Intermediate This study 

Arg109Trp Intermediate Inferred 

Ala112Ser Resistant Villellas et al127 

Ala112Thr Resistant Inferred 

Glu113Lys Intermediate Zimenkov et al126 

Asp116His Susceptible Villellas et al127 

Leu117Arg Susceptible Martinez et al176 

Ala118Thr Resistant This study 

Gly121Glu Intermediate Zimenkov et al126 

Gly121Arg Resistant This study 

Gly121Val Resistant Inferred 

Leu122Pro Resistant This study 

Leu122Met Resistant Inferred 

Arg123Lys Resistant Yang et al142 

Arg123Met Resistant Inferred 

Arg135Trp Susceptible Zimenkov et al126 

Arg135Gly Resistant Ismail et al129 

Arg135Pro Resistant Inferred 

Leu136Arg Resistant This study 
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Glu138Gly Intermediate Andries et al148 

Met139Thr Intermediate Veziris et al179 

Leu142Arg Intermediate Zimenkov et al126 

Tyr145Phe Susceptible Villellas et al127 

Met146Leu Susceptible Inferred 

Met146Thr Susceptible Yang et al142 

Leu154Pro Resistant Ismail et al180 

Tyr157Asp Susceptible Pang et al178 

Tyr157His Susceptible Inferred 

Ser158Arg Susceptible Villellas et al127 
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Supplementary Figures 
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Supplementary Figure 2 Percentage of sampled reads not assigned to M. 

tuberculosis by Kraken that had a blast hit of 30 bases to M. tuberculosis 

ribosomal RNA genes (16S or 23S rRNA from H37Rv). Bars show median and 
interquartile range. 
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Supplementary Figure 3 Total subsampled reads with a BLAST hit to M. 
tuberculosis ribosomal RNA genes, with colours indicating taxonomic 
assignment with Kraken.  
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Supplementary Figure 4. Nucleotide diversity median and interquartile range 
stratified by number of PCR cycles during library preparation. Outlying 
values are marked with circles. We observed no statistically significant 
difference between any of the four classes (Wilcoxon rank-sum test).  
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Supplementary Figure 5. Scatter plot and linear regression line of proportion 
of k-mers assigned to Mycobacteria by Kraken2 and nucleotide diversity. 
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Supplementary Figure 6. Nucleotide diversity stratified by sample culture 
media: MGIT (initial culture), 7H9 (single subculture), 7H11 (solid plate) or 
unknown. I observed no statistically significant difference between any of 
the culture media (Wilcoxon rank-sum test). 
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Supplementary Figure 7. Linear regression of increasing smear grade level 
against nucleotide diversity with fitted regression line.  
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Supplementary Figure 8. Association between increasing MGIT time to 
positivity (TTP) and nucleotide diversity with fitted linear regression.  
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Supplementary Figure 9. Box plot showing median and interquartile range of 
nucleotide diversity in sequential samples from patients who had at least 

one positive culture after week 2 at timepoints where there were 5 samples. 
Circles mark outlying values. Numbers indicate number of isolates at each 
timepoint. Bars indicate where distributions are statistically significantly 
different from baseline. 

 

 
 

  



 

 

178 

Supplementary Figure 10. Box plot showing median and interquartile range 
of nucleotide diversity in sequential isolates from patients who were not 
receiving any TB treatment at the time of enrolment. There were no 
statistically significant differences between timepoints (Wilcoxon rank-sum 
test). 
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Supplementary Figure 11. Annotated phylogenetic tree of lineage 2 isolates 
from Southern Africa enhanced for Rv0678 variants.   

 

 

LINEAGE 2 



 

 

180 

Supplementary Figure 12. Annotated phylogenetic tree of lineage 4 isolates 
from Southern Africa enhanced for Rv0678 variants.   

 

LINEAGE 4 
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Supplementary Figure 13. Distribution of difference (in decimal years) of 
collection date to release date for sequences in the lineage 2 (L2) and 
lineage 4 (L4) dataset. For L4, having excluded samples from three 18 th 
century mummies, an average of 6.9 years (0.6-19.1 years 95% CI) was 
obtained. For L2, an average lag-time of 4.7 years (0.5–12.6 years 95% CI) 
was obtained. 
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Supplementary Figure 14. Maximum likelihood phylogenetic tree of the 
lineage 2 (a) and lineage 4 (b) datasets. Tip colours provide the country of 
sample collection and outer bars give the resistance to four 
antimycobacterial drugs: fluroquinolones (FLQ), isoniazid (INH), kanamycin 
(KAN) and rifampicin (RMP). 
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Supplementary Figure 15. Number (count) of Rv0678 variants split by 
predicted phenotype (x-axis) for each geographic region included in each of 
the lineage 2 (a) and lineage 4 b) datasets. 
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Supplementary Figure 16. Contingency tables and 𝝌2 results for the 
distribution of susceptible, MDR and XDR M. tuberculosis amongst strains 
carrying variants in Rv0678 in the lineage 2 dataset. Plots provide the 
squared standardized residuals contributing to the rejection of the null 
hypothesis. The colour intensity and size of the circle is proportion to the 
contribution with positive displayed in blue and negative in red. Residuals 
>|2| are marked with an asterisk (*). a) provides the test results for all 
Rv0678 variants. b) provides the test results for only Rv0678 wild-type and 
RAVs.  
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Supplementary Figure 17. Contingency tables and 𝝌2 results for the 

distribution of susceptible, MDR and XDR M. tuberculosis amongst strains 
carrying variants in Rv0678 in the lineage 4 dataset. Plots provide the 
squared standardized residuals contributing to the rejection of the null 
hypothesis. The colour intensity and size of the circle is proportion to the 
contribution with positive displayed in blue and negative in red. Residuals 
>|2| are marked with an asterisk (*). a) provides the test results for all 
Rv0678 variants. b) provides the test results for only Rv0678 wild-type and 
RAVs (non-significant). 
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Supplementary Figure 18. Linear regressions of root-to-tip distance (y-axis) 
versus sampling dates (x-axis) for global M. tuberculosis datasets. 
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Supplementary Figure 19. BactDating MCMC traces for the lineage 2 dataset. 
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Supplementary Figure 20. BactDating MCMC traces for the lineage 4 dataset. 
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Supplementary Figure 21. Full mutational timeline for the estimated date of 
emergence (x-axis) and confidence intervals of nodes with descendent tips 
carrying nonsynonymous variants in Rv0678 in the lineage 2 dataset. All 
nonsynonymous variants are depicted. Confidence bars are coloured 
according to the region where the isolate was collected. Symbols provide 
the point estimates of the age of the node coloured by Rv0678 predicted 
phenotype. Symbols are used for all mutations occurring in ≥5 isolates, in 

this case: C-11A (n=93), Asp5Gly (n=20), Ala59Val (n=7), Val1Ala (n=6), 
Asp47fs (n=6), Ile67fs (n=5), Gly121Arg (n=5). Grey dashed lines provide the 
collection date of all sequenced isolates included in the analysis with 
Rv0678 variants. 
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Supplementary Figure 22. Full mutational timeline for the estimated date of 
emergence (x-axis) and confidence intervals of nodes with descendent tips 
carrying nonsynonymous variants in Rv0678 in the lineage 4 dataset. All 
nonsynonymous variants are depicted. Confidence bars are coloured 
according to the region where the isolate was collected. Symbols provide 
the point estimates of the age of the node coloured by Rv0678 predicted 
phenotype. Symbols are used for all mutations occurring in ≥5 isolates, in 

this case: Ile67fs (n=58), Met146Thr (n=20), Leu40Val (n=19), Asp141fs (n=9), 
Arg90ys (n=8), Glu49fs (n=7), Val20Ala (n=6), Arg96Gly (n=5), Arg109Leu & 
Arg156fs (n=5). Grey dashed lines provide the collection date of al l 
sequenced isolates included in the analysis with Rv0678 variants. 
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Supplementary Figure 23. Number (count) of Rv0678 variants split by 
predicted phenotype (x-axis) for each geographic region included in each of 
the lineage 2 (a) and lineage 4 b) datasets. 
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Supplementary Figure 24. a) Lineage 4 Rv0678 Ile67fs clade phylogeny, 
which has a tMRCA dating to 1872 (1823-1908). Phenotypic resistances for 
fluoroquinolones (FLQ), isoniazid (INH), kanamycin (KAN) and rifampicin 
(RMP) are provided as outer coloured rings. Most samples are from Peru 
(purple), though two samples are from Europe (Sweden and the 
Netherlands). b) Provides the generalised skyline plot estimate of effective 
population size through time based on the timed phylogeny of the Rv0678 
Ile67fs carrying clade. Grey lines provide the full skyline plot, black lines 
provide the coalescent intervals. The first clinical use of clofazimine and 
bedaquiline are provided by the axis at top. 
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Other Supplementary Documents 

 
Supplementary Spreadsheet 1. Accession details for samples included in 
analysis of dynamics of genetic diversity and heteroresistance (Results 
Chapter 2). 

 

Available at http://doi.org/10.5522/04/11988510  

 
Supplementary Spreadsheet 2. Accession details for samples included in the 
phylogenetic analysis of Rv0678 mutations in Southern Africa (Results 
Chapter 3). 

 

Available at http://doi.org/10.5522/04/12023271 

  

Supplementary Spreadsheet 3. List of whole genome sequences included in 
global alignments of lineage 2 and lineage 4 enriched for sequences 
enriched for Rv0678 variants (Results Chapter 4). 

 

Available at http://doi.org/10.5522/04/12023277 
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Glossary 

 

DS-TB Drug-susceptible tuberculosis 

DR-TB Drug-resistant tuberculosis 

hetRAV Heterozygous resistance-associated variant (present at 

<100% allele frequency) 

HIV Human immunodeficiency virus 

MDR-TB Multidrug-resistant tuberculosis (resistant to rifampicin and 

isoniazid) 

MGIT Mycobacterial growth indicator tube 

MIC Minimum inhibitory concentration 

(p)DST (Phenotypic) drug susceptibility testing 

PreXDR-TB Pre-extensively drug-resistant tuberculosis (MDR-TB plus 

resistance to either fluoroquinolones or second line 

injectables) 

RAV Resistance-associated variant 

RR-TB Rifampicin-resistant tuberculosis 

SNP Single nucleotide polymorphism 

TB Tuberculosis 

XDR-TB Extensively drug-resistant tuberculosis (MDR-TB plus 

resistance to fluoroquinolones and second line injectables) 

WGS Whole genome sequencing 

WHO World Health Organization 
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