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ABSTRACT

Tuberculosis (TB), caused by the pathogen Mycobacterium tuberculosis (M. th), claims
millions of lives each year and is one of the leading causes of death worldwide. One of the
many challenges to the eradication of this disease is the presence of heterogeneous bacterial
populations within the host or infection with different strain types, especially if the
metabolically quiescent population harbours drug resistance. The different growth
requirements for bacteria complicate the detection of such infections in sputum because the
type of growth media used selects for the fitter strain/genotype in culture, resulting in the
overrepresentation of actively dividing populations compared to the minority metabolically
quiescent, non-replicating populations in sputum. The purpose of this study was to determine
whether culturing sputum in axenic media (with and without growth factor supplementation)
which promote the enumeration of minority bacterial populations in sputum, revealed
genetically distinct genotypes in sputum. This was achieved by comparing the genomic
sequence obtained from uncultured sputum to the genomic sequences obtained from the same
sputum sample that has been cultured under different growth conditions. This study also
aimed to investigate within-host strain dynamics in mixed strain M. tb infections using an
artificial mixed strain infection model. Results revealed that sputum culture under various
growth conditions resulted in an increase in the observed genetic diversity in sputum due to
the emergence of different strain types and heterogeneous bacterial populations from the
same infecting strain. Furthermore, culturing was shown to be selective of a specific
genotype in sputum. The mixed strain infection model required additional time for
optimization. Conclusively, this study showed that whole genome sequencing is a useful tool
for detecting additional strain types in sputum and that minority populations present in
sputum are genetically heterogeneous and require different types of growth media to emerge

in sputum.



1. INTRODUCTION
1.1 Background

Tuberculosis (TB) is the leading cause of death globally from a single infectious agent
(World Health Organization, 2020). The causative agent for TB is the Mycobacterium
tuberculosis (M. tb) bacterium, whose success as a pathogen is attributed to its ability to
adapt to hostile environmental conditions within its host. In 2020, approximately 10 million
infections were reported and 1.5 million lives were claimed by this pathogen (World Health
Organization, 2021). The TB epidemic is most widespread in Southeast Asia, Africa, and the
Western Pacific region, accounting for 87% of the global incidence in 2019 (World Health
Organization, 2020). Developing countries are disproportionately affected by the disease due
to limited resources, ill-equipped public health intervention programs, and limited access to
reliable diagnostic tests (Castafieda-Hernandez and Rodriguez-Morales, 2013). The epidemic
is furthered fuelled by HIVV/TB co-infection, poor treatment adherence, and the emergence of
drug-resistant strains (Millet et al., 2013, Pai et al., 2016). Multidrug-resistant tuberculosis
(MDR-TB) is a type of TB that is resistant to the most potent first-line anti-TB drugs
isoniazid (INH) and rifampicin (RIF). Extensively drug resistant TB (XDR-TB) is a form of
TB that is resistant to INH, RIF, at least one fluoroquinolone, and one of the injectable agents
used in MDR-TB treatment regimens (Migliori et al., 2020). Moreover, the current Bacillus
Calmette-Guérin (BCG) vaccine is ineffective in protecting against adult pulmonary
tuberculosis, highlighting an urgent need for a global effort to strengthen TB prevention

strategies.

1.1.1. Global tuberculosis burden

Tuberculosis (TB) was declared a global health emergency by the World Health Organization
in 1993 (Nathavitharana and Friedland, 2015). It is estimated that a third of the world’s
population is latently infected, with a 5-15% risk of developing active disease (Getahun et al.,
2015, Houben and Dodd, 2016). TB infections are more common in males and this gender
bias may be attributed to the differences in social roles, risk behaviours and occupational risk
factors that place men at a higher risk of exposure to the M. tb bacilli (Nhamoyebonde and
Leslie, 2014, Miller et al., 2021). For example, stereotypical gender roles that impose the
financial responsibility and economic sustenance of the family on males while women stay at
home to care for the children increase male exposure as they are more likely to have greater
social contacts. Men also work in high incidence settings (such as mines) which may

facilitate transmission. TB infection and disease are becoming more widely recognized



during adolescence (10-19 years) and early adulthood (20-24 years) (Osman et al., 2021,
Reuter et al., 2019, Snow et al., 2020). The reason for this is not completely understood.
However, susceptibility in this age group may be explained by the immunological changes
that occur during the transition to adulthood (Osman et al., 2021). This is of concern as an
increase in severe illness or death from TB in individuals that fall within the economically

productive age group (15-54 years) could negatively affect economic growth.

1.1.2. Economic and social determinants of tuberculosis

TB control programmes are centred around medical interventions. However, a multi-sectoral
approach that includes measures to address social determinants and TB risk factors, as well as
intercepting transmission are necessary to reduce the burden of disease. Factors such as
overcrowding and poor ventilation in homes, workplaces, and transportation networks
increase the likelihood of M. th exposure (Lonnroth et al., 2009). The stigma associated with
TB negatively impacts health-seeking behaviour and poverty restricts access to health care
facilities for diagnosis or treatment (Buregyeya et al., 2011, Duarte et al., 2018, Narasimhan
et al., 2013). Malnutrition, which is common in high-burdened low socioeconomic settings
owing to food insecurity, increases disease susceptibility and severity of disease by lowering
natural immunity (Hoyt et al., 2019, Lazzari et al., 2018). Moreover, smoking, alcohol
consumption and diabetes have also been implicated as risk factors for TB disease (Bates et
al., 2007, Lonnroth et al., 2009, Rehm et al., 2009, Narasimhan et al., 2013) but human
immunodeficiency virus (HIV) infection is the most significant risk factor for TB disease
(Canetti et al., 2020, Duarte et al., 2018).

1.1.3. HIV/TB co-infection

Globally, an estimated 4.2 million TB incidence and relapse cases occurred in HIV -infected
individuals in 2020 (World Health Organization, 2021). TB infection in HIVV-endemic areas
presents a clear and ongoing challenge at the patient level as well as health system level. The
synergistic relationship of these two diseases results in higher mortality and morbidity owing
to the complex immune system dynamics that manifest during coinfection (Bruchfeld et al.,
2015, Sterling et al., 2010). Macrophages play a central role in the innate immune response to
various pathogens. Although HIV does not result in the depletion of macrophages, various
studies have shown that HIV infection impairs intrinsic macrophage-mediated defences
against a variety of intracellular pathogens (Chaturvedi et al.,1995, Gazzinelli et al.,1995,
Kedzierska et al., 2000). As a result, HIV-infected individuals are more susceptible to

illnesses caused by bacteria that are typically destroyed by mononuclear phagocytes such as
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M. tb. Furthermore, HIV reduces the CD4+ T cell count affecting CD4+ T cell immunity
against M. th. Although CD8+ T cells and other immune cells are able to defend against M. tb
infection, their combined effect is not sufficient to compensate for the loss of the dominant
CDA4+ T cell response (Prezzemolo et al., 2014). The ability of CD4+ T cells to detect M. tb-
infected antigen-presenting cells is crucial in containing the infection (Du Bruyn et al., 2021).
Furthermore, drug-drug interactions and drug cytotoxicity should be carefully evaluated in
the therapeutic management of HIVV/TB co-infection. The development of hepatotoxicity and
gastrointestinal intolerance was observed in multiple studies that aimed at determining the
pharmacokinetics of TB drugs, specifically Rifampicin, and various antiretroviral treatment
(ART) drugs (Cerrone et al., 2019, Kendall et al., 2021, Nabisere et al., 2020). Rifamycins
upregulate various drug-metabolizing enzymes and transporters, which is of consequence
since the induction of these enzymes reduces the plasma concentration and bioavailability of
co-administered drugs (Dyavar et al., 2020). Rifampicin also upregulates the synthesis of the
uridine diphosphate glucuronosyltransferase 1A1(UGT1A1) enzyme which metabolizes drug
inhibitors (Dyavar et al., 2020). In addition, immune reconstitution inflammatory syndrome
(IR1S) may develop resulting in the worsening of pre-existing disease following the initiation

of ART hence, a specific need for clinicians to monitor TB-infected patients after initiating
ART.

1.1.4. The end TB strategy

At the 671 World Health Assembly in 2014, the End TB strategy was endorsed to end the
global TB epidemic by the year 2035 (World Health Organization, 2015). This strategy aims
to achieve a 90% reduction in the global incidence rate, and a 95% reduction in the mortality
rate while reducing the financial burden experienced by TB-affected households. The strategy
includes a 2020 and a 2025 milestone based on three pillars that focus on improving service
delivery for patients, the integration of government and private sector participation, and
intensive research and innovation (World Health Organization, 2015). In recent years, the
WHO global TB control programme has explored the application of digital health
interventions to improve patient care and for public health surveillance (Falzon et al., 2016).
The rapid development of the information, communication, and technology (ICT) sector,
which presents new opportunities with each upgrade, aids in the implementation of such TB
control interventions (Lee et al., 2020). This necessitates the need for digital solutions to be
sustainable while remaining in sync with the pace of development. Moreover, the limited

evidence for the effectiveness of digital health interventions in TB control places a need for



innovative decision-makers (Guo et al., 2020). Interestingly, increased TB case detection and
treatment initiation has been observed through public-private partnerships (Datta et al., 2017,
Do Thu et al., 2020, Shelby et al., 2017). Between 2015 and 2019, the global TB incidence
and mortality has decreased by 9% and 14%, respectively. This decrease, however, was not
sufficient to meet the strategy’s 2020 milestone of a 20% reduction in incidence and a 35%
decrease in mortality. In addition, the lack of funding for TB research threatens the
realization of the 2035 objective with an investment of US$906 million in 2018, which is
55% less than the yearly target of US$2 billion (Frick and Lessem, 2020). The COVID-19
(coronavirus disease 2019) pandemic which has upended the world and forced governments
to restructure and reallocate resources in order to deal with the outbreak, has reversed the
progress of the End TB strategy. Molecular diagnostic platforms were reallocated to the
COVID-19 response and the travel restrictions that were imposed during the lockdown period
had an impact on health seeking behaviour. In countries such as India and South Africa, case
detection decreased by more than 50% between March-June 2020 (World Health
Organization, 2021). There was a 21% reduction (1.4 million) in the number of people
receiving care for TB in 2020 compared to 2019, and for the first time in a decade, TB

mortality increased with the greatest impact in high TB burdened countries (Kirby, 2021,
Lakoh et al., 2021).

1.2. Taxonomy of M. tb

It has been hypothesized that M. tb evolved from environmental to obligate human pathogens
through the adaptation to intracellular environments by organisms that feed on environmental
bacteria (such as amoebas) (Jang et al., 2008). Genomic rearrangements such as genetic
reduction and gene acquisition played a role in the evolution of the M. tb complex (MTBC)
(Gagneux, 2018). Initially, phenotypic characteristics were used to establish evolutionary
relationships between different mycobacteria however, the discriminatory power of
phenotypic characteristics was debatable due to overlapping phenotypic characteristics
among genotypically distinct organisms (Palomino et al., 2007). Advances in molecular

techniques have improved the understanding of mycobacterial taxonomic classification.

Actinobacteria is one of the largest phyla with 6 classes, 5 subclasses, 6 orders, and 14
suborders (Ludwig et al., 2012). Taxonomically, in the order of Actinomycetales,
mycobacteria belong to the family Mycobacteriaceae and the genus Mycobacterium (Figure

1.1). Currently, over 170 species of Mycobacterium have been identified (Forbes, 2017). The



species are further classified into two major groups namely the M. tb complex (MTBC) and
the non-tuberculous mycobacteria (NTM) (Sykes, 2013).
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Figure 1.1. Taxonomic classification for the M. tb complex and non-tuberculosis mycobacteria species. Adapted
from Mohammadipanah and Dehhaghi, 2017.

1.2.1. MTBC complex

The MTBC consists of eight genetically related members of a complex with a 99% nucleotide
identity and identical 16s rRNA gene sequence (Beye et al., 2018, Béddinghaus et al.,1990,
Sreevatsan et al.,1997). The members of the MTBC are as follows; M. africanum, M. bovis,
M. bovis BCG, M. canetti, M. microti, M. caprae, M. pinnipedii, and M. tuberculosis. These
species differ in terms of their host range, morphology, geographical distribution, and
pathogenicity (Comas et al., 2013, Palomino et al., 2007). Members of the MTBC are
obligate and opportunistic pathogens responsible for TB disease in both humans and animals.
Mycobacterium africanum and M. tuberculosis are the primary cause of TB disease in
humans, while M. bovis is the cause of TB disease in wild or domesticated animals
(Teppawar et al., 2018). Bovine tuberculosis (defined as TB transmitted from animals to
humans) is commonly transmitted through the consumption of unpasteurized milk and
untreated animal products. In 2019, there were approximately 140, 000 new cases of zoonotic
tuberculosis, with Africa accounting for 49.21% of these infections. (World Health
Organization, 2020). The high incidence in Africa could be attributed to the reliance on

agriculture and subsistence farming for survival. The vaccination of cattle has been employed
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as a preventative measure in endemic regions (Hope and Villarreal-Ramos, 2008, Teppawar
et al., 2018). The only approved TB vaccine for human protection is the Bacille Calmette-
Guérin (BCG) vaccine, which is based on the live attenuated M. bovis BCG strain. Non-
tuberculous mycobacteria cause clinical diseases such as lymphadenitis, skin disease, and
disseminated disease in AIDS, but do not cause TB disease (Harris et al., 2009, Horsburgh Jr,
1996).

1.3 Tuberculosis pathogenesis

1.3.1. Transmission and host immune response

Tuberculosis is an airborne disease transmitted through the inhalation of infected aerosol
droplets carrying viable tubercle bacilli. Infected droplets are released into the air via
coughing or sneezing from an individual with active disease and can remain airborne for
several hours (Caws et al., 2015). The bacilli travel down the nasal passage to the alveoli
where they can face one of 3 fates. They can be (i) eradicated without an immune trace of
infection (individual will have a negative tuberculin skin test (TST) result), (ii) engulfed and
contained in granulomas (TST+, disease symptom negative), or (iii) cause active disease

depending on the competency of the host's immune system (Dheda et al., 2016).

1.3.2. Establishment of latent TB infection

The immune cascade following M. tb infection begins with the recognition of protein-
associated molecular patterns (PAMPS) on the surface of the pathogen by pattern recognition
receptors (PRRs) and toll-like receptors (TLRS) on the macrophage surface. This initiates the
innate immune response resulting in macrophage phagocytosis (Liu et al., 2017). The
macrophage then encapsulates the bacteria in its phagosome and fuses with the lysosome to
dissolve and eliminate the pathogen. M. tb can inhibit macrophage maturation and
phagosome-lysosome fusion thus promoting its survival within the host. Studies have
attributed this to the release of protein tyrosine phosphatase A (PTPA) by M. tb which binds
to the H-subunit of the vacuolar-H*-ATPase, preventing the recruitment of effector EEAL
(early endosome antigen 1) and RILP (Rab7-interacting lysosomal protein) which are specific
for Rab 5 and Rab 7 (Ras-associated binding) protein (Langemeyer et al., 2018, Ldpez de
Armentia et al., 2016, Mascarello et al., 2013, Wong et al., 2011). A cell-mediated
inflammatory response then recruits proinflammatory cytokines, chemokines, and other

immune cells to surround the site of infection resulting in the formation of a granuloma



which consists of M. tb infected macrophages in the centre. Infected macrophages are
surrounded by epithelioid cells, multinucleated cells, and an outer lymphocyte layer (Guirado
and Schlesinger, 2013). The granuloma localizes the infection and prevents dissemination.
Failure of the immune system to contain the bacilli results in the release of M. tb from the

granuloma which spreads within the lungs and causes active pulmonary TB.

1.3.3. Clinical presentations of active disease

Active TB disease can be a result of a primary infection (Primary TB) or a recurring disease
(reactivation of latent disease) (post-primary TB). The two are distinguished by their position
in the lung and histology. The granuloma, which manifests as a macroscopic lesion in the
lower or middle zones of the lung (referred to as the Gohn complex), including hilar and/or
paratracheal lymphadenopathy and enlarged lymph nodes, are characteristic of primary
disease (Heemskerk et al., 2015, Palomino et al., 2007). The self-destructive nature of the
lesion leaves a sign of calcification and fibrosis which is detectable on chest X-rays as the
Renke complex. Post-primary TB manifests as a lipid pneumonia in the periphery of the
upper lobes of the lungs (Hunter et al., 2014, Welsh et al., 2011). Lung cavitation associated
with post-primary disease promotes the endobronchial spread of the bacilli resulting in
continuous sputum production and elimination (Palomino et al., 2007). Symptoms that are
associated with the initial development of disease include low-grade fevers, night sweats,

coughs lasting for 3 weeks, fatigue, and unexplained weight loss (Getahun et al., 2015).

1.4. Tuberculosis treatment and prevention

1.4.1. Chemotherapy

Four first-line drugs, namely isoniazid (INH), ethambutol (EMB), pyrazinamide (PZA) and
rifampicin (RIF), have been developed to treat drug-susceptible TB. The duration of the
treatment is for a period of six months (Palomino et al., 2007). Combined therapy has been
proven to be more effective in TB treatment due to the quick selection of drug-resistant
bacilli that result from monotherapy leading to treatment failure (Li et al., 2021, Petrusevska
et al., 2020). The four drugs are administered during the first two months of treatment known
as the initial phase and only two drugs (RIF and INH) are administered for the next four
months during the sterilization phase (Nahid et al., 2016). Multi-drug resistant TB (MDR-
TB) and extensively drug-resistant TB (XDR-TB) are treated over a longer period of up to 24
months. Injectable drugs such as streptomycin, kanamycin, amikacin, and capreomycin are



required for treating MDR-TB together with fluoroguinolones such as levofloxacin,
ofloxacin, moxifloxacin, and gatifloxacin (Rich and Jaramillo, 2008). XDR-TB can be treated
with bedaquiline, pretomanid, and linezolid which have been associated with improved
treatment outcomes (Padayatchi et al., 2020, Oelofse et al., 2021, Tweed et al., 2019).
Community-based initiatives to monitor and improve treatment adherence are required as
long treatment duration, drug side effects, incorrect doses and poor communication between

health care providers and patients have been identified as risk factors for treatment failure
(Viney et al., 2014).

1.4.2. BCG vaccine

The BCG vaccine is usually administered to infants and young children in high-endemic
regions for protection against severe and disseminated tuberculosis disease (Aguirre-Blanco
et al., 2007). BCG is ineffective in protecting against adult pulmonary TB (Fatima et al.,
2020, Fine, 1995). The protection offered by the vaccine is limited with studies reporting
protection for about 10-20 years (Abubakar et al., 2013, Barreto et al., 2005, Nguipdop-
Djomo et al., 2016, Rodrigues et al., 2007). The genetic diversity of the different BCG
vaccination strains and the varying degrees of T-cell responses elicited by these strains may
account for the varying levels of protection (Aguirre-Blanco et al., 2007, Ritz et al., 2012).
There is evidence of a strain-effect relationship that provides a selective advantage to specific
strain types. BCG vaccination has been shown to be less protective against typical (‘modern’)
Beijing strains (Moreno-Mendieta et al., 2019, Nieuwenhuizen and Kaufmann, 2018, Yang et
al., 2020). The safety and efficacy of new recombinant BCG vaccine candidates such as
MVAB85A, M72/AS01E and VPM1002 have been thoroughly tested (Brazier and McShane,
2020, Tait et al., 2019, Tameris et al., 2013). The results of the M72/ASO1E vaccine are
encouraging however further validation in a larger study population is required (Tait et al.,
2019).

1.5. Diagnosis

1.5.1. Smear microscopy

Smear microscopy is usually the first test performed on sputum samples to detect the
presence of acid-fast bacteria (AFB) in low resource settings using either conventional
(Ziehl-Neelson or Kinyoun) or fluorescent microscopy (auramine O) (Ryu, 2015). As a
diagnostic tool, smear microscopy has a low sensitivity requiring 5000-10 000 AFB per mL
of the specimen for a positive result (Palomino et al., 2007). This is a disadvantage for

specimens with low bacterial loads as they are at risk of false-negative diagnosis (Acharya et
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al., 2020). Moreover, AFB-smear microscopy does not distinguish between live and dead

bacteria thus requiring an additional culture step for confirmation.

1.5.2. Culture-based methods

Culture-based methods are more sensitive, requiring 10-1000 viable bacteria per mL of the
specimen for a positive result (Palomino et al., 2007). Culture sensitivity is demonstrated in
documented smear-negative sputum samples that were positive on culture (Lombardi et al.,
2017, Rasool et al., 2019, Sinshaw et al., 2019). Bacterial growth is promoted on egg-based
(Lowenstein-Jensen) and agar-based solid media (Middlebrook 7H10 and 7H11), as well as
in liquid broth (Middlebrook 7H9). The lengthy turnaround time (3-8 weeks) as a result of the
slow-growing nature of M. tuberculosis is a major limiting factor for culture-based methods
(Ryu, 2015). More recently, automated liquid culture systems that fluorometrically detect
mycobacterial growth by measuring carbon dioxide production, oxygen consumption, and
changes in gas pressure within the culture have become widely available (Cruciani et al.,
2004, Ryu, 2015). Examples of such systems include the BACTEC 9000 (Becton Dickinson
Diagnostic Systems, Sparks, MD), MB/Bact Alert 10 3D (Biomérieux, Durham, NC, USA),
and BACTEC MGIT 960 assay (Becton Dickinson Diagnostic Systems, Sparks, MD).
Automated systems are limited by their high-cost and inability to differentiate between

different mycobacterial species (Cruciani et al., 2004).

1.5.3. Molecular diagnostic tools

Accurate identification of M. tb in suspected cases is important for effective case
management. Advances in molecular diagnostics have allowed the accurate identification of
M. tb DNA in specimens using line-probe assays and nucleic acid amplification tests
(NAATS). The GeneXpert/RIF assay (Cepheid, Sunnyvale, USA) is the most widely used
NAAT endorsed by the WHO as the initial test to diagnose TB simultaneously with RIF
resistance in under 2 hours (World Health Organization, 2013). Using this system,
mycobacterial DNA is amplified by a polymerase chain reaction in a disposable cartridge and
RIF resistance is detected by mutations in the rpoB gene which codes for a f sub-unit of an
RNA polymerase that is targeted by rifampicin (Mechal et al., 2019). Cartridge usage
minimizes biohazard risks and human error. A systematic review and meta-analysis of 106
studies reported a 98% specificity and 95% sensitivity in high burden areas. However, limited
sensitivity (46%) has been reported in low burdened regions (Sohn et al., 2014, Li et al.,

2017). To overcome the limitation of the GeneXpert MTB/RIF assay in its limited ability to
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detect drug resistance, the Xpert MTB/XDR assay (Cepheid, Sunnyvale, USA) has been
developed with expanded drug susceptibility testing and a rapid turnaround time (< 90
minutes). The assay is able to detect resistance associated with drugs such as INH,

ethionamide (ETH), second-line injectable drugs, and fluoroquinolones in a single run (Penn-
Nicholson et al., 2022).

1.6. The M. tb genome
1.6.1. Key features

A defining moment in TB research was the completion of the genomic sequencing of the M.
tb H37Rv strain in 1998 (Cole et al.,1998). The genome of the organism is 4,411,529 bp long
and codes for approximately 4,000 genes of which 3,924 code for proteins, 50 code for stable
RNAs, and the function of the remaining genes is unknown. Four years later, 82 novel
protein-coding sequences were identified, with 22 of them having a putative function (Camus
et al., 2002). With an overall GC content of 65,59%, several regions with a higher GC
content (>80%) distinguished by repeat sequences were identified and related to two novel
gene families named the PE (proline-glutamate) and PPE (proline-proline-glutamate)
families. These two large multigene families account for 10% of the coding capacity of the
M. tb H37Rv genome and due to their high GC content and repetitive nature, research on this

family of genes is limited.

1.6.2. Genomic polymorphisms

Polymorphic sites (defined as regions in the DNA sequence of an individual that vary from
the DNA sequence of the parental strain) in the bacterial genome may be classified into three
groups: single nucleotide polymorphisms (SNPs), large sequence polymorphisms (LSPs) and
polymorphisms in repetitive sequences (Srinidhi Desikan, 2015). The majority of nucleotide
polymorphisms are located in the coding region of the M. tuberculosis genome, which has a
90-96% coding capacity (Namouchi et al., 2012). SNPs are random nucleotide substitutions
resulting in an amino acid change known as non-synonymous SNPs (nSNPs) or those that do
not result in an amino acid change or are functionally neutral, known as synonymous SNPs
(SSNPS). As a result of their effect on gene functions, nNSNPs are under selective pressure.
Synonymous SNPs are regarded as selectively neutral, however, there is increasing evidence
of their importance in gene regulation (Rolandelli et al., 2019, Folkvardsen et al., 2018).

Large sequence polymorphisms, defined as the insertion or deletion of nucleotide fragments
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that are less than 1kb in length into or from genomic DNA, have a varying impact on gene
function. LSPs were found to be unique event polymorphisms that occur once in a species
and do not display homoplasy (sequence similarity between different species or taxa that is of
independent evolutionary origin) (Hirsh et al., 2004). This finding suggests that LSPs do not
play a significant role in disease pathogenesis as mutations that confer evolutionary
advantages are usually under selective pressure during evolution. This hypothesis was
supported by Kato-Maeda et al. (2001) who found genomic deletions in 93 open reading
frames (ORFs) of 19 M. tb clinical strains which attenuated their pathogenicity. Contradicting
results suggested that LSP-associated indels provide a selective advantage in strains with
deletions in the plcD gene where patients infected with strains containing this deletion are
twice as likely to develop extrapulmonary TB (Yang et al., 2005). The identification of
positively selected regions in genomes may give insight into adaptive processes and
information on essential genes (Yang et al., 2005).

1.6.3. Consequences of genomic polymorphisms

The functional consequence of genomic variations in M. tb strains is often the acquisition of
traits that may or may not be advantageous for their survival and pathogenicity within the
host. Understanding the genomic differences between M. tb strains is useful for the
determination of the basis of strain-specific characteristics. Differences in SNPs and LSPs are
used to classify MTBC lineages, which include the Beijing, Central Asian strain (CAS), East
African, Haarlem, Indian (EAI), Latin American Mediterranean (LAM), S-family, T-family,
and X-family. Various genotyping methods exploit these genomic polymorphisms as genetic
markers for strain differentiation. Polymorphisms that occur in fourteen distinct regions of
the genome (known as regions of difference or RD1-14) account for the observed differences

in pathobiological features such as virulence, clinical manifestations, immunological
responses, and drug resistance (Forrellad et al., 2013, Ru et al., 2017).

Depending on the deletion of the RD1 region, the strains are further classified as ‘ancient’ or
‘modern’ lineage strains. Different immunological responses were observed between both
classes of strains. In addition to an increased risk of transmission, modern lineage strains
were associated with a weaker immunological response (De Jong et al., 2008, Hakamata et
al., 2020, Portevin et al., 2011). This is of consequence due to the high prevalence of modern
clade strains which contributes to the burden of TB disease (Portevin et al., 2011, Wiens et

al., 2018). The absence of the RD1 region, which codes for a virulence-related type VII
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secretion system, also highlights the clinical utility associated with modern BCG

vaccinations. RD1 is absent in all BCG vaccination strains but present in virulent M. tb and
M. bovis strains. (Ru etal., 2017, Kozak et al., 2011).

Associations between human genetic variations and M. tuberculosis genetic diversity provide
insights into host-pathogen co-evolution (Gagneux, 2012, McHenry et al., 2020, Uren et al.,
2021). M. tuberculosis has a low mutation rate of 0.3-0.5 mutations per genome per year and
despite this low mutation rate, it has been able to develop resistance against all drugs used
against it, indicating the robust adaptation capability of this human-adapted pathogen
(Eldholm and Balloux, 2016). Genomic regions associated with drug resistance include katG
and inhA for isoniazid, pncA for pyrazinamide, and embB for ethambutol. However,

mutations in additional drug target genes occurring as a result of antibiotic selection pressure,
results in the emergence of strains that are resistant to multiple drugs.

1.6.4. Utilisation of polymorphisms for strain characterisation

Genetic polymorphisms are caused by replication slippage, homologous recombination, and
1S6110 (insertion sequence 6110) transposition (Fang et al.,1998, Filliol et al., 2000, Groenen
et al., 1993, Hancock, 1995). The 1S6110 transposon is a mobile genetic element belonging to
the 1S3 family, of which the copy number and location within the genome are used as genetic
markers for M. tb genotyping (Cave et al., 1991, Jagielski et al., 2014, Srinidhi Desikan,
2015). To identify different strains using the IS6110 element, genomic DNA is cleaved by the
Pvull restriction enzyme, generating fragments that are separated by capillary electrophoresis
and hybridised to a membrane for visualisation (Jagielski et al., 2014). The pattern of
different Pvull fragment sizes is unique per strain lineage. A limitation of this technique is
the need for a time-consuming culture step as 2-3 ug of high-quality DNA is required for
restriction digestion. Moreover, the discriminatory power of this technique has been
demonstrated to be low for strains presenting with a low 1S6110 copy number (<6) (Cave et
al.,, 1991, Mathema et al., 2006). In such instances, secondary markers such as clustered
regularly interspaced short palindromic repeats (CRISPR) and polymorphic guanine-cytosine
(GC)-rich repetitive sequences (PGRs) are required to provide sufficient information for
strain differentiation (Srinidhi Desikan, 2015).

Mycobacterial interspersed repetitive units (MIRU) are 40-100 base pair (bp) DNA
sequences found in 24 independent loci throughout the M. tb genome. Previously, the system

was based on 12 loci however, other sets of MIRU-VNTR loci were proven to increase
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isolate discrimination over the 12-locus system (Alonso-Rodriguez et al., 2008, Iwamoto et
al., 2007). This approach utilises variations in the number of repeat sequences occurring
within the different loci. The sequences are amplified by polymerase chain reaction (PCR)
and the amplicon sizes are determined by capillary electrophoresis. (Nikolayevskyy et al.,
2016). The limited resolution of this method has been highlighted in different outbreak
investigations where local transmission was ruled out with MIRU-VNTR typing but upon the
application of whole genome sequencing (WGS), local transmission was confirmed
(Bainomugisa et al., 2018, Gardy et al., 2011, Pérez-Lago et al., 2014). The direct repeat
(DR) locus in MTBC strains consists of 10-50 copies of 36 bp DNA sequences interspersed
with non-repetitive conserved spacer sequences. Since the spacer sequences are highly
conserved and vary in their absence or presence between different strains, the DR locus is
used as a target for in vitro amplification. The DR locus is amplified by PCR using inversely
orientated primers and the PCR products are reverse hybridized to a nylon membrane
consisting of 43 covalently bound spacer oligonucleotides derived from the M. tb H37Rv, and
the M. bovis BCG strain (Kamerbeek et al.,1997). Resulting hybridization patterns are
characteristic of different evolutionary lineages. This method is utilised during Spoligotyping.
Thousands of isolates have been analysed using this technique which has provided insight
into the global M. tb strain diversity and epidemiological insights into the transmission of TB
(Brudey et al., 2006). Spoligotyping has a lower discriminatory power compared to both
IS6110-RFLP and MIRU-VNTR, which is often improved by complementation with either
technique (Mathuria et al., 2008, Sann et al., 2020).

Although these methods target genetic polymorphisms, they investigate less than 1% of the
genome (Liu et al., 2012). This limitation can be overcome by the application of next
generation whole genome sequencing (WGS) which provides the full genetic profile
including all potential genomic targets, valuable information on drug resistance, and genome

evolution which is otherwise missed by targeting the previously discussed marker sequences
(Roetzer et al., 2013).

1.7. DNA sequencing

Information on hereditary and biochemical properties within an organism is stored in the
order of the nucleic acids in polynucleotide chains. The three-dimensional structure of DNA
was solved in 1953 by efforts from Franklin, Watson, and Crick (Watson and Crick, 1953)

which led to the development of several technologies aimed at deciphering the genetic code.
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1.7.1. First generation sequencing

In 1965, Holley obtained the first ever nucleotide sequence of the alanine tRNA gene
from Saccharomyces cerevisiae through the enzymatic digestion of the polynucleotide
(Holley et al., 1965). That same year, Fred Sanger developed an alternative sequencing
method referred to as the chain termination or dideoxy method (Sanger et al.,1965). In this
method, the elongation of the nucleotide chain is terminated through the incorporation of a
dideoxynucleotide (ddNTPs) lacking a 3’-hydroxyl group required for extension by DNA
polymerase. This produces DNA fragments of different lengths, which are separated by
capillary electrophoresis and the sequence is determined on a gel. The nucleotide sequence of
the template is indicated by the sequence of the bands in the lanes. The major limitation with
this initial approach to sequencing is that the DNA being sequenced cannot exceed 1000 bp,
which becomes quite challenging when sequencing large genomes. Sanger sequencing was

generally accepted as the ‘first-generation’ sequencing (FGS) technology.

1.7.2. Second generation sequencing

The second generation of sequencing technologies (also known as next generation
sequencing technologies) were introduced in 2005. Second generation sequencing
technologies are characterised by their ability to sequence multiple fragments simultaneously,
resulting in high throughput data in a short period of time and at a lower cost (Liu et al.,
2012).

1.7.2.1. lllumina sequencing

The llumina sequencing platform is the most successful NGS system claiming a market
share of more than 70%, notably with the HiSeq and MiSeq platforms (Kulski, 2016). This
technology adopted the ‘sequencing by synthesis’ method for complementary strand
synthesis. The sequencing procedure is divided into three stages: sample preparation, cluster
generation, and sequencing (Figure 1.2). A DNA library is produced during sample
preparation by fragmenting genomic DNA within a specific size range using sonication,
nebulisation, or exonuclease activity (Quail et al., 2009). Two types of adapters
(oligonucleotides) are then ligated to the ends of the DNA fragments. These adapters consist
of a complementary region to the flow cell oligonucleotide for ligation, a sequencing primer
binding site, and an index tag for pooling multiple libraries which will be sequenced in a

single run (multiplexing). During the second stage, each DNA fragment is isothermally
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amplified by bridge PCR, generating clusters of clonal DNA. Approximately one million
copies of the original sequence are found in each cluster (Kchouk et al., 2017). Four
nucleotides (dATP, dGTP, dCTP, and dTTP), each with a distinct cleavable fluorescent dye
and blocking group, are used in the sequencing step (Liu et al., 2012). These allow the
reaction to continue one base at a time. The fluorescent dye is photographed with each
nucleotide incorporation and then removed, allowing a new cycle to begin. While providing
high throughput at lower costs, Illumina sequencing is a highly accurate technique with an
overall error rate of less than 1% (Liu et al., 2012, Stoler and Nekrutenko, 2021).
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Figure 1.2: Workflow of the Illumina sequencing system. 1)Adapters containing sequences complementary
to the flow cell oligonucleotides are ligated to the fragmented DNA during sample preparation. 2) DNA libraries
are loaded onto the flow cell for amplification using bridge PCR. 3) A fluorescent signal corresponding to each
nucleotide is emitted afterincorporation into the DNA strand.

1.7.2.2. lon torrent sequencing

The lon Torrent technology translates chemical information into sequence data (Figure 1.3).
This technology utilises a microchip with a series of microwells containing a bead. Short
DNA fragments are generated using mechanical methods prior to the ligation of adaptors.
The ligated fragments bind to oligonucleotides on the surface of the beads for sequencing

using emulsion PCR. A proton is released in solution with the incorporation of a nucleotide
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and the pH change is detected by a semiconductor transistor (Liu et al., 2012). The
sequencing accuracy is reduced in homopolymeric (>6bp) regions as the pH changes, which
are then represented as undefined peaks and are difficult to interpret (Kchouk et al., 2017).
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Figure 1.3: Workflow of lon-torrent sequencing. A-C) Single-stranded DNA fragments created during library
preparation are ligated on both ends to adapter sequences. The ligated DNA fragments are captured on
microscopic beads bound with complementary oligonucleotides. D) Hydrogen ions are released as a by-product
with the addition of each nucleotide to the DNA fragment during complimentary strand synthesis. E) Clonal
amplification of various fragments occurs simultaneously in numerous microwells. F) pH changes during each
cycle are used to determine the nucleotide sequence.

1.7.3. Applications of Next generation sequencing

Next generation sequencing technologies have shown potential in genomic research and
diagnostic settings (Barzon et al., 2011). NGS has been implemented for numerous
applications including in transcriptome sequencing at the DNA or RNA level, non-coding
RNA expression profiling, targeted gene sequencing, whole exome sequencing (WES),
and whole genome sequencing (Hempelmann et al., 2018, Hsiao et al., 2017, Nambot et al.,
2018, Tagliani et al., 2021). The sequencing of the entire genomic sequence of organisms
(WGS) has assisted in the understanding of bacterial physiological and pathogenic features,
outbreak investigations and surveillance, microbial risk assessment of foodborne pathogens,

and drug susceptibility predictions (Franz et al., 2016, Genestet et al., 2019b, Ren et al.,
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2003, Tagliani et al., 2021, Walker et al., 2015). WGS improves clinical management of drug
resistance TB (DR-TB) cases by providing information on the patient's full drug-resistance
profile. This is useful for guiding individualised clinical decisions for complex resistance
cases. In a case study by Dookie et al. (2020), additional mutations in the inhA coding region,
which were not detected by the line probe assay, were revealed by the WGS results of the
patient. Patient management was guided by experts based on the individual’s profile of
resistance (Dookie et al., 2020). Moreover, understanding the genetic changes that result in
altered drug responses through the identification of variants in drug target genes has
improved the prediction of drug-susceptible phenotypes (Farhat et al., 2016, Papakonstantinou
et al., 2021). New epistatic relationships amongst resistance-associated genes and novel
mutations to drugs such as cycloserine, para-aminosalicylic acid, and ethionamide were found in
a genome-wide association study using 6,465 M. tb clinical isolates (Coll et al., 2018). This study

revealed new drug targets that will aid in the development of treatment against DR M. tb strains.

1.8. Heterogenous M. tuberculosis bacterial populations in single sputum samples

M. tb infections were commonly thought to be clonally homogenous and limited to a single
strain. However, studies have demonstrated heterogeneity within the infecting bacterial
population (Black et al., 2015, Chengalroyen et al., 2016, Dusthackeer et al., 2019, Ford et
al., 2012, Mukamolova et al., 2010, Nimmo et al., 2019). Heterogenous bacterial populations
within the host can occur as a result of (I) mixed infection with multiple strains, (11) super
infection or re-infection with a different strain, or (111) in-host evolution of a single strain by

the acquisition of mutations (Figure 1.4).

a mixed infection b super infection C in-host evolution
o (=] o
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Figure 1.4: Sources of population heterogeneity in M. tb infections. A) Depicts simultaneous infection with
multiple M. tb strains. The different colours represent various M. tb strains. B) Depicts super infection or re-
infection with a distinct strain. C) Depicts heterogeneity that arises from mutational events within a single strain

infection. Adopted from (Ford et al., 2012).
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1.8.1. Within host genetic diversity due to mixed strain infection

The belief that M. tb infections were caused by a single strain was challenged when different
M. tb strains were identified from single colonies isolated from a single patient using phage
typing (Bates et al.,1976, Mankiewicz and Liivak, 1975). Mixed tuberculosis infections are
defined as TB disease caused by the presence of two or more clonally distinct strains.
Genotyping methods have revealed the clonal complexity of mixed strain infections, with

distinct strains identified in different regions of the lungs or at different independent
anatomical sites (Garcia de Viedma et al., 2003, Kaplan et al., 2003).

1.8.1.1. Challenges in the detection of mixed M. tuberculosis infections

Low bacillary loads during latent infections challenge early case identification of mixed
strain infections. The lung bacillary load per lesion has been estimated to be around 108,
which means that the minor strain should be present in large numbers at the time of detection
in order to be detected as part of the mixed strain infection (Gillespie, 2002). Shamputa et al.
(2006) noted that increasing the number of specimens from a single patient increases the
likelihood of detecting additional strains, if any, in sputum. This was attributed to the
inaccessibility of all pulmonary lesions to the airways at the same time, which impacts the
reflection of the true heterogeneity within the patient. In addition, culture has been shown to
underestimate the clonal composition and population structure of sputum (Martin et al., 2010,
Nimmo et al., 2019). This is of consequence as it can impact treatment and clinical outcomes,
especially if the undetected strains possess important traits such as antibiotic resistance and is
more virulent. Direct whole genome sputum sequencing could circumvent this issue;
however, it is complicated by the presence of low M. tb bacterial loads in sputum, the

presence of host DNA and other microorganisms (Soundararajan et al., 2020).

1.8.2. Within host genetic diversity due to in-host evolution of a single strain

During active replication, a bacterial cell replicates its chromosome once per cell cycle
resulting in a population of genetically identical cells. Bacteria are exposed to a variety of
microenvironmental conditions that are unfavourable for growth such as acidic pH, nutrient
deprivation, low oxygen supply and oxidative stresses. To withstand these stresses, bacteria
adopt several adaptive responses such as entering into a reversible state of metabolic

quiescence or dormancy.
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1.8.2.1. Dormancy

Bacterial dormancy is a non-replicative state characterized by low metabolic activity, in
which replicative growth is resumed under favourable environmental conditions
(Gengenbacher and Kaufmann, 2012). Dormant bacteria are able to persist in the host for
years and have been implicated in latent tuberculosis infection (LTBI) cases (Dusthackeer et
al., 2019, Guitti et al., 2019, Leung et al., 2013). It is hypothesized that the progression from
LTBI to active disease is caused by the reactivation of these dormant bacteria. Dormant states
are achieved by inactive spore formation in bacteria such as B. subtilis and Clostridium spp
(van Vliet, 2015). However, spore formation has not been described in TB. Instead, in TB,
dormancy is described by states of reduced growth and metabolism known as persisters,
viable but non-culturable (VNBC) and the differentially culturable/detectable tubercle bacilli
(DCTB/DDTB).

1.8.2.2. Persisters

Persisters are a sub-population of bacteria that are genetically identical to drug-susceptible
bacteria but display phenotypic resistance during exposure to lethal antibiotic doses (Mandal
et al., 2019). Persisters challenge TB treatment as the reduced metabolic state of the bacteria
results in insufficient production of drug targets, rendering antibiotics ineffective (Mandal et
al,, 2019). In addition, the majority of bacterial cells are eradicated during antibiotic
exposure. However, a sub-population of the bacteria survives and the population is restored
once the antibiotic is removed. Although the exact mechanism of persister formation is
unknown, the SOS response to DNA damage has been found to play a significant role in
persister generation (Dorr et al., 2009, Podlesek and Zgur Bertok, 2020).

1.8.2.3. Viable non-culturable bacteria (VBNC)

VBNC’s are distinguished from persisters based on their ability to regain culturability. Unlike
persisters that regain culturability once a stressor has been removed (antibiotics), VBNC
require time and/or additional supplementation to regain culturability (Ayrapetyan et al.,
2015). These bacteria are not able to form colonies on solid media but can be resuscitated in
liquid media. Culturability of these organisms is enhanced by supplementation with growth
factors such as culture filtrate (CF) from growing bacteria and resuscitation-promoting
factors (RPFs) (Chengalroyen et al., 2016, Mukamolova et al., 2010, Nikitushkin et al., 2016,
Shleeva et al., 2002)
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1.8.2.4. Differentially culturable tubercule bacilli (DCTB)

Smear-positive M. tb sputum is dominated by VBNC cells that have been termed
differentially culturable tubercule bacteria (DCTB) (Chengalroyen et al., 2016, Mukamolova
et al., 2010). Different DCTB populations have been identified in sputum, including CF-
independent DCTB, Rpf —independent DCTB, and CF-dependent DCTB (Chengalroyen et
al., 2016). Rpfs are muralytic enzymes secreted into the culture filtrate (CF) of axenically
grown wild type M. tb and were first identified in Micrococcus luteus (Mukamolova et al.,
1998). In this family of enzymes, a functional hierarchy has been observed with rpfB and
rpfE ranking above rpf D (Kana et al., 2008). RipA (Rpf-interacting protein A) is a binding
partner of RpfB, whose enzymatic activity at the septum suggests that the complex may be
involved in cell division and potentially during reactivation from dormancy (Hett et al.,
2007). These findings question current diagnostics that are based on growth assays since non-
replicating populations are undetected by standard diagnostic methods, meaning that
individuals with these forms of dormant organisms could possibly be misdiagnosed as TB
negative. This is of importance in individuals harbouring metabolically quiescent populations
with drug resistance. In such cases, the prescribed treatment will fail to eliminate all bacteria
present. Furthermore, re-activation of the non-replicating resistant strain could occur at a later
stage due to inadequate treatment and the use of treatment regimens that do not account for
the dormant resistant strain. It is thus important that all populations present in a sputum
sample are represented during diagnosis for effective treatment and clearance of all infecting

organisms.

1.9. Knowledge gap

Culturomics encompasses the optimization of culture conditions to allow the growth of all
organisms within a sputum sample, thus ensuring maximum representation of all bacterial
populations in the sample (Bilen et al., 2018). Previous studies have demonstrated that
culturing M. tb sputum reduces within-sample genetic diversity owing to the selection of
fitter strains or random loss of lineages (Nimmo et al., 2019, Shockey et al., 2019). The effect
of sputum culture in growth conditions that promote the growth of minor populations present
in sputum on the within-sample genetic diversity has not been investigated. This MSc aims to
address this by determining whether axenic culturing of sputum using different growth assays
in the absence or presence of growth factors will increase the observed genetic diversity of M.

tb from sputum samples. Furthermore, since the exact mechanism of strain competition
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during mixed strain M. tb infections is not completely understood, an in-vitro mixed strain
infection model will be used to gain insight into the dynamics of the disease at the individual

level.
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1.10. Aims and objectives.

1.10.1. Aims

This study aimed to determine the extent of the genetic diversity in sputum-derived M. th
cultured in different axenic media, with and without growth factor supplementation and to

develop an in-vitro model of a mixed-strain M. tb infection to investigate within-host strain
behaviour.

1.10.2. Objectives

Clinical samples were previously grown in different growth conditions for the enumeration of
M. tb bacterial populations in sputum. The following was conducted to achieve the study
aims:

e Re-grow sputum-derived M. tb bacteria from stored patient samples previously grown
in different growth assay platforms of liquid or solid media (CFU, MPN, and MGIT),
un-supplemented or supplemented with different growth factors (CF, RPF-B, RPF-
B/RIP-A).

e Extraction of genomic DNA from these bacterial cultures for whole-genome
sequencing.

e |dentify genotypic differences in the DNA sequence data of the organisms grown in
the absence and presence of different growth factors.

e Assess the impact of the different growth factors on the genetic diversity by a
comparative analysis of the sequence data from the samples grown under the various
culture conditions to the sequence data of the original sputum sample which did not
undergo axenic growth.

e Assess the rate at which Beijing and non-Beijing strains outgrow each other in a

controlled axenic mixed-strain infection model using real-time guantitative PCR.
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2. METHODS AND MATERIALS

2.1. Media and culture conditions.

All M. tb strains including the laboratory strain H37Rv, the clinical strains and the barcoded
strains used in this study (Table 2.1) were grown in Middlebrook 7H9 broth supplemented
with 0.2% glycerol, 0.05% Tween-80 and 10% BD BBL™ Middlebrook Oleic acid-albumin-
dextrose-catalase (OADC) at 37 °C for 7-10 days or on Middlebrook 7H11 agar
supplemented with 0.2% glycerol, 10% OADC enrichment at 37 °C for 7-10 days. The solid
media was supplemented with 50 pg/ml of Kanamycin (Kan) when necessary. The E. coli
DH5a strain was grown in Luria-Bertani broth (LB) or on Luria-Bertani agar (LA) at 37°C
with supplementation of both media with 50 pg/ml of kanamycin. The liquid cultures were
grown with shaking at 100 rpm. For decontamination of the clinical strains, Middlebrook
7H9 liquid media was supplemented with 2% polymyxin B, amphotericin B, nalidixic acid,
trimethoprim and azlocillin (PANTA). Both Middlebrook 7H11 and 7H9 media was
incubated at 37°C for 3 days to ensure sterility before use. The composition of all the above-

mentioned media is described in detail in Appendix A, Table Al.

2.2. List of strains used in this study.

Table 2.1- Laboratory and clinical strains used/generated in this study.

Strain Description Source
M. tb H37Rv First isolated in 1905, the strain has been maintained by serial | (loerger et al.,
passage of cultures. 2010)

M. tb clinical The Mycobacterial biomarkers of TB response and success in | (Peters et al.,
samples adult patients: A prospective cohort study (BMG-phase I) was | Manuscript  in
conducted using different growth assays to assess the | preparation)
response patterns of DCTB during standard tuberculosis
chemotherapy.

Eschericia coli | SupE44 AlacUI69 hsdR17 recAl endAl gyrA96 thi-1relAl | Promega,
DH5a Madison, WI

Barcoded Clinical M. tb strains carrying plasmids C2-M_pUC57 and | This study
LAM and | C4-S_pUC57.
Beijing clinical
strains

The M. tb clinical strains used in this study were frozen stored samples from the

Mycobacterial biomarkers of TB response and success in adult patients: A prospective cohort

study (BMG-phase 1) (ethics clearance number: M120256) which was conducted at the

24



Centre of Excellence for Biomedical Tuberculosis Research (CBTBR) (Peters et al.,
Manuscript in preparation, 2022). In the parent study, sputum from TB infected patients was
tested for the presence of differentially culturable tubercule bacteria (DCTB) using the most
probable number (MPN) serial dilution assay (Chengalroyen et al., 2016) and the colony
forming units (CFU) assay (Mukamolova et al., 2010), and thereafter, using the same patient
samples, the resuscitation capabilities of specific growth factors on DCTB were assessed
using the Mycobacteria growth indicator tube (MGIT) assay (Ardito et al., 2001). The
patients’ sputum was tested under a total of nine culture conditions (Figure 2.1). Bacterial
cells were harvested from each assay and stored in 1 mL aliquots at -80 °C for up to 2 years.
Figure 2.1 summarizes the various culture conditions, and the following text provides a brief
explanation of how the different growth assays function, as well as information on the
various growth factors that were supplemented in the growth assays. The MPN assay
provides a quantitative estimation of viable bacteria in a sample by a serial dilution of the
sample in liquid growth media and a Poisson calculation (Figure 2.1 A). The CFU assay
estimates the number of viable bacteria in a sample based on the number of colonies that
form on an agar plate (Figure 2.1 B). In the MGIT assay, viable bacteria in a sample are
measured using a fluorometric system that measures the rate of oxygen consumption in the
sample-containing tube. (Figure 2.1 C). Culture filtrate, one of the various growth factors, is a
collection of growth stimulatory molecules released into the media by bacteria during growth
(Sonnenberg and Belisle, 1997). RPFB (resuscitation promoting factor B) is an enzyme that
has been implicated in the resuscitation of M. tb from dormancy and RIPA/RPFB is a
recombinant enzyme of both RPF-interacting protein A and an RPFB (Nikitushkin et al.,
2016). A total of ten patient samples that have been grown using the three growth assays with
the different growth factor supplementation were selected at random for further analysis in
this study. In addition, each patient's raw sputum sample that had not been cultured in any

manner was also included in this analysis.
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Figure 2.1: Nine culture conditions that were used in the BMG phase | study. A) Decontaminated sputum
was cultured in the liquid media based MPN (Most probable number assay) in the absence (M1 and M2) and in
the presence of culture filtrate supplementation (RV1 and RV2). M1 and RV1 represents the sample in the first
well of the plate. M2 and RV2 represent the sample in the last well of the plate. B) Decontaminated sputum was
streaked directly onto solid media for colony formation. C) Sputum was inoculated into MGIT (Mycobacterial
growth indicator tubes) tubes containing liquid growth media (M), a mixture of antibiotics and an oxygen
quenching fluorescent compound. Three tubes were supplemented with different growth factors, namely culture
filtrate (CF), Resuscitation promoting factor B (RPFB) and a recombinant RPF interacting protein A
(RIPA)/RPFB.

2.3. Clinical sample purification

2.3.1. Chemical decontamination of the stored sputum samples

Decontamination of the stored sputum samples was carried out using the N-acetyl-L-
cysteine-Sodium Hydroxide (NALC-NaOH) decontamination method (Bradner et al., 2013)
to digest and Kkill contaminating bacteria commonly found in sputum samples. The sputum
samples stored in 1 mL aliquots were retrieved from the -80°C freezer, thawed and carefully
transferred to a 50 mL Falcon tube. To liquefy the viscous sputum and Kill contaminating
agents, an equal volume (1:1) of N-acetyl-I-cysteine—sodium hydroxide (NALC-NaOH) was
added to the specimen and mixed by vortexing 3 times consecutively at maximum speed, for

10 seconds each, with 5-minute intervals in between. The tube was left to stand for 2 minutes

to allow the aerosols to settle before the addition of phosphate-buffered saline (PBS) (pH 7.0-
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7.4) to the 10 mL mark on the tube to neutralize the pH. The sample was mixed by inversion
and then centrifuged at 3000 rpm at 4°C for 15 minutes to pellet the bacterial cells. The
supernatant was carefully discarded without dislodging the pellet and 1.5 mL of 2 mm sterile
glass beads was added to the pellet. Thereafter, 2 mL of PBS was added and the pellet
resuspended to generate a single cell suspension by vortexing 3 times consecutively for 10
seconds at a time. The tube was left to stand for 5 minutes to allow the aerosols to settle and

the decontaminated specimen was transferred into a 2 mL Eppendorf tube and stored at -
80°C.

2.3.2. Decontamination of the cultured sputum samples

The samples stored from the MPN, CFU and MGIT assay was also taken through a
purification step to confirm the presence of M. tb and the absence of other contaminating
bacteria in the samples. BBL™ polymyxin B, amphotericin B, nalidixic acid, trimethoprim
and azlocillin (PANTA) antibiotic mixture was added to the growth media to prevent the
overgrowth of contaminants (made as described in Appendix A) (Figure 2.2 A). The 1 mL
stored aliquots of the bacterial cells were retrieved from the -80°C freezer, thawed and grown
in 9 ml of the PANTA supplemented 7H9 liquid media (Figure 2.2 B) at 37°C for 7-10 days.
The bacterial cultures were monitored at 3-day intervals for growth, and once there was sign
of bacterial growth, 100 pL of the culture was streaked onto 7H11 media (Figure 2.2 C) and
incubated at 37°C for another 7-10 days. This was done to confirm the presence of M.
tuberculosis in the sample and simultaneously detect the presence of contaminating
organisms if any. The remaining liquid culture was stored in 1 mL aliquots at -80 °C as
interim stocks for repurification in the event of contamination. To ensure the purity of the
samples, a single colony was picked from the 7H11 plates and grown in 9 mL of 7H9 media
without PANTA (Figure 2.2 D-E) at 37°C for 7-10 days. When there was observable growth
in the liquid culture, 100 pL of the culture was streaked out onto 7H11 agar (Figure 2.1 F)
and incubated at 37°C for 7-10 days. One mL aliquots of the remaining culture were stored at
-80°C as interim stocks (Figure 2.2 G). Once the bacterial growth on the 7H11 agar plates
was contamination-free a single colony from the plate was sub-cultured in 9 mL of
Middlebrook 7H9 to ODsoonm=0.5-0.8 (Figure 2.2 H-1) to make working stocks which were
stored in 1 mL aliquots (Figure 2.2 J) at -80°C. These stocks were used for all downstream

experiments.
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Figure 2.2: Schematic illustration of the purification process of the M. tb samples. Bacterial cells were
grown in PANTA supplemented media to eliminate contaminants (A-C). Bacterial cells were re-grown without
the antibiotic mixture to ensure the absence of contaminants the sample (D-F). Pure isolates were stored in 1 ml
aliqotes at-80°C (G-J).

2.4. Large-scale genomic DNA isolation using the Cetyl trimethylammonium bromide
(CTAB/NaCl) method

The CTAB/NaCl method (Hosek et al., 2006) was used to isolate genomic DNA (gDNA)
from the decontaminated sputum and the purified cultured sputum samples. The M. tb H37Rv
strain was used for the optimisation of bacterial DNA extractions. Once optimised, gDNA
was isolated from the clinical samples for downstream analysis. For the growth of M. tb
H37Rv and the M. tb clinical samples, 1 mL of the respective freezer stocks were thawed and
grown in 9 mL of Middlebrook 7H9 liquid media at 37 °C to an ODsoonm=1-2. The cultures
were transferred to a 50 mL Falcon tube and the bacterial cells were pelleted at 4317 x g for
10 minutes. The pellets were resuspended in 500 pL of 1x TE buffer to prevent nucleic acid
degradation and transferred into a 2 mL O-ring screw-cap tube. Following resuspension in 1x
TE buffer, the cells were heat-killed at 75°C for 30 minutes. The tubes were left to cool for 2
minutes before the addition of 50 pL of lysozyme (10 mg/ml) to the suspension. The tubes
were incubated at 37°C for 1 hour to break down the bacterial cell wall. Following lysozyme
treatment, 70 puL of 10% SDS and 6 L of proteinase K (10 mg/ml) was added to each tube,

mixed by inversion, and incubated at 65°C for 1 hour to allow for protein degradation.
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Following this, 100 pL of pre-warmed 5 M NaCl (65°C) and 80 pL of prewarmed
CTAB/NaCl (65°C) were added to each tube and incubated at 65°C for 1 hour to facilitate the
separation of polysaccharides that may interfere with the isolation of the gDNA. An equal
volume (900 pL) of chloroform: isoamyl alcohol (24:1 v/v) was added and mixed by
inversion before centrifugation at 12470 x g for 10 minutes to separate cell debris into the
organic phase and the gDNA into the aqueous phase. Without disturbing the protein
interphase, the top aqueous layer was transferred into a sterile 1.5 mL O-ring screw cap tube
with 450 pL of isopropanol to precipitate the DNA. DNA was precipitated by centrifugation
at 12470 x g for 20 minutes. The gDNA pellet was washed with 500 pL of cold 70% ethanol
followed by centrifugation at 12470 x g for 5 minutes to remove any remaining salts from the
precipitation step. The supernatant was discarded and the pellet was dried at 60 °C for 10
minutes in a SpeedVac (Thermo Fischer Scientific™) and resuspended in 100 pL of 1x TE
buffer. The DNA was allowed to dissolve at 65°C for 10 minutes. The concentration, purity,
and integrity of the extracted gDNA was determined for genotyping and whole-genome
sequencing.

2.5. Quantification and visualisation of genomic DNA

2.5.1. Quantification of genomic DNA

The Nanodrop ND-1000 spectrophotometer (Thermo Fischer Scientific™) was used to
determine the concentration and purity of the extracted gDNA. The absorbance of the sample
at 260 nm was used to quantify the DNA, and the purity was assessed by the DNA to protein

ratio, which is determined by the absorbance at 260 nm and 280 nm, respectively. Samples
with an Azeo/A2s0 ratio between 1.8-2.0 were considered as pure.

2.5.2. Analysis of gDNA by agarose gel electrophoresis

A 1% agarose gel was used to determine the integrity of the extracted gDNA. The gel was
prepared by dissolving 0.3 g of SEAKEM® Agarose gel powder in 30 mL of fresh 1x TAE
(Tris, Acetic acid, EDTA). The agarose mixture was then boiled in a microwave, in 30-
second intervals (maximum of 90 seconds), until it was completely dissolved. The bottom of
the flask was placed under cold running water for about 40-60 seconds, or until the
temperature of the flask was about 50 °C. A volume of 3 pL of SYBR™ safe DNA gel stain
was added to the agarose solution and mixed by swirling. The solution was then poured into a
gel casting tray and allowed to solidify at room temperature for 15-20 minutes. The solidified

gel was transferred to an electrophoresis chamber which was filled with 1x TAE buffer until
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it covered the gel. A volume of 10 pL of the DNA sample was mixed with 5 pL of loading
dye on a piece of parafilm and loaded into the wells of the gel. The DNA was electrophoresed
at 90V for 45 minutes. DNA visualisation was done under UV light using the SynGene Gbox

(Bio-Rad) and the Snapgene version 7.12 acquisition software.

2.6. Genotyping of clinical samples

2.6.1. Spoligotyping

The spoligotyping technique was performed to identify the lineages of the clinical samples
using the gDNA that was extracted in section 2.4 above. Spoligotyping is a PCR-based
genotyping technique that detects the presence or absence of 43 spacers in the direct repeat
(DR) genomic region of the strains belonging to the M. tb complex (Driscoll, 2009).
Biotinylated PCR products are hybridised to complementary membrane-bound
oligonucleotides and are detected by a chemical reaction with streptavidin and

electrochemiluminescence (ECL) reagents.

2.6.1.1 Polymerase Chain reaction (PCR)

Polymerase chain reaction was performed to amplify the DR regions in the extracted gDNA
from each clinical sample. The forward and reverse primers (Table 2.2), as well as the BCG
and M. tb H37RV controls, were supplied with the spoligotyping kit from Mapmygenome
(Hyderabad, India). The primers were reconstituted by the addition of 1 mL of nuclease-free
water (Hyclone) and stored in 200 pL aliquots for future use. The PCR reactions were
conducted in a final volume of 25 pL by the addition of 6.5 pL of Hyclone nuclease-free
water, 12.5 pL of ReadyMix™ Taq PCR reaction mix, 2 puL. of DRa primer, 2 L. of DRb
primer and 2 pL of the extracted gDNA. The PCR tubes were spun briefly using a mini
centrifuge (Bio-Rad laboratories) to ensure all the reagents were mixed and were then placed
in a thermal cycler for the amplification process (Bio-Rad laboratories). The cycling
conditions used for the PCR reaction were as follows: initial denaturation (95°C for 3
minutes), second denaturation (94°C for 1 minute), annealing of primers (55°C for 1 minute),
and extension (72°C for 30 seconds). This cycle was repeated 30 times and the final
extension was at 72°C for 10 minutes. Once complete, the biotinylated PCR products were

stored at 4°C, for no longer than 7 days, before hybridisation was carried out (Driscoll, 2009).
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Table 2.2: PCR primers used for amplification of the direct repeat sequences in the

clinical strains

Primer Primer sequence (5’ to 3”) | Annealing Storage Reference
temperature | temperature

DRa*(5’biotin) GGTTTTGGGTCTGACG | 55°C 4°C (Kamerbeek etal.,
AC 1997)

DRb CCGAGAGGGGACGGA | 55°C -20°C
AAC

2.6.1.2. Hybridisation and detection

To dilute the PCR products, 150 puL of 2X SSPE/0.1% SDS was added to the stored PCR
tubes and denatured at 99°C for 10 minutes using the thermal cycler (Figure 2.3 A-B). The
tubes were immediately placed on ice to prevent the DNA from re-annealing. The
spoligotpying membrane from the spoligotyping kit supplied by Mapmygemone (Hyderabad,
India) was prepared with pre-warmed 2X SSPE/0.1% SDS at 60°C for 10 minutes. Thereafter,
the membrane was placed on a foam cushion in the mini blotter ensuring that the loading
wells ran parallel to the lines on the membrane and that the side with the snipped edge was
positioned on the bottom left of the blotter. Excess fluid was wiped off before tightly sealing
the mini blotter with plastic screws. Residual fluid was removed by aspiration from the slots
of the mini blotter before loading 170 pL of the denatured PCR products onto the membrane
(Figure 2.3 C-D). The H37Rv and BCG control samples and a no-DNA template control
(NTC) were loaded into the first three wells, followed by the PCR products from the clinical
samples in the remaining wells. After loading the PCR products, the mini blotter was
transferred to the hybridisation oven at 60°C for 1 hour. Thereafter, the samples were
aspirated from the slots and the membrane was removed from the mini blotter. The
membrane was then washed twice at 60°C for 5min with 2X SSPE/0.5% SDS to remove

unbound probes (Figure 2.3 E).

After the wash step, the membrane was placed in a roller bottle with a mixture of 40 mL of
2x SSPE/0.5% SDS and 10 pL of Streptavidin-peroxidase conjugate (500U/mL) and
incubated at 42°C for 1 hour in the hybrisation oven. Through a chemical reaction, the
streptavidin-peroxidase binds to the biotinylated membrane-bound PCR products for
detection. The membrane was washed twice with 2x SSPE/0.5% SDS by incubation at 42°C

for 5 minutes and then once more at room temperature for another 5 minutes. Approximately,
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10 mL of both detection solution I and Il from the ECL detection kit (GE Healthcare) were
added and swirled for 90 seconds to enhance the chemiluminescent detection of the bound
products. The solutions were discarded immediately and the membrane was placed in a clear

plastic sleeve which was exposed to three light-sensitive X-ray film in a dark room for 40
minutes.

The X-rays were individually developed in the darkroom in the following order: developing
solution, water, fixer solution, and then water. Each wash step was performed for 30 seconds.
The X-rays were hung to dry before analysis while the membrane was stripped by incubation
in 10% SDS at 80 °C for 1 hour and stored in 200mM EDTA at 4°C for reuse. Once dry, the
spoligotype patterns on the sheets were analysed by the presence or absence of a small black
square on the developed X-ray film spotted at each DR loci (Figure 2.3 F). Different
patterns/combinations indicate the genotype of the strains. The spoligotyping pattern of each
sample  was determined using the SPOTCLUST  spoligotyping  website
(https://tbinsight.cs.rpi.edu/runspotclust.html) (Figure 2.3 G). The binary value of 1 was

assigned to the presence of the spacer, while the binary value of 0 was assigned to indicate

the presence of a spacer.
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2x SSPE/0.1% SDS is Sample is denatured at 99°C for 10 minutes. The Dra primer
a#ded to the tube_ to is biotinylated to enable detection. The DR regions are PCR products are loaded on a spoligotypying membrane.
dilute the DNA prior to amplified by Polymerase Chain reaction.
denaturation.
G. F. E. D.
- -
;r
Run SPOTCLUST s )
Spoligotyping data is interpreted Membrane is exposed on an X-ray Unbound probes are washed  PCR products are hybridized perpendicularly
using the SPOTCLUST online film and developed. off and the detection of to the oligonucleotide line on the
platform. bound probes is promoted by  membrane.

a wash-step using a detection
solution.

Figure 2.3: Schematic illustration of the spoligotyping technique. A) PCR products were diluted and B)
denatured using a thermal cycler. C-D) The denatured PCR products were hybridised on membrane bound
oligonucleotides and E-F) the membrane was developed for visualisation of the hybridisation pattern. G) The
resulting pattern was interpreted using SPOTCLUST (https://tbinsight.cs.rpi.edu/run_spotclust.ntml) to

determine the strain type (Vitol et al., 2006).
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2.7. Next generation sequencing

To obtain the genome sequence of the mycobacteria analysed in this study, the genomic DNA
(gDNA) extracted from the various samples was sent for whole genome sequencing at
Rutgers University in Columbia, Newark. The sequencing was performed on the Illumina
HiSeq platform where the DNA fragments were sequenced in the 3’-5" and 5°-3” direction,

producing paired end reads of 150 base pairs each (bp). The FastQ whole genome sequence
data files were shared via a secure file transfer protocol (FTP) (OneDrive) of the University.

2.7.1. Bioinformatics analysis of whole genome sequencing data

Whole genome sequencing data were analysed using a custom-made data analysis pipeline.
The data analysis pipeline utilises various open-source next generation sequencing (NGS)
analysis tools combined with Python commands. The workflow for the analysis of the whole

genome sequences is summarised in Figure 2.4.

Raw illumina sequenced data: paired
end sequencing reads

Quality assessment FASTQC
Read alignment to reference BWA
genome

SAMtools: Sort and index BAM file, alighment
statistics

Improve alignment QualiMap: Genome coverage statistics
Picardtools: Mark PCR Duplicate reads
BCFtools: mpileup

Variant calling BCFtools

BCFtools : Variant filtering
Selection of h|gh confidence variants BedTools : Additional variant f“tering

Figure 2.4: Workflow of the computational analysis of the raw sequencing data and the bioinformatics
tools that were used at each step. Specialised bioinformatic tools were utilised for each aspect of the analysis.
The tools are listed in the grey chart. Abbreviations: BWA, Burrows-Wheeler Aligner; SAMtools, Sequence
Alignment/Map tools; PCR, polymerase chain reaction.
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2.7.1.1. Read mapping and variant detection

The raw reads were used to infer in-silico strain spoligotypes using the SpolPred program (a
C++ program used to predict strain spoligotypes from raw sequencing reads) (Coll et al.,
2012). Thereafter, (as depicted in Figure 2.4) the quality of the paired-end reads was assessed
using the FastQC v0.11.9 toolkit (Andrews, 2010). All bases had a Phred quality score > 30,
thus read trimming was not required. Reads were mapped against the M. tb H37Rv reference
genome (Genbank accession number: NC_000962.3) using BWA MEM v0.7.17-r1188 (Li
and Durbin, 2009). SAMtools v1.10 (Li et al., 2009) was used for SAM to BAM file
conversion, retrieval of basic alignment statistics, and for sorting and indexing the
chromosomal co-ordinated alignment file for downstream analysis. Samples with a coverage
breadth < 95% were excluded from the analysis. Genome coverage statistics were obtained
using QualiMap v2.2.2 (Okonechnikov et al., 2016). Duplicate reads were marked using
Picard Tools v2.26.2 (Picard, 2018) and variants, including single nucleotide polymorphisms
(SNPs) and small insertion/deletions (indels), were called using BCFtools v.1.10.2 (Danecek
et al., 2014). A high confidence variant file was generated after retaining variants with a base
quality > 30, and a read depth > 10. Of these variants, those found in repetitive families of
genes (PE, PPE, and PE-PGRS gene families), possible transposons, insertion sequences and
phage genes were removed using BEDtools v2.27.1 (Quinlan and Hall, 2010).

2.7.2. Detection of mixed infections using the number of heterozygous SNPs from the
WGS data

To detect mixed infections in sputum, the heterozygous sites method by Sobkowiak et al.
(2018) was employed. Heterozygous base calls are indicative of mixed infections since
variants identified at specific genomic sites from different strains results in more than one
allele call at the specific site. The number of heterozygous SNPs (which includes small
insertions and deletions) were identified from each sputum sample using BCFftools v1.10.2
(Danecek et al., 2014) with heterozygous base calls enabled. Variant filtering was carried out
as above (section 2.7.1). An allele frequency of 1 was used for the heterozygous variants. For
classification of mixed infections, sputum samples with > 20 heterozygous sites were
considered as potential mixed infections (Sobkowiak et al., 2018). An additional condition of
a > 1.5 % heterozygous to total SNP proportion was required for classification of samples

with between 11-19 heterozygous SNPs as a mixed infection.
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2.7.3. Phylogenetic Analysis

Extracted variant sites (allele frequency = 1) were concatenated and used to construct a
maximum-likelihood phylogenetic tree to assess the genetic relatedness of the clinical
samples based on their genetic distance. The variants were converted to FASTA format using

a Perl script https://github.com/decarlin/stuartlab-scripts/blob/master/perl/Tools/tab2fasta.pl

and all sequences were aligned using MAFFT v7.490 (Katoh et al., 2002) prior to tree
building with the random accelerated maximum likelihood (RAXML) tool (Stamatakis,
2014), based on the GTRCAT substitution model using 1000 bootstrap replicates. The tree

was visualised using the online tool iTOL (https:/itol.embl.de/) and pairwise SNP distances

were calculated using snp-dists v0.8.2 (https:/github.com/tseemann/snp-dists).

2.7.4. Metagenomic analysis

Metagenomic analysis was performed on the raw sputum samples to assess the proportion of
contaminating reads using Kraken2 (Wood and Salzberg, 2014). Kraken assigns each read to
a specific taxon by linking genomic substrings (k-mers) to the lowest common ancestor of the
taxa with a similar k-mer content. Reads were classified against a database of reference

sequences available at RefSeq (https://www.ncbi.nim.nih.gov/refseq/), which includes

protozoa, archaea, fungi, bacteria, viruses, and human genomes. Pavian v4.1.0

(https://fbreitwieser.shinyapps.io/pavian/) was used to compare the classification results from

each sample.

2.7.5. Variant detection in drug targets and in regulatory genes that are responsible for
the expression of important housekeeping genes
The variants were annotated using SnpEff v5.0 (Cingolani et al., 2012) which annotates and

predicts the effect of each variant in the genome. The variants were manually inspected from
the BAM files using Interactive genome viewer (IGV)v2.11.0 (Robinson et al., 2011).

2.7.6. Data analysis

GraphPad prism8 software was used to construct the graphs in this study. The statistical
significance between the depth of coverage between the two data groups was assessed using
the Mann-Whitney test for unpaired samples, and the statistical significance between the

depth of coverage between the three data groups was assessed using a one-way ANOVA test
on GraphPad.
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2.7.7. In-vitro mixed strain M. tuberculosis infection model

To understand strain behaviour in competitive environments, an artificial in vitro model that
mimics infection with mixed strains of M. tb was developed. A competitive environment was
created by growing each strain in different ratios and under the same growth conditions to
investigate within-host strain behaviour. The mixed model of infection was tested on clinical
isolates of LAM and Beijing stains due to the high prevalence of these strains in South
Africa. Furthermore, Beijing and Non-Beijing strains have been shown to be responsible for
most clinical mixed infections (Maguga-Phasha et al., 2017, Victor et al., 2004, Warren et

al., 2004). Two Beijing and two LAM clinical strains identified by spoligotyping (section
2.6.1) were selected for analysis in the mixed model of infection.

2.7.8. Genomic insertion of genetic barcodes into the Beijing and Lam strains

In order to identify the Beijing and Lam strains under mixed culture conditions, uniqgue DNA
sequences (barcodes) were designed for each strain and inserted into the multiple cloning site
of the pUC57-Kan integrating vector (Cheo et al., 2004). Genetic tags (DNA barcodes) for
individual M. tb strains were designed and cloned into the multiple cloning site of the
pUC57_Kan integrating vector. The plasmid containing barcode 1 was denoted as
pUC57_C2M, whilst the plasmid containing barcode 2 was denoted as pUC57_C4S. The 50
bp barcodes were inserted into the bacterial chromosomes via a site-specific hybrid
recombination event at the phage attachment site (attB) of the target genome by
electroporation. The cloning strategy is demonstrated in Appendix C, Figure 1. All barcode
labelled plasmids used in this study (Table 2.3) were supplied by GenScript Biotech (USA).
These plasmids were propagated in E. coli cells and the purified plasmid was then
electroporated into the M. tb clinical strains.

Table 2.3 - Cloning vectors used for the generation of barcoded strains

Vector Characteristics | Barcode | Barcode sequence (5’ to 3’) Vector size (bp) | Reference
number
C2- Mycobacterial | 1 CACCGACTTCTTGTTCCCGAATG | 2951 This study
M_pUC57- | integrating ACACGCGTCCCCCTGCGGGTAG
Kan vector; oriE, GTCGC
Km’, attP
C4- Mycobacterial 2 CTGCCTGGCAGCTCTAATCTCTC | 2951 This study
S_pUC57- | integrating GCCACGGCCGTAAAAGCCTCCA
Kan vector; oriE, AGAGT
Km’, attP

oriE = origin of replication, Km'=kanamycin resistant, attB= attachment site to host. 2.7.8.1.

Preparation of competent Escherichia coli cells by CaCl,
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Chemically competent E. coli DH5a cells were prepared using the calcium chloride method
(Chang et al., 2017). A starter culture was prepared by inoculating 1 mL of E. coli DH5a into
5 mL of 2X TY (Tryptone yeast) and grown at 37°C with shaking overnight. The culture was
diluted 1/200 in 25 mL of 2XTY and grown at 37°C with shaking to an ODgoonm= 0.3-0.6.
Bacterial cells were harvested by centrifugation at 4317 x g at 4°C for 5 minutes. Thereafter,
the cells were resuspended in 1 culture volume of ice cold MgCl. (0.1 M) to alter membrane
permeability by charge neutralisation. After incubation on ice for 60 seconds, the cells were
harvested as above, and resuspended in % culture volume of cold CaCl. (0.1 M). This was
followed by incubation on ice for 30-60 minutes to increase the competency for efficient
uptake of DNA. The cells were harvested once more and resuspended in 1/10 culture volume
of CaCl2 (0.1 M) and used immediately for transformation of the plasmids.

2.7.8.2. Transformation of chemically competent Escherichia coli

The chemically competent E. coli cells were mixed with 100 ng/pL of plasmid DNA and
incubated on ice for 10 min. The cells were transformed by heat shock at 42°C for 90
seconds. Thereafter, 900 pL of pre-warmed 2X TY was added to the cells and incubated at
37°C for 1 hour to allow for recovery and phenotypic expression. The cells were then spread
on 50 pg/ml of kanamycin supplemented LA plates and incubated at 37°C overnight. Several

transformants were selected to screen for the presence of the respective plasmids following
isolation from the E. coli cells.

2.7.8.3. Small scale plasmid DNA extraction from E. coli DH5a

The QIlAprep Spin Miniprep Kit (QIAGEN, USA) was used for small scale plasmid DNA
extraction following the manufacturer’s instructions. The selected E. coli transformants were
grown in 5 mL of LB media supplemented with 50 pg/ml of kanamycin at 37°C overnight.
The cells were harvested by centrifugation at 12 470 x g for 5 minutes and resuspended in
250 pL of Buffer P1 (with RNase A). Cell lysis was promoted by the addition of 250 pL of
Buffer P2 followed by the addition of 350 pL of Buffer N3. The suspension was mixed by
inversion. Thereafter, the cell mixture was centrifuged at 12 470 x g for 10 minutes to
separate the plasmid DNA from the cell debris. The supernatant containing the plasmid DNA
was transferred to a QI Aprep 2.0 spin column and centrifuged at 12 470 x g for 60 seconds to
harvest the DNA. The flow through was discarded and the DNA was washed by the addition
of 500 puL of PB Buffer and centrifugation at 12 470 x g for 60 seconds to remove any
remaining salts from the precipitation step. The wash step was repeated with a further 750 puL
of PE Buffer and centrifugation at 12 470 x g for 60 seconds. After discarding the flow
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through, the columns were centrifuged at 12 470 x g for 60 seconds to remove any residual
wash buffer. The spin column was transferred to a sterile 1.5 mL microtube and 25 pL of
Buffer EB was added to the column. The column was incubated at room temperature for 60
seconds before eluting the plasmid DNA by centrifugation at 12 470 x g for 60 seconds. The
isolated plasmid DNA was checked for genomic integrity by restriction enzyme analysis.

2.7.8.4. Restriction digestion of plasmid DNA

Restriction enzymes cleave DNA at specific sequences. The isolated plasmids were therefore
screened by several different restriction enzymes to confirm if the constructs were in the
correct conformation and retained integrity. All restriction enzymes used in this study were
purchased from New England Biolabs (NEB) or Roche Applied Sciences. Clone Manager
Suite 9 software (Scientific and Educational Software, USA) was used to select the enzymes
and predict the expected fragment sizes with the respective restriction enzyme. Digestions
were carried out in a final volume of 20 pL per reaction which contained 2 pL buffer, 1 pL
enzyme, 9 pL nuclease free water and 8 puL of DNA. The DNA was digested at 37°C for 1
hour. The DNA fragments were separated on a 1% agarose gel and visualised as described in

section 2.5.2. Once the plasmids were confirmed to be correct, 1 ml of freezer stocks of the
respective cultures were made in 66% glycerol (1:1 v/v).

2.7.8.5. Large scale plasmid DNA extraction from E. coli DH5a

The NucleoBond® Xtra Midi/Maxi plasmid purification kit (Macherey-Nagel, Germany) was
used for large scale plasmid DNA isolation and purification following the manufacturer’s
instructions. The glycerol stocks of the E. coli cells containing the plasmid was inoculated in
5 mL of LB media supplemented with 50 pg/ml of kanamycin and grown at 37°C overnight.
The preculture was diluted 1/1000 in 100 mL of LB media supplemented with 50 ug/ml of
Kanamycin and grown at 37°C with shaking overnight. The stationary phase cells were
harvested by centrifugation at 12 470 x g at 4°C for 10 min and the pellet was resuspended in
8 mL of Buffer RES (with RNase A). Thereafter 8 mL of Lysis Buffer LYS was added to the
suspension and mixed by inversion and the tubes were incubated for 5 minutes at room
temperature to allow for cell lysis. The pH of the solution was neutralised by the addition of 8
mL of Buffer NEU (neutralising buffer) to denature the proteins. Prior to loading the lysate to
the NucleoBond® column filter unit, the filter was equilibrated with 12 mL of Buffer EQU.
Once the DNA was bound, the column was washed twice with 8 mL of Buffer WASH (wash
buffer). The plasmid DNA was eluted with 5 mL of Buffer ELU (elution buffer). The eluate

was collected in a 50 mL Falcon tube to which 3.5 mL of isopropanol was added. The

38



plasmid DNA was precipitated by centrifugation at 12 470 x g for 15 minutes. The DNA
pellet was washed with 2 mL of 70% ethanol by centrifugation at 15 000 x g for 5 minutes.
The supernatant was discarded and the pellet was dried using a SpeedVac (Thermo Fischer

Scientific™) at 60°C for 10 minutes. The pellet was resuspended in 50 pL of 1x TE buffer
and used for transformation in M. tb.

2.7.8.6. Electroporation of plasmid DNA into Mycobacterium tuberculosis

The purified plasmids containing the barcodes were electroporated (Fiedler and Wirth, 1988)
into the two LAM and two Beijing M. tb strains that were selected for the model.
Electroporation was performed for the integration of the genomic barcodes into the
chromosomal genome. A 1 mL freezer stock of each strain that was stored from the
decontamination process in section 2.3.2 was grown in 9 mL of 7H9 media at 37 °C to
ODeoonm= 0.5-0.8. Then 1 mL of the preculture was inoculated in 50 mL of 7H9 media and
grown at 37 °C to ODsoonm= 0.8-1. Glycine (1.5%) was then added to the cultures and
incubated at 37°C for 16 hours to weaken the cell wall and enhance transformation efficiency.
After this incubation period, the bacterial cells were harvested by centrifugation at 4317 x g
for 10 min and the pellet washed by resuspension in 40 mL of 10% glycerol and
centrifugation at 4317 x g for 10 min. The wash step was repeated 2 more times before the
pellet was resuspended in 2 mL of 10% glycerol. The competent cells were used immediately
for electroporation. An amount of 5 pg of the plasmid DNA was UV irradiated in a UV
stratlinker 1800 (StratageneR) at 100 mJ/cm?. The irradiated DNA was added to 400 pL
aliquots of the competent M. tb cells and the suspension was transferred to a 0.2 cm
electroporation cuvette (Bio-Rad laboratories). The cells were pulsed using the BIO-RAD
GENE PULSER XCell system using the following parameters: Voltage = 2500V, Time
constant= 25 pF, Resistance = 10002 and Distance = 0.2 cm. Eight hundred pL of 7H9
media was immediately added to the electroporated cells and the suspension was transferred
to a 1.5 mL O-ring screw cap tube. The cells were incubated at 37°C for 16 hours to allow for
recovery and phenotypic expression, before spreading them on Middlebrook 7H11 agar plates
containing the appropriate antibiotics. The clinical samples were spread on Middlebrook
7H11 agar plates supplemented with kanamycin, while the control samples were spread on
Middlebrook 7H11 agar plates supplemented with hygromycin. The plates were incubated at
37 °C for 2-5 weeks before scoring the colonies. Once colonies emerged for each of the

clinical strains containing the barcoded plasmids and the control samples, multiple clones
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were picked and grown in 9 mL of 7H9 media to an ODgoonm= 0.5 to make 1 ml aliquots of

working stocks for downstream experiments.

2.7.9. Isolation of genomic DNA

The stored 1 mL aliquots of the transformed M. tb cells were grown in 9 mL of 7H9 media at
37°C to an ODeoonm= 0.8-1. Genomic DNA was isolated from these cultures using the
CTAB/NACL method as described in section 2.4. The extracted DNA was quantified, and the
integrity was assessed as described in section 2.5. The DNA was used for the confirmation of

the stable integration of the plasmids into the chromosome at the phage attachment site

2.7.10. DNA amplification for the confirmation of chromosomal DNA integration by
PCR

Polymerase Chain Reaction amplifies a specific region of a DNA target. This procedure was
utilised for the confirmation of the strain genotype. Primers that are specific for the DNA
barcodes (Table 2.4) were supplied by Ingaba Biotech Company. A gradient PCR was carried
out for primer optimisation. The PCR reactions were made to a volume of 20 uL with the
following components: 2 uL of 10x PCR Buffer, 1.6 pL of 25 mM MgCl, 4 uL of 5x GC-
Rich Buffer, 0.4 pL of 10mM dNTPs, 2 puL (10 uM) forward and reverse primers each, 2 pL
extracted DNA (concentration of 50 ng/uL), 0.16 pL of Roche Faststart Tag DNA
polymerase and 5.84 pL of Hyclone nuclease-free water. A non-template control was

included in the PCR reaction to rule out non-specific amplification or DNA contamination.

Table 2.4: PCR primers used for the amplification of target sequences

Name Primersequence 5’3’ 5 Length
modification | (bp)

Forward | GAGGAGAAGACTGCTGACCT | None 20

primer

Reverse | CAGGCCTTGCTGTTCCC None 17

primer

The reactions were carried out using the BioRad laboratories thermo cyler at the following
conditions: Initial denaturation at 95°C for 4 minutes for heat activation of DNA polymerase,
denaturation of the double stranded genomic DNA at 95°C for 30 seconds, annealing of
primers to the DNA target (barcodes) at 70°C,68°C,66°C,64°C and 62 °C for 30 seconds,
initial elongation for complementary strand synthesis at 72°C for 10 seconds and a final
elongation step at 72°C for 7 minutes.
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2.7.11. Analysis of PCR products by high percentage agarose gel electrophoresis
A 4% agarose gel was used to confirm the integration of the DNA barcodes into the M. tb
chromosome. For preparation of the 4% gel, 1.2g of the agarose gel powder was dissolved in

30 mL of 1x TAE. The gel was prepared and visualised as described in section 2.5.2.
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3. RESULTS

3.1. Isolation of genomic DNA

The success of molecular investigations is based on the quality and purity of the DNA used;
hence, the isolation of high-quality DNA is an important step. The objective of the first
component of the study was to re-grow M. tb strains from previously stored patient samples
for the isolation of genomic DNA. The total sample size of 100 consisted of sputum samples
from ten patients, each of which had been grown in nine different culture conditions (Figure
2.1), in addition to the uncultured sputum sample. Of these samples, only 96 were available
for use in this study as four samples (59161 CFU, 59162 CFU, 59165 CFU and 59152 RPF-
AB) were not stored in the parent study. Genomic DNA was isolated from the available
samples following sample decontamination and purification processes (as described in
section 2.3) and the quantity and purity (as measured by the A260/280 ratio) of the DNA was
assessed. Spectrophotometric quantification and purity assessment results are summarised in
Appendix D, Table 1. The DNA concentration varied for the various samples (range 2.90 -
651.01 ng/uL) with high concentrations observed for samples previously grown using the
MPN assay (average = 178.3 ng/ul). As expected, the concentrations of DNA extracted
directly from sputum samples was the lowest (average= 81.1 ng/ul). This could be attributed
to varying sputum quality and sample diversity, both of which have an effect on DNA
concentration (Riethmueller et al., 2008). With the criterion that pure DNA samples should
have an Aze0/A2g0 ratio between 1.8-2.00, 30 (31%) samples did not fall within this desired
range. A ratio of < 1.8 was obtained for these samples suggesting the presence of protein, or
other contaminants that absorb strongly at 280 nm (Wilfinger et al.,1997). These samples
were analysed on an agarose gel to confirm the presence of these contaminants prior to
purification processes.

3.2. Qualitative evaluation of DNA extracted from mycobacterial cultures

The integrity of the isolated genomic DNA was evaluated using agarose gel electrophoresis.
A solid band on the agarose gel confirmed the presence of quality nucleic acid in the sample,
whereas the absence of a band indicated a failed extraction. All samples displayed same sized
high molecular weight genomic DNA bands (Figure 3.1) with the exception of 3 samples that
were culture negative and had failed DNA extractions (indicated by asterisk in Figure 3.1).
The lack of growth for these three samples during culture indicated that the bacterial cells had
lost viability. However, DNA extraction was attempted on these samples to obtain the

genomic DNA since DNA should still be present in the samples even after cells have died.
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Band intensity differed between samples depending on the DNA quantity and streaking of the
DNA in a few samples suggest the presence of sheared DNA or could be a consequence of a
high concentration of DNA. For samples that did not achieve the desired A260/A2g0 ratio, there
was no evidence of impurities in the DNA on the gel suggesting that the nanodrop is not
always an accurate indicator of DNA purity. Even though the ratio of these samples did not
fall within the desired range, the extracted DNA appears acceptable and the samples were not

further purified. The DNA was used for downstream analysis.

Figure 3.1: Agarose gel electrophoresis results of extracted genomic DNA from direct sputum and
sputum cultured under various growth conditions. Ten pL of each sample was electrophoresed on a 1%
agarose gel at 90V for 45 minutes. Stained DNA on the agarose gels was visualised usinga UV gel imager. Blue
asterisks represent samples with a failed DNA extraction which were excluded from furtheranaly sis.

3.3. Spoligotyping analysis of M. tuberculosis clinical samples
The M. tb clinical samples from the study population were genotyped using the isolated DNA
for the classification of strain types. Spoligotyping differentiates strains based on the

presence or absence of the spacer sequence in the direct repeat region of the M. tb genome (as
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described in section 2.6). The strain type distribution of the 93 M. tb samples was dominated
by lineage 4 strains (58%), but strains from lineages 3 (18%) and 2 (24%) were also present.
An unusual instance of an infection with the laboratory H37Rv strain (Lineage 4) was
observed in 4 (4/93) of the samples. Strain type distribution by lineage and sub lineage is
summarised in Figure 3.2 A and the spoligotyping data is shown in Figure 3.2B.

Sub lineage/Family

Haarlem 1 — Lineage4
Family 33
H37Rv

CAS __ Llineage3

Beijing — Lineage?2

OONNCHDN

Figure 3.2A: Strain type distribution of the 93 genotyped M. tuberculosis samples. Pie chart demonstrates
the distribution of the strains identified by spoligotyping by Lineage and sub lineage.

The spoligotyping data shown in Figure 3.2 B demonstrates the spoligotype patterns that
were obtained for each sample during genotyping. The original spoligotyping blots are shown
in Appendix C, Figure 2. The four samples that have been highlighted in red in Figure 3.2 B
show cross contamination with the laboratory M. tb H37Rv spoligotype pattern. As only one
of these samples was grown in the presence of CF from M. tb H37Ruv, it is possible that the
contamination observed in the other samples was caused by bacteria escaping during culture
filtrate preparation. Nine out of the 10 patients’ samples that were grown under the various
laboratory conditions (59135, 59144, 59151, 59152, 59161, 59162, 59164, 59165, 59172)
revealed spoligotype patterns that differed from the original sputum sample that did not
undergo any culturing in the laboratory (Figure 3.2 B). These data suggests that the majority
of the patients analysed in this cohort are infected with more than one M. tb strain. Only one
patient was infected with a single strain (59143), whilst four were infected with two strains
(59144, 59152, 59154, 59165) and 5 with three strains (59135, 59161, 59162, 59164, 59172).

Overlapping spoligotype patterns were observed in 50% (59135, 59154, 59161, 59162,
59165) of the uncultured sputum samples, whilst only 5% of the cultured samples (59144
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MPN_M2, 59154 MPN_M1, 59165 MPN_M1 and 59165 MPN_RV1) displayed a mixed
pattern. Of these mixed samples, 89% (8/9) were classified as belonging to the Family 33 sub
lineage by spoligotype analysis. All Family 33 strains in this cohort displayed different
spoligotype patterns (Figure 3.2 B). The Family 33 spoligotype pattern obtained from the
uncultured sputum of patient 59135 is identical to the pattern that is displayed from an
overlap of the T1, T2 and LAM 3 strains that have been identified in the patient. Additional
spacers, spacer 35 and 36, were also detected in sputum. Similarly, the spoligotype pattern of
the uncultured sputum of patient 59162 is identical to the pattern that is displayed from an
overlap of the LAM 3 and Beijing strains that have been identified in the patient, with
additional spacers detected in sputum (spacers 9-11, 20, 22-24). Hence, multiple strain
infections can result in false spoligotype patterns (Sanoussi et al., 2017). False negative
spacers in sputum (spacers present in cultured samples but not in sputum) were observed in
the sputum sample of patient 59161’s, which is an overlap of the Beijing and T2 strains
identified in the patient. The spoligotype pattern for the cultured sputum sample of patient
59144 MPN_Mz2, when analysed in SPOTCLUST does not display a Beijing strain, however,
the presence of both spacers 35 and 36 that distinguish the Beijing strain are present for this
sample, which may suggest the presence of a Beijing strain, perhaps at a low level. The
cultured sputum sample (MPN_M1) of patient 59154 confirms the presence of an additional
strain in sputum that was not detected under any of the other growth conditions. The
additional spacers seen in this sample are also present in the uncultured sputum sample.
However, SPOTCLUST did not detect this additional strain. The mixed patterns observed in
the uncultured sputum and sputum cultured at MPN_M1 and MPN_RV1 of patient 59165
suggest that the patient is co-infected with the laboratory strain H37Rv, and the Beijing
strain. The reason for this observation in sputum is not completely understood since the
original sputum sample was not cultured in the laboratory. However, for the cultured
samples, it may be attributed to a cross-contamination event with H37Rv-CF since the MPN
assay was supplemented with CF from H37Rv. An in-silico analysis was used to validate the
strain types identified by spoligotyping.
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59135

59143

59144

59152

59154

59161

59162

59164

59165

59172

Patient ID

Growth condition

Sputum (uncultured)
CFU

MPN-M1
MPN-M2
MPN-RV1
MPN-RV2
MGIT-M

MGIT-CF
MGIT-RPF-B
MGIT-RIPA/RPFB

Sputum (uncultured)
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Figure 3.2B: Paired spoligotype patterns and strain types of M. tuberculosis clinical samples. Spoligotype
patterns derived from baseline sputum and sputum cultured across various growth conditions from ten M. tb
infected patients. Samples highlighted in red are contaminated with the M. tb H37Rv reference strain. The
variability found in the direct repeat (DR) locus, which contains a variable number of short direct repeats, is
used to classify M. tb strains by strain type. The presence or absence of these repeats at 43 spaces in the DR
locus determines the spoligotype family. Black dots represent the presence of a spacer sequence at the specific
position. Patterns were translated into lineages using the SPOTCLUST software. Spacer sequences were read
from the left to right to determine the strain type.
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3.4. Next generation sequencing of genomic DNA
Whole genome sequencing provides information on the entire genetic profile of an organism
for analysis. The effect of sputum culture in different growth conditions on the within-sample

genetic diversity was investigated in this study by a comparison of the genomic DNA
sequences obtained from sputum cultured in various growth conditions.

3.4.1. In silico analysis of strain spoligotype

Strain spoligotype prediction accuracy was assessed by comparing experimentally predicted
octal codes and strain spoligotypes to in silico predicted octal codes and strain spoligotypes
derived from the DNA sequencing data of the M. tb samples. The in silico results are more
reliable in predicting strain spoligotypes because they reduce the potential effects of
experimental errors, which could result in inaccurate readings. Paired end genomic sequences
of the clinical samples were obtained using the Illumina HiSeq next generation sequencing
platform from Rutgers University in Newarck, Columbia. The forward DNA sequencing
reads of each sample were used to generate the in silico octal codes using SpolPred, which
were then translated into strain types by SPOTCLUST. SPOTCLUST was also used to
generate experimental octal codes derived from the experimental strain spoligotype patterns
in section 3.3. Table 3.1 summarises the results of the comparison. Strain spoligotypes
inferred from the in silico analysis matched with the experimental results for 77/93 samples
(83%) (Green). Four samples (4%) had different in silico and experimental results, (Red)
whilst 12 samples (13%) were indeterminate (Blue). Detailed results are summarised in
Appendix D, Table 2. Of the four non-matched samples (red blocks), sample 59162 (MGIT
RIPA/RPFB) showed the presence of Mycobacterium microti based on whole genome
sequencing (WGS) data, suggesting that this patient was most likely co-infected with another
member of the MTBC. The detection of infections with mycobacteria other than tuberculosis
(Mott) is usually possible in genotyping techniques that are able to detect mycobacteria at
species level. There was a discrepancy between the uncultured sputum sample and the
sputum cultured at MPN M1 for patient 59144, where experimental spoligotyping detected a
LAM 3 and a Family 33 strain in each sample, but in silico analysis detected a Beijing strain
and a Family 35 strain. Although the Beijing strain was not visible on the experimental
spoligotype pattern of the uncultured sputum sample (Figure 3.2 B), the presence of spacers
35 and 36 which are characteristic of Lineage 2 strains in the spoligotype pattern of the
sample upon culture at the MPN_M1 condition, suggest that the patient may be co-infected

with a Beijing strain as identified by WGS. In the uncultured sputum of patient 59152, a
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LAM 7 strain was detected rather than a LAM 9 strain. A 1-digit variation of 1 to 3 was
observed in the 12t number of the 15-digit octal code for the CAS strains of patient 59172
(highlighted in pink in Appendix D, Table D2). There was no correlation in the samples that

were indeterminate except for the majority of them being the uncultured sputum samples.

Table 3.1: Matched, mismatched, and indeterminate in silico predicted spoligotypes

Sputum | CFU | MPN | MPN | MPN | MPN | MGIT_ | MGIT_ | MGIT_ | MGIT_RIP
ML | M2 | RVl | RV2 | M CF RPFB | A/IRPFB

59135
59143
59144
59152
59154
59161
59162
59164
59165
59172

Green blocks indicate matched in silico and experimental results, red blocks represent mismatched
results, and blue blocks represent undetermined in silico results. Blocks with diagonal lines represent
samples that were unavailable for analysis.

3.4.2. Quality control

Pre-processing and quality control are critical steps in NGS data analysis to ensure that high
quality data are used in the analysis. Both forward and reverse DNA sequencing reads from
each sample were quality assessed using FastQC. FastQC utilizes specific metrics to provide
information on the quality of the sequencing data. The Phred scale was developed in the
Human Genome Project to assess the base quality of nucleotides generated by automated
sequencing and is now used to represent confidence scores in other contexts of genome
science (Schmutz et al., 2004). In the context of FastQC, Phred quality scores represent the
likelihood that a base was called incorrectly during sequencing. The analysis was carried out

on all sequenced samples. As example, Figure 3.3 depicts the quality scores (in Phred scale)
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across all individual bases of the 150 bp reads for samples 59162 MPN-RV2 (A&B) and
59135 MPN-RV1 (C&D), in the forward and the reverse orientation, respectively. The mean
value (blue horizontal line) indicates that the quality scores decreased towards the end of the
reads which is expected due to strand desynchronisation during nucleotide incorporation
(known as dephasing) as the number of cycles increases (Nakamura et al., 2011). This is
common in sequencing by synthesis DNA technologies. Despite this decrease, the average
Phred quality score of all samples at each nucleotide base was > 30, which translates to a
0.001% sequencing error probability. This indicates that the sequencing data was of excellent

quality.
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Figure 3.3: Per base sequencing quality of paired end sequencing reads. Quality score of individual
nucleotides in the forward (A&C) and reverse (B&D) reads for samples 59162 MPN-RV2 (A&B) and 59135
MPN-RV1 (A&C) respectively. The graph separates the quality score of the bases as being poor (red, Phred 0-
19), reasonable (orange, Phred 20- 28) and of very good (green, Phred 29-40) quality. The blue line indicates the
mean quality score across the individual bases within the reads. Black vertical lines indicate the 90t percentile.

3.4.3. Genome Coverage
The sequencing data was processed using a bioinformatics data analysis pipeline, as detailed
in section 2.7.1.1. The coverage statistics obtained after read mapping to the M. tuberculosis

H37Rv reference genome were analysed. In DNA sequences derived from genomic DNA

49



obtained from sputum, the coverage depth ranged from 0.5818x-204.53x which correlated
with the proportion of mapped reads (coverage breadth) (range 0.38%-60.01%). No
correlation was observed between DNA concentration and coverage depth. For example, the
concentration of DNA in the sputum of patient 59172 (466.19 ng/l) was more than 200 times
that of sample 59164 (2.09 ng/l) (Figure 3.1), but sample 59164 had a greater depth of
reference genome coverage. For both samples, the average depth of coverage was 1.118x and
204.530x, respectively. Coverage was significantly higher in sequences obtained from DNA
isolated from cultured samples under all growth conditions (129.734x - 696.525x, 95.46% -
99.82%) compared to the uncultured sputum samples (p < 0.0001) (Figure 3.4 A).
Comparison of these cultured sequences indicated that coverage was the highest in samples
that were grown in the CFU assay compared to those grown using both the MPN (p < 0.0001)
and MGIT (0.0012) assays (Figure 3.4 B). For whole genome analysis, sequences are
required to have at least a 30x depth of coverage and at least 50% of reads that map to the
reference genome (Genestet et al., 2019a). Only 1 of the 10 sputum derived sequences met
this criterion hence, for the remaining 9 sputum samples partial genome analysis was
conducted. The nine samples may not have met the criteria due to low M. tb loads in sputum,
as well as the presence of host DNA and other microorganisms in sputum. Eleven sequences
from the cultured samples had a coverage breadth of < 95% based on the reference genome
and therefore, these were excluded from further analysis. The high depth and breadth of
coverage, combined with the high quality of the sequencing data, provided a high degree of

confidence in detecting variants in the genomes of the various M. tb strains under study.
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Figure 3.4: Depth of genome coverage. Violin plot demonstrating the average depth of the reference M. th
genome coverage of sequences obtained from sequenced M. tb isolated from A) uncultured sputum samplesand
sputum cultured under various growth conditions (p < 0.0001****) and B) sputum cultured using the CFU,
MPN and MGIT assays (p < 0.0001**** p=0.0012*%*).

3.5. Metagenomic analysis of M. tuberculosis sputum samples

Prior to variant detection, a metagenomic analysis of the uncultured sputum samples was
performed to assess the proportion of contaminating DNA sequences (from oral microflora or
human DNA) that might produce false variants. The number of DNA reads in the sputum
metagenome ranged from 4 460 401-6 305 552 (Table 3.2). All samples, with the exception
of 59161, had a high percentage (> 80%) of taxonomically classified reads indicating that the
database of reference genomes that was used was large enough to allow for read classification
in our study. The majority of the reads were classified against the chordate and bacterial
databases, with no reads shared with fungal or protozoan genomes. The number of reads
assigned to viral genomes is negligible. Differences were observed in non-mycobacterial read
contamination in each sputum sample. Of the 1,119 genera identified, Actinomyces, Homo,
Klebsiella, Mycobacterium, Prevotella, Rothia, Staphylococcus and Streptococcus were the
most abundant in all sputum samples (Figure 3.5). These contaminating reads are typical as
these species are prevalent in the human oral flora and respiratory cavities (Dekaboruah et al.,
2020). As expected, human DNA contamination was observed in all sputum samples but it
was prevalent in four samples (59143, 59152, 59162 and 59172), with the chordate phylum
accounting for more than 55% of the sequence reads (highlighted in orange in Table.3.2).
Taxonomically, Homo sapiens are classified under the Chordate phylum. M. tb was recovered

in the sputum samples in different proportions and a correlation was observed between M. th
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read abundance and coverage breadth. These results suggest that the chemical
decontamination of the sputum samples was able to reduce contamination with
microorganisms while preserving mycobacterial species, but failed to reduce human DNA
contamination. Hence, two filter steps were performed: 1) removal of unmapped reads, and 2)
removal of reads with a mapping quality of < 30, to allow for enhanced M. tuberculosis

genome analysis.

Table 3.2: Table comparing the proportion of contaminating classified and unclassified

reads for each of the sputum samples

Patient ID | Number Classified | Unclassified | Chordate Bacterial Viral Fungal Protozoan
of raw reads reads reads reads reads reads reads
reads

59135 5104733 | 87.7% 12.3% 33.6% 54% 0.0227% 0% 0%

59143 6083195 | 98.7% 1.33% 6.26% 0.0284% 0% 0%

59144 6306552 | 84.4% 15.6% 84.3% 0.00962% | 0% 0%

59152 4640401 | 97.4% 2.58% 27.5% 0.0196% 0% 0%

59154 5278108 | 78.2% 21.8% 12.9% 65.3% 0.0142% 0% 0%

59161 4530996 | 57.7% 42.3% 1.39% 56.1% 0.00426% | 0% 0%

59162 6540067 | 91.9% 8.13% 33.4% 1.25% 0% 0%

59164 5649520 | 93.3% 6.67% 3.4% 89.9% 0.00595% | 0% 0%

59165 5649062 | 85.2% 14.8% 33.3% 51.8% 0.0474% 0% 0%

59172 5959199 | 99.6% 0.44% _ 3.39% 0.00404% | 0% 0%
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Figure 3.5: Taxonomic assignment of sequence reads in sputum samples. The proportion of contaminating
reads were assessed from the raw sequence data files of the uncultured sputum samples using Kraken. Kraken
assigns short DNA sequences into taxa by using the k-mer content of each sequence as a taxonomic identifier.
For taxonomic classification, each species in the NCBI database has a unique taxonomic identifier that is
matched with that of the DNA sequence reads. This figure depicts the presence of contaminating bacterial
species in all sputum samples. The different colours represent the proportion of the various bacterial genera,
respectively.
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3.6. High confidence variant detection in the M. tb genome

The number of variants identified within a specific sample reflects the degree of genetic
diversity between the genomes that are being compared. High confidence variants were
called from the genomic sequences obtained from each patient's uncultured sputum and
sputum cultured in various growth conditions for analysis. Heterozygous variants were
additionally called from the uncultured sputum samples together with the cultured sputum
samples that displayed mixed strain spoligotype patterns. The presence of heterozygous base
calls at specific sites within the genome indicates the presence of alternative alleles at the site,

confirming infection with multiple strains.

3.6.1 Detection of nucleotide polymorphisms in the sequenced genomes

This analysis included the filtered sputum samples (10) for partial genome analysis, as well
as the cultured samples that met the selection criteria (> 95% coverage breadth). The analysis
of both the sputum derived and cultured sequences yielded a total of 128 408 high quality
SNPs, 2538 insertions, and 2503 deletions with respect to the M. tb H37Rv reference strain
(Appendix D, Table 3). The majority of these mutations were missense upstream and
downstream gene variants (intergenic). Variants detected from the cultured sequences ranged
from 43-1333, and those identified from the raw sputum sequences ranged from 121-62 771
(Figure 3.6). A significant number of variants (62 771 bp) were identified from the sputum
sample of patient 59144 (Not shown in Figure 3.6). Although this patient's sputum sample
had the highest proportion of reads assigned to the genus Mycobacterium (Figure 3.4), only
0.95% (41008/4308442) of these reads were accounted for by M. th. The majority (68%) of
the reads were assigned to the species Mycobacterium minnesotense. As M. tb and M.
minnesotense share sequence similarity, the large number of variants that were identified in
this sample was most likely due to the high mapping of reads in regions of similarity,
resulting in a large number of false positive variants. The data in Figure 3.5 show that sputum
culture has varying effects on the within-sample genetic diversity. The number of variants
detected in the uncultured sputum of patient 59135 (999 bp) and 59154 (1360 bp) exceeded
the number of variants detected in any of their cultured samples across all growth conditions.
In culture, patient 59143 had the highest number of base pair differences upon culture in the
un-supplemented MPN assay (M1) (725 bp), whilst patients 59144 (834 bp) and 59161 (1308
bp) had the highest number of base pair differences upon culture in the CF-supplemented
MPN assay (RV1). Genetic diversity increased upon culture of patient 59165°s sputum
sample in the un-supplemented MGIT assay (1320 bp), whereas culture in the CF-
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supplemented MGIT assay increased the genetic diversity in both patient 59152 (764 bp) and
59162 (1304 bp). Both patient 59164 (1333 bp) and 59172 (1292) had the highest number of
base pair differences upon culture in the CFU assay.
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Figure 3.6: Variant selection across the various growth conditions. Depicts the number of variants detected
from the comparison ofthe WGS data foreach patients’ samplesunderthe various growth conditions to the M.
th H37Rv reference strain.

3.6.2. Detection of heterozygous nucleotide polymorphisms in the sequenced genomes

The presence of mixed strains in a sample was determined by the number of heterozygous
variants found in the sample. Heterozygous variants were identified from all partially
recovered genomic sequences derived from the uncultured sputum. The inclusion of the
sputum sample of patient 59143, who had evidence of a single strain infection, was to
distinguish mixed strain infections from single strain infections in sputum. Heterozygous
variants were also identified in only one (59154 MPN_M1) of the four cultured samples that
displayed mixed patterns from the spoligotyping data (Figure 3.2). The exclusion of the
remaining three samples (59144 MPN_M2, 59165 MPN_M1, 59165 MPN_RV1) from the
analysis was due to insufficient reference genome coverage breadth (< 95%) to allow for

whole genome analysis. The number of heterozygous variants identified from these samples
ranged from 13-381 SNPs (Table 3.3).

Using the heterozygous site method developed by Sobkowiak et al. (2018) which used a
heterozygous SNP threshold of > 20 SNP sites for the classification of mixed samples, 9/10
of the samples (shaded in blue in Table 3.3) were classified as having mixed strains. Patient
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59164’s uncultured sputum sample was classified as having a single infecting strain (not
shaded in Table 3.3) since it did not meet the second criterion of being classified as having a
mixture of strains (between 11-19 heterozygous SNP sites, and > 1.5% heterozygous to total
SNP sites ratio). Patient 59143 who had evidence of a single strain infection by the same
strain spoligotype pattern in sputum and in culture was classified as a mixed sample, and
patient 59164 with evidence of a mixed strain infection by different strain spoligotype
patterns in sputum and in culture, was classified as having a single infecting strain. The
partial recovery of the genomic sequences from the uncultured sputum samples may account
for this discrepancy. Patient 59154's MPN M1 cultured sputum was classified as having
mixed strains, confirming that the mixed spoligotype pattern obtained from that sample was
indeed the result of two infecting strains.

Table 3.3: Detection of mixed infections using the number of heterozygous SNPs and
their proportion to the total number of SNPs identified in each patient’s sputum

sample.

Patient ID and growth No of Total no of | Proportion of

condition gtle\ltggozy gous | sNps heterogenous SNPS
to total SNPs

59135 Uncultured sputa | 202 999 20%

59143 Uncultured sputa | 83 266 32%

59152 Uncultured sputa | 33 402 8%

59154 Uncultured sputa | 355 1360 26 %

59161 Uncultured sputa | 221 1257 18 %

59162 Uncultured sputa | 106 400 27 %

59164 Uncultured sputa | 13 1306 1%

59165 Uncultured sputa | 276 1223 23 %

59172 Uncultured sputa | 24 121 20 %

59154 MPN_M1 86 1283 7%

Sputum samples that were identified as mixed using the heterozygous site method are shaded in blue

3.7. Phylogenetic construction of the genomic sequences
A phylogeny of the sequenced genomes was constructed using the Maximum likelihood
approach to establish evolutionary relationships between the sequences according to their

genetic distance (Figure 3.5). This analysis was carried out using fixed variants that were
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identified in each sample. Bootstrap values infer the statistical confidence in the positioning
of the branch nodes and the topology of the tree. In a single patient, strains that share a
common evolutionary path and diverge into separate branches represent mixed strain M.
tuberculosis infections which can be identified using phylogenetic tree analysis (Gan et al.,
2016). The phylogenetic tree analysis of the sequences (Figure 3.6) correlated well with
spoligotype analysis of the nine patients that displayed different strain spoligotypes across the
various growth conditions. The samples in the phylogenetic tree clustered according to their
respective lineages confirming the strain type distribution as identified by the spoligotyping
data (section 3.3). Patient 59172’s uncultured sputum and sputum cultured at MPN RV1 did
not cluster according to lineage identified by spoligotyping (indicated with an asterisk in
Figure 3.6), which could be due to the genetic distances between their genomes and high
sequence similarity with its neighbouring sequences on the tree. Pairwise genetic distance
comparisons between the genomes (measured in SNPs) indicate the evolutionary divergence
of the sequences as numbers of base pair differences. The genomic sequence of the CAS
strain identified in the patients’ uncultured sputum differed by 1128 bps from the genomic
sequence of the cultured sputum sample in the CFU assay, which is the nearest CAS strain
sequence within the patient's cluster. A variant distance of 877 bps was identified between the
genomic sequence of the patients’ cultured sample at MPN_RV1 from the genomic sequence
of the nearest CAS strain sequence within the patient’s cluster (59172 CFU). The non-
clustering of these two samples is also attributable to the high sequence similarity with its
neighbouring sequences in the tree, where the genomic sequence between the uncultured
sample and the neighbouring sequence of 59152 Sputum were separated by a variant distance
of 312 bp. High sequence similarity was observed between the cultured sample and its
neighbouring sample (59144 MGIT_M), whose sequences were separated by a variant
distance of 6 bp deletions. The close genetic relatedness between these samples may be a
result of direct transmission of these strains during hospital visits or an unlikely event of

sample cross-contamination during sequencing.

56



Tree scale: 1

Colored ranges
[l Lineage 2
[ Lineage 3
. Lineage 4

Figure 3.7: Maximum likelihood phylogenetic tree of directly sequenced and cultured M. tb clinical
samples. Colour coding of lineages: Red- Lineage 2; Blue- Lineage 3; Green-Lineage 4. The tree is rooted with
M. tb H37Rv as the recent common ancestor of all samples in the tree. Branch lengths indicate the rate of
sequence divergence. Branch nodes are annotated midway with bootstrap values (75-100) which infers the
statistical confidence of the positioning of each clade in the tree. Asterisk indicates samples that did not cluster
according to their respective lineages. Scale bar represents the numberof nucleotide substitutions per site.

3.8. Impact of different culture conditions on within-sample genetic diversity

The impact of culturing sputum under different growth conditions, with or without growth
factor supplementation, on the within-sample genetic diversity was studied by analysing
pairwise genomic SNP differences. A comparison of the detected variants in each patient's
samples grown under different culture conditions revealed significant variation among the
genomes (Figure 3.8). A genetic distance of 93 bp was observed between patient 59143’s

sputum sample cultured at MGIT_M and the cultured sputum sample at MPN_M1 (Figure
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3.8 A), whilst a distance of 214 bps was observed between the sputum cultured at MGIT_M
and MPN_M2 for patient 59165. (Figure 3.8 B). Patient 59152 had a 385 bp distance between
sputum cultured at MGIT_RPFB and MGIT_CF (Figure 3.8 C). Large genetic distances were
observed between the remaining M. tb genomes, with patient 59144 having a distance of 421
bps between MGIT_RIPA/RPFB and MPN_RV1 cultured sputum (Figure 3.8 D), patient
59154 having a distance of 620 bps between MPN_RV1 and MPN_M1 cultured sputum
(Figure 3.9 E), and patient 59135 having a distance of 689 bps between MGIT_RPFB and
MPN_RV1 cultured sputum (Figure 3.8 F). For patient 59162, a distance of 901 bp was
observed between sputum cultured at MGIT_RPFB and MGIT_C (Figure 3.8 G), and a
distance of 944 bp was observed between sputum cultured at MPN_RV1 and at CFU for
patient 59164 (Figure 3.8 H). A similar increase in genetic diversity was seen in patient
59172, who had a genetic distance of 992 bp between sputum cultured at MGIT_RIPA/RPFB
and MPN_M2 (Figure 3.8 1), and patient 59161, who had a genetic distance of 1003 bp
between sputum cultured at MGIT_RPFB and MPN_RV1 (Figure 3.8 J). These data suggests
that sputum culture has varying effects on the genetic diversity which became apparent under

different growth culture conditions.

Interestingly, when stratifying genetic diversity by the number of nucleotide polymorphisms
detected under the various culture conditions in each patient (Figure 3.6), some clustering
was observed from those infected with multiple strains (59135, 59144, 59152, 59154, 59161,
59162, 59164, 59165, 59172) that was not observed in the single strain infected patient
(59143). The different culture conditions (in each patient) performed differently depending
on the infecting strain. Clustering of the culture conditions (in respect to the number of
variants that were detected at that growth condition) was higher in patients polyclonally
infected with either the Beijing or CAS strains (59154, 59161, 59162, 59164, 59165, 59172)
but was substantially lower in patients infected with a single strain (59143) or were

polyclonally infected with strains other than the above-mentioned strains (59135, 59144,
59152). These data suggest that culture selects for a specific genotype in sputum.
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B)

C)

D)

59143 59143MPN 59143MPN 59143MPN 59143MGIT
CFU M1 _RV1 _RV2 ™M
59143CFU 0
59143MPN_M1 | 91 0
59143MPN_RV1 6 92 0
59143MPN_RV2 6 91 4 0
59143MGIT_M 4 93 2 6 0
59165MPN 59165MPN 59165MGIT 59165MGIT59165MGIT_RIPA/
M2 _RV2 M B RPFBA
59165MPN_M2 0
59165MPN_RV2 207 0
59165MGIT_M 214 12 0
59165MGIT_B 204 15 26 0
59165MGIT_RIP
A/RPFBA 212 5 15 20 0
59152 59152MPN 59152MPN 59152MPN 59152MPN 59152MGIT59152MGIT 59152MGIT
CFU M1 M2 _RV1 _RV2 ™ _CF _RPFB
59152CFU 0
59152MPN_M1 4 0
59152MPN_M2 4 2 0
59152MPN_RV1 3 5 5 0
59152MPN_RV2 3 7 7 6 0
59152MGIT_M 4 8 8 7 6 0
59152MGIT_CF 5 9 9 8 7 4 0
59152MGIT_RPFB| 384 383 382 384 382 384 385 0

59144 59144MPN59144MPN 59144MPN 59144MGIT59144MGIT 59144MGIT

cFU M1 _RV1 _RV2 M _RPFB _RIPA/RPFB
59144CFU 0
59144MPN_M1 10 0
59144MPN_RV1 | 420 419 0
59144MPN_RV2 7 13 420 0
59144MGIT_M 4 10 419 5 0
59144MGIT_RPFB| 11 5 418 16 13 0
59144MGIT_RIPA
/RPFB 4 10 421 5 4 13 0

59154 59154MPN 59154MPN 59154MPN 59154MPN 59154MGIT 59154MGIT 59154MGIT 59154MGIT_RIPA
CFU M1 M2 _RV1 _RV2 M _CF _RPFB /RPFB

59154CFU 0
59154MPN_M1 12 0
59154MPN_M2 6 8 0
59154MPN_RV1 615 620 612 0
59154MPN_RV2 10 12 6 618 0
59154MGIT_M 10 6 6 618 8 0
59154MGIT_CF 6 10 2 614 8 8 0
59154MGIT_RPFB 10 7 7 617 11 5 9
59154MGIT_RIPA/RP
FB 7 9 3 615 7 7 5
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F)

59135MPN 59135MPN 59135MGIT 59135MGIT 59135MGIT59135MGIT_RIPA/
| RV1 _RV2 Y _CF _RPFB RPFB
59135MPN_RV1 0
59135MPN_RV2 10 0
59135MGIT_M 495 491 0
59135MGIT_CF 504 500 16 0
59135MGIT_RPFB 689 686 511 511 0
59135MGIT_RIPA/
RPFB 496 492 19 17 504 0
G) 59162MPN 59162MPN 59162MPN 59162MGIT 59162MGIT 59162MGIT
| M1 M2 _RV2 M _CF _RPFB
59162MPN_M1 0
59162MPN_M2 7 0
59162MPN_RV2 4 7 0
59162MGIT_M 4 5 2 0
59162MGIT_CF 8 7 6 4 0
59162MGIT_RPFB 899 898 898 898 901 0
H) 59164 59164MPN 59164MPN59164MPN 59164MPN 59164MGIT 59164MGIT59164MGITS9164MGIT_RIPA
cFU M1 M2 _RV1 _RV2 Y _CF _RPFB /RPFB
59164CFU 0
59164MPN_M1 21 0
59164MPN_M2 25 26 0
59164MPN_RV1 944 936 930 0
59164MPN_RV2 942 933 928 325 0
59164MGIT_M 21 16 27 937 932 0
59164MGIT_CF 21 22 33 943 942 25 0
59164MGIT_RPFB 26 29 16 934 932 31 35 0
59164MGIT_RIPA/
RPFB 20 15 30 942 940 19 11 32 0
1) 59172 59172MPN 59172MPN59172MPN 59172MPN 59172MGITS9172MGIT
CFU M1 M2 _RV1 _RV2 _RPFB _RIPA/RPFB
59172CFU 0
59172MPN_M1 521 0
59172MPN_M2 989 543 0
59172MPN_RV1 877 455 399 0
59172MPN_RV2 18 518 987 876 0
59172MGIT_RPFB | 932 535 577 532 932 0
59172MGIT_RIPA/
RPFB 20 521 992 880 11 933 0
) 59161MPN 59161MPN 59161MPN 59161MGIT 59161MGIT 59161MGIT
M1 _RV1 _RV2 C _RPFB _RIPA/RPFB
59161MPN_M1 0
59161MPN_RV1 11 0
59161MPN_RV2 9 16 0
59161MGIT_C 6 15 9 0
59161MGIT_RPFB 994 1003 996 996 0
59161MGIT_RIPA
RPFB 9 13 14 11 998 0

Figure 3.8: Pairwise SNP differences between the genomes of cultured M. tb sputum samples. Within
sample genetic distance comparison for patients A) 59143, B) 59165, C) 59152, D) 59144, E) 59154, F) 59135,
G) 59162, H) 59164, 1) 59172, J)59161 across the different growth conditions. Genomes were compared
individually under the different growth conditions. Genomes with the greatest genetic distance are reported.
Samples highlighted in yellow represent the intersection of the same genome. Samples shaded in b lue represent
the sampleswith the largest genetic distance which was read from the bottom left to the upper matrix (across).

60



3.9. Effect of culture on the population structure in single strain infections

Since the effect of culture on the population structure had been determined, pairwise SNP
distance comparisons between the genomes of the same infecting strain type were analysed to
determine the effect of culture on the clonal composition of single strain infections in sputum.
Since 90% of the patients were polyclonally infected, this analysis was carried out using only
the genomes of the same strain type across the various growth conditions from each patient.
The smallest variant distance between the genomes of the same infecting strain were
observed in the LAM 3 strains of patient 59162 (8 bp) (Figure 3.9 A), the LAM 9 strains
infecting patient 59152 (9 bp) (Figure 3.9 B), and the T1 strains infecting patient 59135 (10
bp) (Figure 3.9 C). This was followed by patient 59161 infected with the Beijing strains (16
bp) (Figure 3.9 D), patient 59135 infected with the T2 strains (19 bp) (Figure 3.9 E), patient
59164 infected with the Beijing strains (35 bp) (Figure 3.9 F), patient 59143 infected with the
S strains (93 bp) (Figure 3.9 G). Large differences were observed in the Beijing strains
infecting patient 59165 (214 bp) (Figure 3.9 H) and in the LAM 3 strains infecting patient
59144 (421 bp) (Figure 3.9 1). The CAS strains infecting patients 59154 and 59172 were the
most heterogeneous, with up to 620 bp and 877 bp differences, respectively (Figure 3.9 | &
J). The detection of these genotypes in the same strain were only possible to observe as a
result of culturing the sputum in the CFU assay (9%) (1/11), MPN_M1(27%) (3/11),
MPN_RV1 (18%) (2/11), MPN_RV2(9%), MGIT_M (9%), MGIT_CF (18%), and
MGIT_AB (9%) conditions. These results suggest the presence of minority bacterial

populations in sputum that emerge in culture.
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A)

B)

)

D)

E)

F)

G)

59162MPN 59162MPN 59162MPN59162MGIT59162MGIT
| M1 M2 _RV2 M _CF
59162MPN_M1 0
59162MPN_M2 7 0
59162MPN_RV2 4 7 0
59162MGIT_M 4 5 2 0
59162MGIT_CF 8 7 6 4 0
59152 59152MPN 59152MPN 59152MPN 59152MPN 59152MGIT 59152MGIT
CFU M1 M2 _RV1 _RV2 M _CF
59152CFU 0
59152MPN_M1 4 0
59152MPN_M2 4 2 0
59152MPN_RV1 3 5 5 0
59152MPN_RV2 3 7 7 6 0
59152MGIT_M 4 8 8 7 6 0
59152MGIT_CF 5 9 9 8 7 4 0
59135MPN 59135MPN
RV1 _RV2
59135MPN_RV1 0
59135MPN_RV2 10 0
59161MPN 59161MPN 59161MPN 59161MGIT 59161MGIT
| M1 _RV1 _RV2 C _RIPA/RPFB
59161MPN_M1 0
59161MPN_RV1 11 0
59161MPN_RV2 9 16 0
59161MGIT_C 6 15 9 0
59161MGIT_RIPA/RPFB 9 13 14 11 0

59135MGIT 59135MGIT 59135MGIT
M _CF _RIPA/RPFB
59135MGIT_M 0
59135MGIT_CF 16 0
59135MGIT_RIPA/RPFB | 19 17 0
59164 59164MPN 59164MPN 59164MGIT59164MGIT 59164MGIT 59164MGIT
CFU M1 _M2 M _CF _RPFB _RIPA/RPFB
59164CFU 0
59164MPN_M1 21 0
59164MPN_M2 25 26 0
59164MGIT_M 21 16 27 0
59164MGIT_CF 21 22 33 25 0
59164MGIT_RPFB| 26 29 16 31 35 0
59164MGIT_RIPA/
RPFB 20 15 30 19 11 32 0
59143 59143MPN59143MPN 59143MPN 59143MGIT
CFU M1 _RV1 _RV2 M
59143CFU 0
59143MPN_M1 91 0
59143MPN_RV1 6 92 0
59143MPN_RV2 6 91 4 0
59143MGIT_M 4 93 2 6 0
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H) 59165MPN59165MPN 59165MGIT59165MGIT 59165MGIT
M2 _RV2 M B _RIPA/RPFB
59165MPN_M2 0
59165MPN_RV2 207 0
59165MGIT_M 214 12 0
59165MGIT_B 204 15 26 0
59165MGIT_RIP
A/RPFB 210 3 13 18 0
1) 59144 59144MPN 59144MPN 59144MPN 59144MGIT59144MGIT 59144MGIT
cFrU M1 _RV1 _RV2 M _RPFB _RIPA/RPFB
59144CFU 0
59144MPN_M1 10 0
59144MPN_RV1 420 419 0
59144MPN_RV2 7 13 420 0
59144MGIT_M 4 10 419 5 0
59144MGIT_RPFB 11 5 418 16 13 0
59144MGIT_RIPA/
RPFB 4 10 421 5 4 13 0
) 59154 59154MPN 59154MPN 59154MPN 59154MPN 59154MGIT 59154MGIT 59154MGIT 59154MGIT
CcFU M1 M2 _RV1 _RV2 M _CF _RPFB _RIPA/RPFB
59154CFU 0
59154MPN_M1 12 0
59154MPN_M2 6 8 0
59154MPN_RV1 615 620 612 0
59154MPN_RV2 10 12 6 618 0
59154MGIT_M 10 6 6 618 8 0
59154MGIT_CF 6 10 2 614 8 8
59154MGIT_RPFB 10 7 7 617 11 5
59154MGIT_RIPA/
RPFB 7 9 3 615 7 7 0
K) 59172 59172MPN 59172MPN 59172MPN 59172MGIT
cFrU M1 _RV1 _RV2 _RIPA/RPFB
59172CFU 0
59172MPN_M1| 521 0
59172MPN_Rv1| 877 455 0
59172MPN_RV2| 18 518 876 0
59172MGIT_RIP
IA/RPFB 20 521 880 11 0

Figure 3.9: Pairwise SNP differences between the genomes of the same strain genotype in cultured M. tb
sputum. Within sample genetic distance comparison for patients A) 59162 (LAM 3 strains), B) 59152 (LAM 9
strains), C) 59135 (T1 strains), D) 59161 (Beijing strains), E) 59135 (T2 strains), F) 59164 (Beijing strains) G)
59143 (S strains), H) 59165 (Beijing strains), 1) 59144 (LAM 3 strains), J) 59154 (CAS strains) K) 59172 (CAS
strains) acrossthe different growth conditions. Samplesare arranged by ascending order in respect to the genetic
distances between the genomes. Samples shaded in green represent the intersection of the same genome.
Samples shaded in grey represent the samples with the largest genetic distance which was read from the bottom

left to the upper matrix (across).
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3.10. Investigation and comparative analysis of M. tb drug target and housekeeping
genes

As the required genomic sequence depth for most (90%) of the raw sputum samples was not
obtained, the intended objective, which was to conduct a comparative analysis of this
sequence data to the sequence data obtained from samples that were cultured under different
growth conditions, could not be met. As a result, focus was shifted towards observing genetic
polymorphisms in known drug targets of the four first-line drugs, namely Isoniazid (INH)
(Rv1484), Ethambutol (EMBA, EMBB, EMBC) (Rv3794, Rv3795, Rv3793), Rifampicin
(RIF)(Rv0667) and Pyrazinamide (PZA) (Rv2043c), as well as in genes that regulate the
expression of housekeeping genes, namely sigA (Rv2703) and sigB (Rv2710). Gene

annotations were obtained from Mycobrowser (https://mycobrowser.epfl.ch/releases). The M.

tb sigA and sigB genes code for two sigma factors of RNA polymerase which are vital for the
initiation of transcription. Genomic coverage of the respective genes from the sputum derived
sequences was manually assessed prior to the analysis. Results are summarised in Table 3.4.
One sputum sample had sufficient coverage for all genes, whereas the other samples had
partial gene coverage which still allowed for analysis. The sputum sample of patient 59144

was excluded from further analysis since it was suspected of having a high number of false
positive variants.

Table 3.4: Coverage of the four first-line M. tb drug-targets and requlatory genes from

each patient’s sputum derived sequence.

INH EMBA | EMBB | EMBC | PZA RIF SigA | SigB

59135 X X X x

59143 X X X X X
59144 X

59152 X

59154 X X X x

59161 X X X

59162 X X X X

59164

59165 X X X X

59172 X x

Samples that had partial gene coverage are shaded in grey and those that had full gene coverage are
shaded in blue. x=Insufficient/No gene coverage for analysis.
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No drug resistance conferring mutations were observed from the sputum derived and cultured
sequences. The data confirmed that all strains used in this study were drug susceptible to the
first four-line anti TB drugs and did not acquire mutations during culture under the various

growth conditions. However, missense mutations in the sigA gene were found in the sputum
derived sequences of patients 59135, 59154, 59161, 59162, and 59165 (Table 3.5).

Table 3.5: Mutations in the sigA gene and the resulting change in amino acid

Gene Patient ID Mutation Effect
SigA (Rv2703) 59135 Sputum 946 G»C Ala 316 Pro
947C» A Ala 316 Glu
59154 Sputum 946 G»C Ala 316 Pro
947C»T Ala 316 Val
59161 Sputum 946 G»C Ala 316 Pro
947C»T Ala 316 Val
1480C» A GIn 494 Lys
59162 Sputum 946 G»C Ala 316 Pro
947C»T Ala 316 Val
1022 A»T Tyr 341 Phe
59165 Sputum 946 G»C Ala 316 Pro
947C»T Ala 316 Val
1139G»C Gly 380 Ala
1144 A» G lle 382 Val
1153G»C Glu 385 GIn
1156 C» A Leu 386 Met
1480C» A GIn 494 Lys

The number of missense variants identified in the M. tb sigA gene varied between the
patients, with two double mutants (59135, 59154), two triple mutants (59161, 59162), and
one patient with a total of seven missense variants (59165) identified in uncultured sputum.
The G » C mutation at position 3018 780 (946) was common in all uncultured sputum
samples, followed by a C » T mutation at position 3018781 (947) in most of the patients

uncultured sputum sample. These mutations were manually inspected from the alignment file
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using Integrative genome browser (Appendix C, Figure 3). None of these mutations were
detected in any of the cultured sequences. Thirteen amino acid sequences (sigA-M) have been
annotated as putative sigma factors which all belong to the sigma-70 family (Campbell et al.,

2002). The mutations in the sigA gene fall within the sigma70-region 2 (pfam04542) domain
(uniProtKB accession number: POWGI1). There were no mutations in the sigB gene.

66



3.11. Artificial mixed strain M. tuberculosis infection modelling
Infections with mixed strains of M. tb result in poor treatment outcomes (Shin et al., 2018). A
modelling framework for these infections provides insight into the mechanism of strain

competition during mixed strain M. tb infections, allowing for a better understanding of
disease dynamics at the individual level.

3.11.1. Confirmation of the pUC57-C2M and pUC57_C4S vector by restriction digest
analysis

Plasmids pUC57_C2M and pUC57_C4S were used for the generation of the barcoded LAM
and Beijing strains (Figure 3.10 A). A positive control plasmid (pMV306H) was used to
assess the transformation efficiency. The plasmid DNA was extracted and purified from the
Escherichia coli strain using the NucleoBond Xtra Midi/Maxi kit. Before cloning the
respective barcodes, the plasmids were profiled with various restriction enzymes to ensure
that they had not undergone any genetic rearrangement (Figure 3.10 B). The Pvull and
HindI1l enzymes in each case digest outside of the barcode containing multiple cloning site
(MCS). Identical band sizes were obtained from this digestion since both plasmids differed
only in the multiple cloning site where their respective barcodes were inserted (Figure 3.10 C).
The third enzyme was unique to each barcode and digested once within the MCS to
differentiate the plasmids from each other. All enzymes produced the correct fragments for
both pUC57-C2M and pUC57_C4S plasmids as well as the positive control plasmid (Figure
3.9 C). In addition, each plasmid was digested with the respective enzyme that gave the
unique specific bands (indicated with a red asterisk in Figure 3.9 D) to confirm that the
pUC57_C2M and pUC57_CA4S plasmids are different from each other. Both plasmids were
uncut from this digestion as seen by the presence of a supercoiled, linear, and nicked band
which confirmed that the experimental plasmids were different from each other. As both
plasmids were confirmed to be correct, generation of the barcode labelled M. tb strains was

pursued.
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Figure 3.10: Restriction profile of the pUC57_C2M, pUC57_C4S and GFP-pMV306H plasmids.
A) The vector maps for all three plasmids were generated using the clone manager software (Scientific and
Educational Software, USA). Plasmids containing the respective barcodes (pUC57_C2M and pUC57_C4S)
were digested with 3 enzymes and the control plasmid (pMV306H) was digested with a single enzyme. B)
Expected band sizes for each of the enzymes used to digest the plasmid DNA. C) 1% agarose gel showing the
expected DNA band sizes, lane 1(Marker 1V), lane 2 (Pvull digest for the GFP-pMV306H plasmid), lane 3
(Mlul digest for the pUC57_C2M plasmid), lane 4 (Pvull digest for the pUC57_C2M plasmid), lane 5 (HindlIl1
digest for the pUC57_C2M plasmid), lane 6 (Eagl digest for the pUC57_C4S plasmid), lane 7 (Pvull digest for
the pUC57_C4S plasmid), lane 8 (Hindl11 digest for the pUC57_C4S plasmid). D) 1% agarose gel indicating
the DNA band sizes obtained for confirmation of the two plasmids where the asterisks indicate the enzymes
which were not specific for the selected plasmid. Lane 1(Marker IV), lane 2 (Eagl digest for the pUC57_C2M
plasmid), lane 3 (Mlul digest for the pUC57_C2M plasmid), lane 4 (Pvull digest for the pUC57_C2M plasmid),
lane 5 (Hindl11 digest for the pUC57_C2M plasmid), lane 6 (Mlul digest for the pUC57_C4S plasmid), lane 7
(Eagl digest for the pUC57_C4S plasmid), lane 8 (Pvull digest for the pUC57_C4S plasmid), lane 9 (Hindll
digest for the pUC57_C4Splasmid).

68



3.11.2. Generation of barcoded M. tuberculosis clinical strains using electroporation

The genomic integration of the DNA barcodes into the LAM and Beijing clinical strains was
performed using electroporation to allow for strain identification within the mixture. Two
LAM strains from samples 59144 CFU and 59152 CFU, and two Beijing strains from
sample 59161 MPN_M1 and 59164 CFU, were selected from the spoligotyping data (section
3.3) and used for this experiment. One pg/ml of the plasmid DNA was transformed into
electrocompetent LAM and Beijing strains respectively. The pUC57_C2M plasmid was used
for the LAM strains and the pUC57_C4S plasmid was used for the Beijing strains. To
calculate the transformation efficiency, electrocompetent LAM and Beijing strains were
transformed with the pMV306H plasmid and as a control, electrocompetent M. tb H37Rv
cells were electroporated with both the pUC57_C2M and pUC57_C4S plasmids individually.
After recovery and phenotypic expression, different dilutions (from 10-° to 10-3) of the cells
were spread onto Middlebrook 7H11 agar supplemented with 50 pg/ml kanamycin for the
transformed pUC57-C2M and pUC57_C4S plasmids, and 50 pg/ml hygromycin for the
pMV306H control plasmid to obtain the transformed cells. The plates from the
electroporation are shown in Figure 3.11.

Bacterial growth was observed on the plates for the H37Rv strain, as well as the LAM and
Beijing clinical strains (Figure 3.11 A-F). Bacterial growth was minimal for the clinical
strains, as no growth was observed from the 103-dilution. The transformation efficiencies
ranged from 1.25x10% - 4.58x10* transformants/ug DNA (Table 3.6). One of the clinical
samples transformed with the pMV306H (control) plasmid had the highest transformation
efficiency, while all clinical samples transformed with the pUC57 plasmids had the lowest
transformation efficiency. The transformation efficiency of the second sample that was
transformed with the positive control plasmid (highlighted in grey in Table 3.6) is not
accurate as the image of the plate that is represented was taken earlier (after approximately 2
weeks of growth) due to contamination while, all the other plates were grown for 4 weeks.
Although the transformation efficiency of the H37Rv strains was higher than that of the
clinical strains, it was still not in the expected range of 10%-108 transformants/ug of DNA.
The low number of transformants for the clinical strains and the low transformation
efficiency for these samples suggest that the genomic integration of the plasmids may have
been unsuccessful and that the colonies that are seen on the plates are spontaneous mutants

that developed resistance to kanamycin. To confirm the genomic integration, the colonies
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were screened by PCR using primers listed in Table 2.4 that flank the barcode regions to

confirm if the vector was successfully integrated into the M. tb chromosome.

Table 3.6: Transformation efficiencies for the pUC57 C2M, pUC57 C4S and the
pMv306H plasmids in various M. tb strains

Sample Transformation efficiency
H37Rv-pUC57_C2M 2.43x10*

H37Rv_ pUC57_C4S 2.69x10*

59144 pUC57_C2M 2.0x10°

59144 pUC57_pMV306H 4.58x104
59152_pUC57_C2M 2.1x108
59161_pUC57_C4S 1.58x10°

59161 pUC57_pMV306H 9.32x10?

59164 _pUC57_C4S 1.25x103
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A)

H37Rv_C2M 10° H37Rv_C2M 103

B)
H37Rv_C4S 10° H37Rv_C4S 103
)
59144pUC57_C2M 10° 59144pUC57_C2M 10! 59144pUC57_C2M 10? 59144pUC57_C2M 10®  Negative Control 59144pMV306H-
Positive Control
D)
59152pUC57_C2M 10° 59152pUC57_C2M 10! 59152pUC57_C2M 10> 59152pUC57_C2M 10°
E) -
59161pMV306H-
Positive Control
F)

e

59164pUC57_C4S10°  59164pUCS57_C4S 10! 59164pUC57_C4S 102 59164pUC57_C4S 10° Negative Control

Figure 3.11: Plates showing the generation of the barcoded M. tb strains carried out by a site-specific
recombination event. Electrocompetent M. tb H37Rv, LAM and Beijing cells were transformed with the
pMV306H, pUC57_C2M and pUC57_C4S plasmids and were selected on 7H11 plates supplemented with 50
png/ ml kanamycin for the pUC57 plasmids and 50 pug/ ml hygromycin for the pMV306H plasmids. A)
Electrocompetent H37Rv cells were transformed with the pUC57_C2M plasmid. B) Electrocompetent H37Rv
cells were transformed with the pUC57_C4S plasmid. C) Electrocompetent LAM strain cells from patient
59144 were transformed with the pUC57_C2M plasmid. Negative control contains cells only, positive cells
contain the pMV306H plasmid. D) Electrocompetent LAM strain cells from patient 59152 were transformed
with the pUC57_C2M plasmid. Negative control contains cells only. E) Electrocompetent Beijing strain cells
from patient 59161 were transformed with the pUC57_C4S plasmid. Negative control contains cells only,
positive cells contain the pMV306H plasmid. F) Electrocompetent Beijing strain cells from patient 59164 were
transformed with the pUC57_C4S plasmid. Negative control containscells only.
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3.11.3. Confirmation of newly generated barcoded M. tb strains by PCR screening

Colonies from the electroporation plates were screened using PCR to verify the presence of
the genetic barcode in the M. tb chromosomal genome (Figure 3.12). A non-template control
was included to rule out contamination. The absence of DNA bands on the non-template
controls confirms the absence of contaminants in the reaction mixture (Figure 3.12). No DNA
bands were obtained from any of the screened colonies which indicates that the generation of
the barcoded strains was unsuccessful. The failed integration of the DNA barcode could be
due to various reasons. Cell damage may have occurred during pulsing, causing the pores of
the bacteria to remain open, or the plasmid concentration may have been insufficient in
comparison to the bacterial cell concentration. However, due to time constraints, the

experiment could not be optimised.

A) B)

LAM 1- 59144
LAM 2- 59152
BEIJING 1- 59161
BEIJING 2- 59164
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Figure 3.11: PCR screening of the generated barcoded M. tb strains. The gels display the samples that were
run atanannealingtemperature of A) 64°C and B) 62°C. Three pL of each sample was electrophoresed on a 4%
agarose gel at 90V for 60 minutes. Lane 1 (Marker V), lane 2 (LAM strain of patient 59144), lane 3 (LAM
strain of patient59152), lane 4 (Beijing strain of patient59161), lane 5 (Beijing strain of patient59162).
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4. DISCUSSION

Despite the availability of a reliable and effective drug regimen, as well as accurate
diagnostic tests, tuberculosis remains a global epidemic that affects nearly one-third of the
world's population (Getahun et al., 2015). The therapeutic management of this disease is
challenged by the presence of heterogeneous bacterial populations within the host that result
either due to the microevolution of a single strain or by polyclonal infection with distinct M.
tb strains (Liu et al., 2015). Conventional culture methods for diagnosis often include the
inoculation of the sputum sample into various types of growth media to allow for genotypic
or phenotypic analysis. Since bacteria have different growth requirements, culturing sputum
derived M. tb bacteria is limited by the selective nature of artificial media, which favours the
enumeration of the bacterial population or strain type that is best suited for growth in the
selected media (Dusthackeer et al., 2019). Growth factor supplementation in liquid media has
been shown to improve the recovery to around 80 — 99.9% of viable M. tuberculosis in sputa
that was undetected by a standard agar-based assay (Mukamolova et al., 2010). The increased
bacterial yield during culture under favourable conditions is a possible source of unexplored
genomic diversity which may provide insight into understanding the influence of different
growth conditions on within-patient mycobacterial genetic diversity. In this study, we aimed
to determine whether different axenic media with or without growth factor supplementation
impacted within-sample genetic heterogeneity of the mycobacteria in the sputum samples. In
addition, we also aimed to understand the mechanism of strain behaviour in polyclonal

infections.

Spoligotyping has a limited sensitivity in the detection of mixed strains in sputum

In this study, spoligotyping was performed on the ten uncultured sputum samples and their
respective cultured sputum samples grown in the CFU, MPN and MGIT assays, with or
without growth factor supplementation, for the classification of strain types. Spoligotype
patterns were obtained from all uncultured sputum samples (100%), which is higher than the
98.5% obtained in a previous study that aimed to characterise the potential bias introduced by
sputum culture on the prevalence of MTBC lineages by comparing spoligotype patterns
obtained from direct sputum to those obtained from sputum culture (Sanoussi et al., 2017).
Differences may be attributed to different sputum decontamination and DNA extraction
methods. Using SPOTCLUST, 50% (5/10) of the uncultured sputum samples (59135, 59154,
59161, 59162, 59165) and 4% (3/83) of the cultured sputum samples (59144 MPN_M2,
59165 MPN_M1, 59165 MPN_RV1) with evidence of mixed spoligotype patterns by the
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presence of overlapping spacers, were classified as Family 33 strains. Family 33 strains were
characterised by the absence of spacers 33-34 in the spoligotype pattern (Vitol et al., 2006).
The Family 33 strains in this study displayed spoligotype patterns that differ from this
description by Vitol et. al (2006) and also displayed spoligotype patterns that differ from each
other. In addition to the 33" and 34™ spacers, all Family 33 strains in this study lacked
spacers in other locations within the DR locus. The resulting spoligotype patterns from these
were an overlap of the spacers from the infecting strains, which in all cases, lacked spacers
33-34. As a result, these mixed patterns were classified as belonging to the Family 33 sub
lineage because they met the criteria for this classification due to the absence of spacers 33-
34, but they are not a true Family 33 strain. Due to the overlap of the hybridization patterns
from multiple strains in a single sample which appear as a single pattern, spoligotyping can
be said to have limited sensitivity in the detection of mixed strain infections in sputum.
Similar results were observed in a study by Kamakoli et al., (2018). Spoligotyping has been
used with additional typing methods to improve the detection of mixed strain infections in
sputum (Huyen et al., 2012, Pandey et al., 2020). Although direct sputum spoligotyping is
possible, it is advantageous to perform it on cultured sputum samples because it allows the
analysis to be carried out on multiple single colonies in the event that they contain different
strains and because cultured sputum samples allow the analysis to be carried out on pure
DNA without the presence of potential contaminants that could interfere with the
hybridisation pattern.

WGS provides a greater resolution than spoligotyping in the detection of additional
strains in sputum and in lineage assignment

Whole genome sequencing was used to confirm the infecting strain types that were obtained
by the experimental spoligotyping. In silico predicted spoligotypes were in concordance with
83% of the experimentally derived spoligotypes. WGS detected the presence of a Beijing
strain in patient 59144’s uncultured sputum which was not visible on the experimental
spoligotype pattern. The presence of spacers 35 and 36, which are characteristic of Lineage 2
strains, demonstrated the increased sensitivity of WGS in detecting the additional strain type
in sputum as the Beijing strain emerged after culture in the second well of the un-
supplemented MPN assay (M2). Hence, a discrepancy was noted between the experimental
and in-silico results for this patient. The classification of the patients’ cultured sample as a
Family 35 strain by WGS is not understood. WGS has previously been used to identify mixed

infections with non-tuberculosis species in sputum (Advani et al., 2019, Khieu et al., 2021).
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In this study, WGS was also able detect an M. tb co-infection with a mycobacterium other
than tuberculosis (MOTT) (M. microti) in patient 59162 at the MGIT_RIPA/RPFB culture
condition which was not detected by experimental spoligotyping. Infections caused by
MOTT are frequently missed due to clinical similarities with M. tb, including the need for
specialized growth media for detection. The MGIT assay promotes the growth of various
mycobacteria (Donohue, 2018) and therefore, is useful in detecting co-infection with
mycobacteria other than M. tb. Instead of a LAM 9 strain, WGS identified a LAM 7 strain in
patient 59152's sputum. The reason for this discrepancy is not understood due to the limited
information on LAM 7 strains. The discrepancy in the octal code of patient 59172’s CAS
strain highlights the accurate classification of strains to their respective sub lineages by WGS.
Although the spoligotype patterns of patient 59154’s CAS strain (deletion of spacers 4-7, 10,
20-34) and patient 59172’s CAS strain (deletion of spacers 4-7, 23-34) are different, the
spoligotype strain assignment tool (SPOTCLUST) (Vitol et al., 2006) assigned the same
octal code for both strains. WGS was able to distinguish the two strains from each other by
means of a different octal code and by the clustering pattern of both strains on the
phylogenetic tree. This was further confirmed by previous studies, where strains with the
octal code of patient 59154 were assigned to the CAS1-kili sub-lineage and strains with the
octal code of patient 59172 were assigned to the CAS1-delhi sub lineage (Bulane, 2012, Taye
et al., 2021). These data suggests that WGS has a greater resolution than spoligotyping in
detection of additional mycobacterial infecting strains in sputum and in lineage assignment.

WGS was further used to detect mixed infections in sputum and in culture using the
heterozygous sites method by Sobkowiak et al. (2018). Heterozygous variants were identified
in uncultured sputum and in cultured sputum samples that displayed mixed patterns during
spoligotyping analysis. Due to the emergence of different strain spoligotype patterns in
uncultured sputum and sputum cultured in the various growth conditions, the experimental
spoligotyping data suggested mixed infections in 90% (9/10) of the patients. The
heterozygous site method also identified mixed infections in 90% of the patients. However,
there was a mismatch between the classification from the spoligotyping data and the
classification from the heterozygous site method between two patients where one was
classified as having a single infecting strain by spoligotyping but was classified as having
mixed strains by the heterozygous site method (patient 59143) and another one who was
classified as having a mixed strain infection by spoligotyping (patient 59164) but was

classified as having a single strain by the heterozygous site method. The mismatch of patient

75



59143 may be due to the sample's low coverage depth, which could have missed genomic
regions that would have correctly classified the sample. Patient 59143's uncultured sputum
sample had the lowest depth of coverage (0.582x) of all the uncultured sputum samples. For
patient 59164, the mismatch may be due to the detection of a single infecting strain in sputum
(as evidenced by the sample's spoligotype pattern). However, the additional strain should still
be detected in sputum even if it is present in a small proportion. These results further
highlight the sensitivity of WGS in detecting additional strain types in sputum, as 8/9 patients
identified as polyclonally infected by spoligotyping were classified as mixed by WGS using
only the sequence data from the uncultured sputum sample whereas spoligotyping required
spoligotype patterns from cultured sputum that differed from the spoligotype pattern of the

uncultured sputum for the classification of mixed infections.

Direct sputum sequencing without target enrichment challenges the recovery of M. tb
DNA in sputum

DNA isolated from the uncultured sputum of each patient and its respective cultured samples
under the various growth conditions was sequenced. The stored uncultured sputum samples
were purified using the N-acetyl-I-cysteine-Sodium hydroxide method, and the stored
cultured bacterial samples were purified using an antibiotic mixture (PANTA) prior to WGS
sequencing. Reference genome coverage depth (0.581x-204.53x) and breadth (0.38%-
60.01%) were significantly lower in the uncultured sputum samples compared to the cultured
sputum samples (129.734x - 696.525x and 95.51%-99.42%) and across the various growth
conditions. The low coverage depth of the uncultured sputum samples in this study was
greater than that obtained in a study by Doughty et al. (2014), which sought to investigate the
potential of direct sputum sequencing without culture or DNA target-specific amplification to
characterize smear-positive MTBC strains from West Africa. The coverage depth of the
sputum-derived sequences in this study ranged from 0.002x to 0.7x. (Doughty et al., 2014).
Using various hybridisation protocols, studies have shown that target enrichment of DNA
derived from uncultured sputum using RNA and DNA capture baits significantly improves
M. tb recovery in sputum. Nimmo et al. (2019) compared three different hybridisation
protocols (SureSelect standard, SureSelect Low Input and MolYsis + SureSelect Input) for
direct sputum sequencing and discovered that the MolYsis SureSelect Low Input Kit
improved reference genome coverage the most (68.42x-135.36x). This strategy may be

employed in future research for the analysis of M. tb genomes in uncultured sputum samples.
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Genetic diversity is both genotypic and culture dependent

To determine if sputum culture affects within-sample genetic diversity, variants were
identified in the genomic sequences of the various M. tb samples in respect to the H37Rv
reference strain and were compared to each other. Since mixed strain infections were
identified in most of the patients, within-patient genetic diversity was expected due to the
different genotypes of the infecting strains. The different strain types in the polyclonally
infected patients emerged during sputum culture across the various growth conditions, as
demonstrated by the spoligotyping data and the pairwise genetic distances between the
genomic sequences of the cultured samples, which is of consequence in the diagnosis of
patients with multiple strain infections in diagnostic settings that rely on only one diagnostic
technique or those that are not suitable to promote the growth of the additional strain types in
sputum. The type of effect that culture has on the sample genetic diversity is demonstrated by
the results that were obtained from the identification of the variants in the M. tb samples in
respect to the reference H37Rv strain. Since the results were reported based on the number of
variants detected at each culture condition, the clustering of the majority of the culture
conditions in the polyclonally infected patients at a similar region suggests that culture selects
for a specific genotype in sputum. When the genetic distances between the genomes of each
patient were compared, the genetic distance increased when a different strain type emerged in
culture. These findings are consistent with those obtained by Moreno-Molina et al. (2021),
who used WGS to investigate the prevalence of polyclonal infections by analysing and
comparing the genomic sequences derived from sputum and in surgical resections from
tuberculosis patients. The genetic distance in polyclonally infected patients was the largest
when comparing a Beijing or CAS strain to the other strain types in the polyclonal infection,
which is similar to what Moreno-Molina et al. (2021) found from a comparison of lineage 2
strains (includes Beijing) to the other strains that were identified in patients with different

genotypes in sputum and from surgical resections.

Simultaneous infections with multiple subpopulations

A comparison of the sequences from the same infecting strain genotype in each patient was
used to investigate the effect of sputum culture on the clonal composition of sputum. The
genetic distance between these strains ranged from 8 to 877 bp. Although a universal SNP-
threshold to delineate the microevolution of strains has not been determined in literature, the
genetic distances observed between these strains may suggest the presence of clonally

heterogenous bacterial populations in sputum. These findings are comparable with those of
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Liu et al. (2015), who found 10-14 bp differences in serial sputum samples while
investigating clonal heterogeneity in sputum, and those of Faksri et al. (2016), who observed
a 2-61 bp difference between serial isolates from patients using WGS to investigate genetic
markers that distinguish infections and reinfections in MDR and XDR-TB patients. Factors
such as selection pressures, sample sizes, the genotype of the different isolates and time
differences between the sequenced isolates may contribute to this difference. These
genetically distinct genotypes were detected in the various growth assays, specifically the
(M1) media and CF-supplemented (RV1) MPN-assay, as well as the media supplemented
MGIT assay, CF-supplemented MGIT assay and the RIPA/RPFB supplemented MGIT assay .
For one patient (59172), this was observed upon culture in the CFU assay. These results
highlight the differential culturability of bacteria in sputum. This is consistent with those of
Chengalroyen et .al (2016) who was able to detect the presence of differentially culturable
bacteria in sputum. These results, along with those from the previous analysis, support the
study's hypothesis that different culture methods reveal differentially culturable populations,

resulting in an increase in the observed genetic diversity within a single sputum sample.

Mutations in the M. tb sigA gene alter gene expression

The partial recovery of the genomic sequences from uncultured sputum samples allowed for
the detection of mutations, if any, in the four first-line anti-TB drug targets as well as in two
genes that are involved in the regulation of housekeeping genes, namely sigA and sigB. In all
of the samples, no mutations were found in any of the drug resistance genes or the sigB gene.
However, mutations in the sigA gene were found in the uncultured sputum of 5 patients.
Sigma factors play an important role in transcription initiation by directing the RNA
polymerase to bind to the -35 and -10 promoter regions and ensuring the stability of the RNA
polymerase-promoter complex. (Tare et al., 2013). The sig70 family consists of four regions,
but the second region is the most highly conserved due to the presence of the -10-promoter
recognition helix and the primary core RNA polymerase binding site (Campbell et al., 2002).
As a result, the missense mutations that have been identified in the sigA gene alter the
structure of the protein, which may affect the polymerase-promoter interaction, altering the
transcription of important housekeeping genes such as virulence genes (Wu et al., 2004).
None of the mutations that were identified in sputum were identified in culture. The reason
for this is not understood as the same mutations that are found in sputum should be present in

culture.
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Generation of barcode labelled strains

In this study, the goal of developing an artificial mix strain infection of M. tb to gain an
understanding of strain competition within the host was not met. Individual M. tb strains that
were selected for this model were transformed with a plasmid containing a 50 bp barcode to
be used for the differentiation of the different strains within the artificial mixture. The
transformation of the M. tb strains was successful however the clones did not contain the
integrated plasmid. Exposing cells to high electrical voltages during electroporation increases
the permeability of the membrane. The increased permeability is only temporary, which
allows for the integration of the plasmid DNA into the chromosome. The failure of the
plasmid to integrate could be attributed to the cells' inability to repair their membrane after
pulsing, which could have occurred as a result of cell death caused by high electrical voltage
exposure. The bacterial cells could also have been overly concentrated, making the plasmid

concentration insufficient for transformation.

5. CONCLUDING REMARKS

The aims and objectives of this study in evaluating the effect of sputum culture on the within
sample genetic diversity in different growth conditions was achieved. It was noted that
spoligotyping is less sensitive in identifying mixed strain infections in sputum owing to the
overlap of spoligotype patterns from the individual infecting strains and WGS was shown to
have the ability to overcome this limitation. The different growth requirements of bacteria
were demonstrated by the emergence of different infecting strain types in sputum under
various growth conditions which may have an impact on the diagnosis of multiple M. tb
strain infections in sputum. Furthermore, culture was shown to be selective of a specific
genotype in sputum, favouring strains from the CAS and Beijing sub lineages. The detection
of genetically heterogeneous M. tb bacterial populations in the sputum of patients who are
already infected with multiple M. tb strains suggests that mixed strain M. tb infections may

have complex infection patterns.

6. FUTURE WORK

Although the full impact of sputum culture on genetic diversity could not be determined due
to partial recovery of genomic sequences, target enrichment of DNA derived from uncultured
sputum may overcome this limitation and allow for comparison of sequence data from
uncultured sputum samples to sequence data from cultured samples. Different software (such

as QuantTB) may be used for the detection of mixed strain infections in future studies as they
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provide different functionalities that can provide insightful information using WGS data. The
implemented genetic barcoding system has the potential to provide insight into the precise
mechanism of strain competitions within the host by providing an understanding of how
different strains survive in mixed environments.
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8. APPENDICES
8.1. Appendix A- Materials

1. Culture media preparation
BBL™ Middlebrook 7H11 media

For 1 L of media, 20.5g of BBL™ Middlebrook 7H11 media was added to a 1L autoclaved
bottle. Add 900 mL of distilled water and 5 mL of glycerol. Mix solution until dissolved then

autoclave. Once autoclaving is complete, cool media to 55°C before the addition of 100 mL
of OADC.

BD BBL™ Middlebrook 7H9 media

Weigh 4.7g of BD BBL™ Middlebrook powder and add to a 1L autoclaved bottle. Add 900
mL of distilled water and 2 mL of glycerol. Mix solution until dissolved then autoclave. Once
autoclaved, cool the media, and add 2 mL of Tween®80 and 100 mL of OADC. Filter

sterilise media using a stericup.

BD BBL™ Middlebrook 7H9 media with PANTA

Reconstitute a bottle of lyophilized BBL™ PANTA antibiotic mixture in 15 mL of

BD BBL™ Middlebrook 7H9 liquid media. Add 2 mL of the reconstituted PANTA antibiotic
mixture to 50 mL of filter sterilised BD BBL™ Middlebrook 7H9 media.

Luria-Bertani Agar (LA)

Weigh 31 g of LA powder and add to a 1L autoclaved bottle. Add 900 mL of distilled water

and dissolve by stirring on a stirring pad with heat. Autoclave, allow to cool before
supplementation with the necessary antibiotics.

Luria- Bertani Broth (LB)

Weigh 22.5 g of LB powder and add to a 1 L autoclaved bottle. Dissolve in 900 mL of
distilled water. Autoclave. Once autoclaved, cool the media and supplement with the
necessary antibiotics.

2XTY

Weigh 9 g of NaCl, 9 g of yeast extract and 18 g of tryptone. Add to a 1L autoclaved bottle

and dissolve in 900 mL of distilled water. Autoclave.
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2. Supplementation of Media

Table Al: Media supplements

Media supplements

Components

Description

Glycerol (2%)

Glycerol

Commercial (Sigma-
Aldrich)

Tween (20%)

Tween80, distilled water

10 mL of Tween-80
dissolved in 40 mL dH,O

OADC Oleic Acid Albumin Dextrose Commercial (BD BBL™)
Catalase
PANTA Polymyxin B, Amphotericin B, Commercial (BD BBL™)

Nalidixic acid, Trimethoprim and
Azlocillin

Kanamycin (50 mg/ml)

Kanamyecin, distilled water

2.5 mg of Kanamycin
dissolved in 50 ml dH,0

Table A2: Chemical decontamination reagents

Reagent

Components

Description

4% NaOH-NaLC solution

Sodium hydroxide, N-acety ly-
L-cysteine

Commercial (Diagnostic Media
products)

Phosphate buffered saline (pH
7-7.4)

Phosphate buffered saline

Commercial (Diagnostic Media
products)

2mm Silica glass beads

Glass beads

Commercial (Sigma-Aldrich)

Table A3: DNA extraction reagents

Reagent

Components

Description

TE Buffer (10x)

10mM Tris-HCL (pH 8),
10mMEDTA

31.5gTris-HCL and 0.58g
EDTA dissolved in 200 ml of
distilled water and autoclaved

10% SDS

20g sodium dodecyl sulfate

20 g of SDS powder dissolved
in 200 ml of distilled water and
autoclaved

NaCl (5M)

NacCl

14.61 g of NacCl dissolved in
50 ml of distilled water and
autoclaved

CTAB/NaCL

4.1% NaCl, 10% N-cetl-N, N,
N-trimetyl ammonium bromide

10 g of CTAB and 4.1 g of
NaCL dissolved in 100 ml of
distilled water and filter
sterilised

Chloroform:isoamy| alcohol

100% Chloroform and 100%
isoamyl alcohol.

24 ml chloroform and 1ml
isoamyl alcohol

Isopropanol

100% iso-propyl-alcohol

Used as is
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Table A4: Agarose gel electrophoresis solutions

SYBR safe stain

Commercial (Invitrogen)

50XTAE stock

242 g Tris base, 57.1 ml glacial acetic, and 100
ml EDTA (pH 8) made up to 1L with sdH20

1XTAE working solution

distilled water

40 ml of 50xTAE dissolved in 1600 mL of

Table A5: Spoligotyping reagents

Stock solutions

Reagent Components Description

10X SSPE 13.7 g Sodium Dihydrogen | Components were dissolved in
Phosphate, 105.19 g Sodium | 1L of distilled water and the
Chloride, 3.36 gEDTA. pH was adjusted to 7.4.

10% SDS 50 g Sodium dodecyl sulphate | Dissolved in 500 mL of

distilled water.

0.5M 93gEDTA Dissolved in 500 ml of distilled

Ethylenediaminetetraacetic water

acid (EDTA)

Working solutions

Reagent Components Description

2x SSPE/0.1%SDS

200 ml of 10x SSPE, 10ml of
10% SDS

Components were dissolved in
1L of distilled water.

2x SSPE/0.5%SDS

200 ml of 10x SSPE, 50ml of
10% SDS

Components were dissolved in
1L of distilled water.

1% SDS 20 ml of 10% SDS Dissolved in 200 mL of
distilled water
20mMEDTA 20mlof 0.56MEDTA Dissolved in 500 mL of

distilled water

Table A5: Spoligotyping materials

Products

Supplier

DRa & DRb primers

Mapmygemone (Hyderabad, India)

BCG and H3Rv controls

Mapmygemone (Hyderabad, India)

Spoligotyping membranes

Mapmygemone (Hyderabad, India)

Streptavidin-peroxidase conjugate

GE Healthcare (South Africa)

ECL detection kit

GE Healthcare (South Africa)

X-ray films

Thermofischer Scientific (South Africa)

Developer solution

Africa X-ray Industrial and Medical (South
Africa)

Fixer solution

Africa X-ray Industrial and Medical (South
Africa)
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Molecular marker IV and V was used in this study
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Figure Al: DNA molecular weight markers,iv and v used in this study.

8.2. Appendix B — Bioinformatics tools used for data analysis

Table B1: Software used for analysis

Program Description

FAST QC FAST QC isacommand line and interactive software that assesses
the quality of raw sequence data. This software was used to evaluate
the quality of the paired end reads (available at:
https://github.com/s-andrews/FastQC ).

Burrows-Wheeler aligner Burrows-wheeler aligner is a command line tool that maps raw
sequence data against a known reference genome. This software was
used to map the raw sequence data of the clinical samples against
the Mycobacterium tuberculosis H37Rv reference genome
(available at: https://github.com/lIh3/bwa).

Samtools Samtools is a multi-functional open-source command line tool that
manipulates files with mapped reads. This tool was used for the
conversion of the mapped files from the sequence alignment map
format (SAM) to binary alignment map (BAM) format, sorting of
aligned reads by chromosomal co-ordinates, indexing of the BAM
file for visualisation and obtaining basic alignment statistics
(available at: https://github.com/samtools/ ).

QualiMap QualiMap is a command line and interactive software that facilitates
the quality control of the aligned sequencing data. This software was
used to determine the genome coverage of the aligned sequencing
reads (available at: https://github.com/EagleGenomics-
cookbooks/QualiMap)
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Interactive genome browser
(IGV)

Interactive genome browser is a graphical user interface that
visualises genomic data. This software was used to visually inspect
genomic variants (available at:
https://software.broadinstitute.org/software/igv/).

Picard tools

Picard tools is a multi-functional command line tool that
manipulates sequencing data. This tool was used to mark duplicate
reads in the BAM files (available at:
https://github.com/broadinstitute/picard).

BCFtools

BCFtools is a multi-functional command line tool that calls variants
and manipulates variant call files. This tool was used for variant
calling and filtering according to set quality thresholds (available at:
https://github.com/samtools/bcftools).

BEDtools

Bedtools is a multi-functional command line tool that manipulates
sequencing data. This tool was used for filtering variants that occur
in known repeat regions of the Mycobacterium tuberculosis genome
(available at: https://github.com/arg5x/bedtools).

SnpEff

SnpEff is an open-source command line tool that annotates variants
and predicts their functional effects. This tool was used for the
annotation and prediction of the functional consequences of high-
guality variants (available at: https://github.com/pcingola/SnpEff).

Snp-dists

Snp-dists isa command line program that is used in the analysis of
DNA sequences. Thissoftware was used to calculate the genetic
distances between the genomes (available at:
https://github.com/tseemann/snp-dists).

RaxML (Random
accelerated maximum
likelihood)

RaxML is a command linetool used to infer evolutionary
relationships between DNA sequences. This tool was used to infer
the maximum likelihood phylogeny of the sequencing data
(available at: https://github.com/stamatak/standard-RAXML).

iTOL (interactive tree of
life)

iTOL This tool was used to visualise the phylogeny of the sequence
data (available at https://itol.embl.de/upload.cqi).

Kraken

Kraken is a command line and interactive tool that taxonomically
classifies DNA sequences in metagenomic analyses. This software
was used to assess the level of contaminating DNA sequences in the
M. tuberculosis clinical samples (available at:
https://github.com/DerrickWood/kraken).

Pavian

Pavian is an interactive tool that evaluates taxonomically classified
metagenomic data. This tool was used to compare the level of
contaminants in each of the clinical samples (available at:
https://fbreitwieser.shinyapps.io/pavian/).

SPOTCLUST TB

SPOTCLUST is an interactive software used for Tuberculosis
epidemiology and evolution mathematical modelling which is used
for genotyping and obtaining epidemiological data on infectious
diseases. This tool was used for determining the strain types of the
clinical samples (available at:

https://tbinsight.cs.rpi.edu/run spotclust.html).
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Appendix C: Supplementary figures

Figure C1- lllustration of the cloning strategy of the pUC57-kan vectors into the M. tb
genome
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Figure 1: Hlustration of the genomic integration of the DNA barcodes by a site-specific recombination
event. An integrating vector containing the genetic barcode can integrate into the target chromosome at the
bacterialattachment site (attB). A recombination reaction between attP (phage attachmentsite) and attB results
in the formation of the attL and attR sites which contain the left and right arms of attP site after ligation takes
place.
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Figure C2: Hybridization blots from the Spoligotyping analysis
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Figure 2: Hybridisation blots of the spoligotyping analysis. Depicts the spoligotype pattern and predicted
strain type (by SpotClust) of each M. th sample. Spoligotype patternswere obtained foreach patientsuncultured
sputum sample and sputum cultured under the various growth conditions. Black dots indicate the presence of a
spacersequence atthe specific location in the DR locus. The patternis read from top to bottom.
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Figure C3 — Visualization of the two mutations that were common in the sigA gene of the uncultured sputum samples
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Figure 3: Integrative genome viewer (IGV) of sequencing reads from the uncultured sputum samples with mutations in the sigA gene. The reference sequence is

located at the bottom. These mutationsoccurring at position 3018 780and 3018 781 in the M. tb genome were common amongst the uncultured sputum samples. The G » C
mutation is selected in the orange box andthe C » T mutation is selected in the orange box.
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Appendix D: Supplementary Tables

Table D1- Spectrophotometric assessment of extracted DNA from each M. tuberculosis
sample

Patient ID A260 A280 A260/280 | Concentration (ng/uL)
59135 Sputum 0.229 0.122 1.87 11.47
59143 Sputum 1.240 0.662 1.87 62.01
59144 Sputum 1.402 0.739 1.90 70.11
59152 Sputum 1.520 0.803 1.89 76.00
59154 Sputum 1.223 0.659 1.47 61.15
59161 Sputum 0.195 0.123 1.59 9.77
59162 Sputum 0.961 0.509 1.89 48.04
59164 Sputum 0.058 0.035 1.67 2.90
59165 Sputum 0.066 0.035 1.86 3.28
59172 Sputum 9.324 4.864 1.92 466.19
59135 CFU 0.980 0.557 1.76 48.99
59143 CFU 5.682 2.874 1.98 284.12
59144 CFU 2.240 1.126 1.99 111.98
59152 CFU 5.463 2.743 1.99 273.17
59154 CFU 1.710 0.865 1.99 85.50
59164 CFU 1.448 0.724 2.00 72.41
59172 CFU 1.193 0.601 1.98 59.66
59135 MPN-M1 5.186 2.618 1.98 259.30
59143 MPN-M1 9.284 4.723 1.97 464.18
59144 MPN-M1 5.263 2.698 1.95 263.14
59152 MPN-M1 6.963 3.570 1.95 348.15
59154 MPN-M1 2.230 1.162 1.92 111.50
59161 MPN-M1 1.716 0.891 1.93 85.79
59162 MPN-M1 2.389 1.091 2.19 119.44
59164 MPN-M1 0.958 0.520 1.84 4791
59165 MPN-M1 2.188 1.155 1.89 109.39
59172 MPN-M1 5.301 2.687 1.97 265.03
59135 MPN-M2 5.405 2.789 1.94 270.24
59143 MPN-M2 1.471 0.751 1.96 73.56
59144 MPN-M2 4.896 2.555 1.92 244.81
59152 MPN-M2 3.300 2.559 1.29 164.99
59154 MPN-M2 3.930 2.186 1.80 196.50
59161 MPN-M2 0.503 0.299 1.68 25.14
59162 MPN-M2 1.379 0.829 1.66 68.95
59164 MPN-M2 5.779 3.005 1.92 288.96
59165 MPN-M2 3.342 1.795 1.86 167.09
59172 MPN-M2 2.236 1.155 1.94 111.79
59135 MPN-RV1 1.571 0.839 1.87 78.56
59143 MPN-RV1 2.894 1.718 1.68 144.70
59144 MPN-RV1 3.704 2.363 1.57 185.18
59152 MPN-RV1 2.684 1.465 1.83 134.99
59154 MPN-RV1 1.509 0.828 1.82 75.42
59161 MPN-RV1 2.022 1.120 1.81 101.08
59162 MPN-RV1 7.248 3.776 1.92 362.42
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59164 MPN-RV1 1.604 1.053 1.52 80.21
59165 MPN-RV1 21.470 |12.487 | 1.82 173.48
59172 MPN-RV1 3.392 1.732 1.96 169.58
59135 MPN-RV2 7.632 6.076 1.26 381.62
59143 MPN-RV2 0.999 0.666 1.50 49.96
59144 MPN-RV2 3.354 1.679 2.00 167.69
59152 MPN-RV2 7.611 3.954 1.92 380.55
59154 MPN-RV2 0.088 0.086 1.02 4.42
59161 MPN-RV2 2.889 1.572 1.84 144.44
59162 MPN-RV2 5.191 3.136 1.66 259.53
59164 MPN-RV2 5.208 3.165 1.65 260.40
59165 MPN-RV2 5.006 3.049 1.64 250.32
59172 MPN-RV2 0.814 0.486 1.68 40.71
59135 MGIT-M 5.209 2.697 1.93 260.45
59143 MGIT-M 0.645 0.368 1.75 32.26
59144 MGIT-M 0.900 0.508 1.77 45.02
59152 MGIT-M 0.913 0.429 1.85 45.63
59154 MGIT-M 0.709 0.423 1.67 35.45
59161 MGIT-M 2.960 1.878 1.58 147.99
59162 MGIT-M 1.166 0.681 1.71 58.29
59164 MGIT-M 1.908 1.019 1.87 95.41
59165 MGIT-M 1.289 0.726 1.88 64.47
59172 MGIT-M 0.425 0.259 1.64 21.25
59135 MGIT-CF 2.976 1.581 1.88 148.80
59143 MGIT-CF 13.020 | 6.557 1.99 651.01
59144 MGIT-CF 1.758 0.973 1.81 87.90
59152 MGIT-CF 0.215 0.126 1.70 10.74
59154 MGIT-CF 0.317 0.177 1.79 15.83
59161 MGIT-CF 2.877 1.680 1.71 143.87
59162 MGIT-CF 0.918 0.564 1.63 45.88
59164 MGIT-CF 2.288 1.199 1.91 114.41
59165 MGIT-CF 2.355 1263 1.86 117.76
59172 MGIT-CF 0.327 0.174 1.88 16.34
59135 MGIT-RPFB 1.082 0.594 1.82 54.09
59143 MGIT- RPFB 7.406 3.920 1.89 370.30
59144 MGIT- RPFB 0.469 0.259 1.81 23.47
59152 MGIT- RPFB 1.658 0.886 1.87 82.89
59154 MGIT- RPFB 0.501 0.282 1.78 25.07
59161 MGIT- RPFB 6.503 3.385 1.92 325.16
59162 MGIT- RPFB 2.542 1.409 1.80 127.08
59164 MGIT- RPFB 2.233 1.199 1.86 111.63
59165 MGIT-RPFB 2.049 1.116 1.84 102.44
59172 MGIT- RPFB 0.385 0.219 1.79 19.25
59135 MGIT- 0.611 0.317 1.93 30.53
RPFB/RIPA

59143 MGIT- 0.650 0.340 1.91 32.52
RPFB/RIPA

59144 MGIT- 0.471 0.240 1.96 23.53
RPFB/RIPA
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59154 MGIT- 0.446 0.253 1.76 22.28
RPFB/RIPA

59161 MGIT- 2.810 1.543 1.82 140.48
RPFB/RIPA

59162 MGIT- 1.411 0.783 1.80 70.54
RPFB/RIPA

59164 MGIT- 0.316 0.159 1.99 15.81
RPFB/RIPA

59165 MGIT- 0.518 0.301 1.93 29.07
RPFB/RIPA

59172 MGIT- 0.162 0.084 1.92 8.11
RPFB/RIPA

Abbreviations: M1= sputum grown in media from the first well of the MPN assay, M2 = sputum grown in
media from the second well of the MPN assay, RV=sputum grown with culture filtrate, RV1= Culture from the
first well of the MPN assay supplement with culture filtrate, RV2 = Culture from the second well of the MPN
assay supplemented with culture filtrate, RPFB= sputum grown in media supplemented with resuscitation
promoting factor B, RPFB/RIPA= sputum grown in media supplemented with the recombinant resuscitation
promoting factor B/ Resuscitation interacting protein. A260 measures the absorbance of DNA at 260 nm.
A280cmeasures the absorbance of the DNA at 280 nm. A260/A280 is a ratio of the absorption of DNA at

260nm and at280 nm for the assessment of DNA purity.

Table D2- Experimental and SpolPred predicted spoligotypes for 93 M. tuberculosis

clinical samples Spoligotype mismatches between silico predicted and experimental determined
spoligotypes are highlighted in red. Samples shaded in pink represent a one-digit discrepancy between the

in silico predicted and experimentally predicted octal code.

Experimental results

SpolPredresults

PatientID Octal code Spoligotype | Octal code Spoligotype
59135 Sputum 777777777760771 | T1 Not determined
59135 CFU 777777477760771 | H37Rv 777777477760771 H37Rv
59135 MPN M1 777777477760771 | H37Rv 777777477760771 H37Rv
59135 MPN M2 777777477760771 | H37Rv 777777477760771 H37Rv
59135 MPNRV1 777777777760771 | T1 777777777760771 Tl
59135 MPNRV2 777777777760771 | T1 777777777760771 Tl
59135 MGITM 777777777760700 | T2 777777777760771 Tl
59135 MGITCF 777777777760700 | T2 777777777760700 T2
59135 MGITRPFB 776177407760771 | LAM 3 776177407760771 LAM 3
59135 MGIT | 777777777760700 | T2 777777777760700 T2
RIPA/RPFB

59143 Sputum 776377777760771 | S Not determined
59143 CFU 776377777760771 | S 776377777760771 S
59143 MPN M1 776377777760771 | S 776377777760771 S
59143 MPN M2 776377777760771 | S Notdetermined
59143 MPNRV1 776377777760771 | S 776377777760771 S
59143 MPN RV2 776377777760771 | S 776377777760771 S
59143 MGITM 776377777760771 | S 776377777760771 S
59143 MGIT | 776377777760771 | S 776377777760771 S
RIPA/RPFB

59144 Sputum 776177607760771 | LAM 3 000000000000011 | Beijing
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59144 CFU 776177607760771 | LAM 3 776177607760771 | LAM 3
59144 MPN M1 776177607760771 | LAM 3 776177607760771 | LAM 3
59144 MPN M2 776177607763771 | Family 33 200000000000020 | Family35 |
59144 MPNRV1 776177607760771 | LAM 3 776177607760771 | LAM 3
59144 MPN RV2 776177607760771 | LAM 3 776177607760771 | LAM 3
59144 MGITM 776177607760771 | LAM 3 776177607760771 | LAM 3
59144 MGITRPFB 776177607760771 | LAM 3 776177607760771 | LAM 3
59144 MGIT | 776177607760771 | LAM 3 776177607760771 | LAM 3
RIPA/RPFB

59152 Sputum 777777607700771 | LAM 9 100001002000040 | LAM 7
59152 CFU 777777607700771 | LAM 9 777777607700771 | LAM 9
59152 MPN M1 777777607700771 | LAM 9 777777607700771 | LAM 9
59152 MPN M2 777777607700771 | LAM 9 777777607700771 | LAM 9
59152 MPNRV1 777777607700771 | LAM 9 777777607700771 | LAM 9
59152 MPN RV2 777777607700771 | LAM 9 777777607700771 | LAM 9
59152 MGITM 777777607700771 | LAM 9 777777607700771 | LAM 9
59152 MGITCF 777777607700771 | LAM 9 777777607700771 | LAM 9
59152 MGITRPFB 776377777760771 | S 776377777760771 | S
59154 Sputum 777777677763771 | Family 33 Notdetermined
59154 CFU 703377400001771 | CAS 703377400001771 | CAS
59154 MPN M1 702777740003771 | CAS 702777740003771 | CAS
59154 MPN M2 703377400001771 | CAS 703377400001771 | CAS
59154 MPNRV1 703377400001771 | CAS 703377400001771 | CAS
59154 MPN RV2 703377400001771 | CAS 703377400001771 | CAS
59154 MGITM 703377400001771 | CAS 703377400001771 | CAS
59154 MGITCF 703377400001771 | CAS 703377400001771 | CAS
59154 MGITRPFB 703377400001771 | CAS 703377400001771 | CAS
59154 MGIT | 703377400001771 | CAS 703377400001771 | CAS
RIPA/RPFB

59161 Sputum 777777607503771 | Family 33 Not determined
59161 MPN M1 000000000003771 | Beijing 000000000003771 | Beijing
59161 MPN M2 000000000003771 | Beijing Notdetermined
59161 MPNRV1 000000000003771 | Beijing 000000000003771 | Beijing
59161 MPNRV2 000000000003771 | Beijing 000000000003771 | Beijing
59161 MGITM 000000000003771 | Beijing 000000000003771 | Beijing
59161 MGITCF 000000000003771 | Beijing 000000000003771 | Beijing
59161 MGITRPFB 777777777760700 | T2 777777777760700 | T2
59161 MGIT | 000000000003771 | Beijing 000000000003771 | Beijing
RIPA/RPFB

59162 Sputum 777777677763771 | Family 33 Notdetermined
59162 MPN M1 703377400001771 | LAM 3 703377400001771 | LAM 3
59162 MPN M2 703377400001771 | LAM 3 703377400001771 | LAM 3
59162 MPNRV1 703377400001771 | LAM 3 703377400001771 | LAM 3
59162 MPNRV2 703377400001771 | LAM 3 703377400001771 | LAM 3
59162 MGITM 703377400001771 | LAM 3 703377400001771 | LAM 3
59162 MGITCF 703377400001771 | LAM 3 703377400001771 | LAM 3
59162 MGITRPFB 000000000003771 | Beijing 000000000003771 | Beijing
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59162 MGIT | 000000000003771 | LAM 3 000000001000000 | M. microti |
RIPA/RPFB

59164 Sputum 000000000003771 | Beijing 000000000003771 | Beijing
59164 CFU 000000000003771 | Beijing 000000000003771 Beijing
59164 MPN M1 000000000003771 | Beijing 000000000003771 | Beijing
59164 MPN M2 777777604063731 | Beijing 777777604063731 LAM 8
59164 MPNRV1 776177607761771 | Lam 776177607761771 LAM 3
59164 MPNRV2 000000000003771 | LAM 000000000003771 | Beijing
59164 MGITM 000000000003771 | Beijing 000000000003771 | Beijing
59164 MGITCF 000000000003771 | Beijing 000000000003771 | Beijing
59164 MGITRPFB 000000000003771 | Beijing 000000000003771 | Beijing
59164 MGIT | 000000000003771 | Beijing 000000000003771 | Beijing
RIPA/RPFB

59165 Sputum 776177607763771 | Family 33 Notdetermined
59165 MPN M1 776177607763771 | Family 33 Notdetermined
59165 MPN M2 000000000003771 | Beijing 000000000003771 | Beijing
59165 MPN RV1 776177607763771 | Family 33 Notdetermined
59165 MPNRV2 000000000003771 | Beijing 000000000003771 | Beijing
59165 MGITM 000000000003771 | Beijing 000000000003771 Beijing
59165 MGITCF 777777477760771 | H37Rv 777777477760771 H37Rv
59165 MGITRPFB 000000000003771 | Beijing 000000000003771 Beijing
59165 MGIT | 000000000003771 | Beijing 000000000003771 | Beijing
RIPA/RPFB

59172 Sputum 703377400001771 | CAS Not determined
59172 CFU 703377400001771 | CAS 70377774000.77 1 CAS
59172 MPN M1 703377400001771 | CAS 70377774000.77 1 CAS
59172 MPN M2 776377777760771 | S 776377777760771 S
59172 MPNRV1 703377400001771 | CAS 70377774000.77 1 CAS
59172 MPN RV2 703377400001771 | CAS 70337774000.77 1 CAS
59172 MGITM 703377400001771 | CAS 70337774000.77 1 CAS
59172 MGITCF 703377400001771 | CAS 70337774000.77 1 CAS
59172 MGITRPFB 777777774020771 | Haarlem 1 777777774020771 Haarlem 1
59172 MGIT | 703377400001771 | CAS 70377774000.77 1 CAS

RIPA/RPFB
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Table D3- The number of SNPs, insertions and deletions identified from the WGS data
of each M. tb sample

Patient ID SNPs INSERTIONS DELETIONS
59135 Sputum 998 1 0
59135 MPN_RV1 24 6 6
59135 MPN_RV?2 29 8 6
59135 MGIT_M 501 22 23
59135 MGIT_CF 510 20 25
59135 MGIT_RPFB 692 28 27
59135 MGIT_RIPA/RPFB 503 24 24
59143 Sputum 265 1 0
59143 CFU 665 25 24
59143 MPN_M1 678 28 19
59143 MPN_RV1 662 27 20
59143 MPN_RV?2 661 29 21
59143 MGIT_M 664 32 22
59144 Sputum 62731 20 20
59144 CFU 692 28 26
59144 MPN_M1 695 23 24
59144 MPN_RV1 775 29 30
59144 MPN_RV?2 688 27 27
59144 MGIT_M 691 29 28
59144 MGIT_RPFB 696 27 30
59144 MGIT_RIPA/RPFB 690 23 25
59152 Sputum 372 19 11
59152 CFU 705 28 20
59152 MPN_M1 701 28 21
59152 MPN_M2 701 29 21
59152 MPN_RV1 705 26 22
59152 MPN_RV2 707 30 23
59152 MGIT_M 704 29 26
59152 MGIT_CF 704 32 28
59152 MGIT_RPFB 663 34 25
59154 Sputum 1360 0 0
59154 CFU 1177 55 48
59154 MPN_M1 1177 52 50
59154 MPN_M2 1180 57 53
59154 MPN_RV1 569 22 19
59154 MPN_RV?2 1175 46 40
59154 MGIT_M 1179 55 51
59154 MGIT_CF 1177 55 53
59154 MGIT_RPFB 1179 56 51
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59154 MGIT-RIPA/RPFB 1177 49 50
59161 Sputum 1255 2 0
59161 MPN-M1 1195 54 49
59161 MPN-RV1 1203 51 54
59161 MPN- RV2 1198 48 52
59161 MGIT-C 1195 45 50
59161 MGIT-B 499 20 24
59161 MGIT-AB 706 28 18
59162 Sputum 400 0 0
59162 MPN-M1 691 22 25
59162 MPN-M2 694 20 24
59162 MPN-RV2 693 23 27
59162 MGIT-M 692 23 25
59162 MGIT-C 1202 53 49
59162 MGIT-B 688 24 24
59164 Sputum 1205 47 54
59164 CFU 1220 55 58
59164 MPN_M1 1208 50 55
59164 MPN_M2 686 30 31
59164 MPN_RV1 696 26 28
59164 MPN_RV2 1200 45 54
59164 MGIT_M 1209 55 65
59164 MGIT-CF 1215 48 60
59164 MGIT-RPFB 663 48 55
59164 MGIT-RIPA/RPFB 1213 50 60
59165 Sputum 1220 3 0
59165 MPN-M2 1201 46 56
59165 MGIT-RV2 1208 52 52
59165 MGIT-M 1209 55 56
59165 MGIT-B 1214 52 52
59165 MGIT-AB 1207 51 51
59172 Sputum 121 0 0
59172 CFU 1185 49 58
59172 MPN_M1 675 25 24
59172 MPN-M2 679 30 21
59172 MPN_RV1 689 23 24
59172 MPN_RV2 1184 39 44
59172 MGIT-RPFB 779 39 35
59172 MGIT-RIPA/RPFB 1189 48 50
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